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EVOLUTION OF TRANSPORTERS 
IN PLANTS

In the past decade, many plant genomes 
have been completely sequenced ranging 
from unicellular alga to trees. This rich 
resource of information raises questions 
like: How did specific transporters evolve as 
early plants adapted to dry land? How did 
the evolution of transporters in monocot 
plants differ from that in dicots? What are 
the functional orthologs in food and energy 
crops of transporters characterized in model 
plants? How do we name the new genes/
proteins? Phylogenetic analyses of transport 
proteins will shed light on these questions 
and potentially reveal novel insights for future 

studies to understand plant nutrition, stress tolerance, biomass production, signaling and 
development.
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In the past decade, an increasing number of plant genomes rang-
ing from unicellular alga to trees have been completely sequenced.
As the transport of water, nutrients, hormones, and metabolites
in aquatic plants could differ from that of non-vascular, vascular
or flowering plants, this rich resource has the potential to answer
many of our most urgent questions: How did specific transporters
evolve as early plants adapted to dry land? Does the evolution
of transporters in monocot plants differ from that in dicots?
What are the orthologs in food and energy crops of critical trans-
porters characterized in model plants? Can we infer functions or
membrane localization from phylogeny? Phylogenetic analyses of
transport proteins will shed light on these questions and poten-
tially reveal novel insights for future studies to understand the
contribution of transporters in plant nutrition, stress tolerance,
biomass production, as well as in signaling and development.

We invited the plant biology community to participate in this
effort as ∼5% of Arabidopsis thaliana (and probably other plant)
genome encodes proteins with predicted transport roles. The
Arabidopsis thaliana genome with 27 thousand protein-coding
genes has over a 1000 genes classified as transporters, whereas the
genomes of other flowering plants can be 2–7 times larger.

In this topic issue, several authors have examined the evolu-
tionary history and diversification of a range of transporters and
these initial results are yielding surprising insights. Some trans-
porter families can be traced to the simplest green plants, includ-
ing unicellular Chlamydomonas reinhardtii (Chlorophyta). Thus
H+-coupled antiporters like NHX (Chanroj et al., 2012), CAX,
MHX, CCX (Emery et al., 2012), Sultr (Takahashi et al., 2012)
and primary H+ and Ca2+ pumps, such as AHA, ACA, ECA
(Pedersen et al., 2012) are highly conserved in all green plants.
In some cases, the gene family has diversified, for example, from
2 AHA genes in early land plant Physcomitrella patens to 11 genes
in the flowering plant A. thaliana, indicating a need to regulate
the proton motive force in specialized organs or cell types. In con-
trast, homologs of other transporter families in flowering plants
were traced to a Charophyte, but not found in Chlorophyta.
This history suggests that CHX co-transporters of K+ (Chanroj
et al.), LHT amino acid transporters (Tegeder and Ward, 2012)
and SUT sucrose transporter (Reinders et al., 2012) had origins in
an aquatic Charophyte, and further supports Charaphytes as basal
to land plants. The increase in sibling genes within each family
through gene duplication and diversification, can be attributed
in part to innovations in vascular tissue development (LHT in
phloem) and in sexual reproduction (LHT in pollen) on land.
Strikingly, CHX genes have diversified in pollen especially in

dicots, suggesting roles in the delivery of sperms in pollen tubes
to distant ovules. Curiously, the purine uptake permease, PUP
family exists in a vascular early land plant, Selaginella moellen-
dorfii, but not in a non-vascular moss (Physcomitrella patens)
(Jelesko, 2012). It is possible that PUP genes have a role in the
transport of secondary metabolites for defense and/or reproduc-
tive success in vascular plants. Early land plants, such as moss
and Selaginella, possess MIP homologs similar to PIP and TIP
water channels (Anderberg et al., 2012), though it is not yet
clear whether aquatic Charophytes need such proteins to trans-
port water. Chlorophytes possess MIP-like homologs though their
substrate(s) may be small uncharged molecules other than water.

A striking feature is that three branches of the AtNHX fam-
ily correspond to Na+(K+)/H+ antiporters associated with three
distinct subcellular locations (plasma membrane, trans Golgi net-
work and vacuolar membrane) in Arabidopsis (Chanroj et al.,
2012). Though not all subclades of families are separated accord-
ing to location, it does illustrate that finding orthologs from
another species could aid in predicting function as well as mem-
brane association (e.g., Reinders et al., 2012; Takahashi et al.,
2012).

Facchinelli and Weber (2011) reviewed the evolutionary his-
tory of select metabolite transporters localized at the inner enve-
lope of plastids. Phylogenetic studies are showing that Arabidopsis
thaliana contributes 58% of the metabolite transporters vs. 12%
from the endosymbiont cyanobacterium. The study illustrates
that connecting plastid metabolism with that of the host cell
is driving the evolution of metabolite transporters at the inner
envelope. Authors also examine differences in phosphate trans-
porters of photosynthetically-active plastids vs. heterotrophic
plastids in non-green tissues. ATP/ADP exchangers localized to
the inner envelope membrane of plastids are thought to pro-
vide ATP for reactions in heterotrophic plastids, or photosyn-
thetic plastids during the night. However recent evidence for
ATP/ADP antiporters on thylakoid membranes of Arabidopsis
was surprising. Spetea et al. (2012) have traced the history of
thylakoid ATP/ADP antiporters (TAAC) in plants and phyloge-
netic evidence suggests they arose once before the divergence of
Chlorophyta and Streptophyta. These transporters are thought to
supply ATP into the lumen for the biosynthesis and turnover of
photosynthetic complexes.

Haferkamp and Schmitz-Esser (2012) re-analyzed the evolution
of the Arabidopsis mitochondrial carrier family (MCF) catalyzing
the transport of various substrates in mitochondria and other
organelles. They found that various MCFs from Arabidopsis,
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yeast and human built independent clades, allowing a prediction
of their biochemical function. However, some MCFs “refuse” to
cluster with previously described members of subclades; their
characterization presents therefore a special challenge but also a
unique opportunity. Related to this work, Linka and Esser (2012)
summarized the current knowledge on peroxisomal transport
proteins, mainly members of the ABC transporter family known
as COMATOSE (CTS) or ABCD1 shown to transport substrates
for β-oxidation, and three members of the MCFs required for the
import of ATP and NAD. Based on analyses of 22 fully sequenced
plant genomes, evolution of these four peroxisomal transporters
was an early event as they were already present in the plant genome
before the cyanobacterial endosymbiont engulfment.

Carraro et al. (2012) provided a comprehensive analysis of the
three major families of auxin transporters, PIN, AUX/LAX, and
ABCB, from the model woody species Populus. They found that
the array of more than 40 putative auxin transporters is reflected
by a pre-existing diversity of ABCB genes and an expansion
of PIN and AUX/LAX genes caused by genomic and segmen-
tal duplications. Interestingly, they provide further evidence that
diversification of PIN and AUX/LAX genes (Populus owns exactly
twice as many members of these families as Arabidopsis but a com-
parable number of ABCB genes) occurred after the origin of land
plants, while the ABCB gene family diversified much earlier and
long before the diversification of land plants.

Forestan et al. (2012) reanalyzed the PIN family in maize
and confirmed that the monocot PIN family is wider and more
diverged than the dicot one, though this cannot be explained sim-
ply by a gene duplication event. Interestingly, beside an increased
number of Arabidopsis orthologs, maize contains three monocot-
specific PINs (PIN9 and PIN10a-b) that based on their gene
expression, protein localization and auxin accumulation pattern
can be partially associated with the differentiation and develop-
ment of monocot-specific organs and tissues.

As more crystal structures of prokaryote and eukaryote trans-
port proteins become available, it is now possible to examine the
evolution and mechanism of plant transporters using homology
modeling. Bailly et al. (2012) conducted an evolutionary analysis
of ABCB substrate specificity by homology modeling of plant and
mammalian ABCB1 proteins with strikingly dissimilar substrate
specificities. Interestingly, they identified kingdom-specific candi-
date substrate binding regions within the translocation chamber
formed by transmembrane domains of the ABCBs, suggesting an
early evolutionary separation of plant and mammalian substrate
specificity. Obviously an experimental validation of these models
has highest priority. Pantoja (2012) reviewed recent mutagenesis
studies to identify residues that form the ammonium transport
pore and other important amino acids of AMT/MEP trans-
porters. Zelman et al. (2012) looked at the functional domains
of plant cyclic nucleotide-gated channels (CNGC) using homol-
ogy modeling to get insights on the gating, the selectivity filter,
and the heteromeric structure of plant CNGCs. Nussaume et al.
(2011) reviewed the biological functions of plasma membrane-
localized H+-coupled phosphate symporters of the PHT1 family,
as well as their transcriptional and post-translational regulation.

Significantly, articles in this special issue demonstrate the con-
servation and diversification of transporters as plants evolved. The
emerging patterns will allow us to predict with relative confidence

the molecular and biological roles of uncharacterized genes from
early land plants to energy crops, and to build a systems biology
understanding of plant development, growth and survival.
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Five organisms having completely sequenced genomes and belonging to all major branches
of green plants (Viridiplantae) were analyzed with respect to their content of P-type ATPases
encoding genes. These were the chlorophytes Ostreococcus tauri and Chlamydomonas
reinhardtii, and the streptophytes Physcomitrella patens (a non-vascular moss), Selaginella
moellendorffii (a primitive vascular plant), and Arabidopsis thaliana (a model flowering
plant). Each organism contained sequences for all five subfamilies of P-type ATPases.
Whereas Na+ and H+ pumps seem to mutually exclude each other in flowering plants
and animals, they co-exist in chlorophytes, which show representatives for two kinds of
Na+ pumps (P2C and P2D ATPases) as well as a primitive H+-ATPase. Both Na+ and H+

pumps also co-exist in the moss P. patens, which has a P2D Na+-ATPase. In contrast to the
primitive H+-ATPases in chlorophytes and P. patens, the H+-ATPases from vascular plants
all have a large C-terminal regulatory domain as well as a conserved Arg in transmem-
brane segment 5 that is predicted to function as part of a backflow protection mechanism.
Together these features are predicted to enable H+ pumps in vascular plants to create
large electrochemical gradients that can be modulated in response to diverse physiological
cues.The complete inventory of P-type ATPases in the major branches of Viridiplantae is an
important starting point for elucidating the evolution in plants of these important pumps.

Keywords: evolution, P-type ATPases, plants, salt tolerance, Na+ pumps

INTRODUCTION
P-type ATPases are primary transporters energized by hydrolysis of
ATP with a wide range of specificities for small cations and appar-
ently also phospholipids (Møller et al., 1996; Palmgren and Harper,
1999). P-type ATPases are characterized by forming a phosphory-
lated intermediate (hence the name P-type), by being inhibited by
vanadate, and by having a number of sequence motifs in com-
mon (Serrano, 1989; Axelsen and Palmgren, 1998). Plant P-type
ATPases are characterized structurally by having a single catalytic
subunit, 8–12 transmembrane segments, N and C termini exposed
to the cytoplasm, and a large central cytoplasmic domain including
the phosphorylation and ATP binding sites.

P-type ATPases constitute a large and indispensable family in
most organisms. The P-type ATPase family can be divided into five
major evolutionarily related subfamilies, P1–P5, which group in a
phylogenetic tree according to the ions they transport (Axelsen and
Palmgren, 1998). The P-type ATPases are involved in a wide range
of fundamental cellular processes such as the efflux or organismal
redistribution of micronutrients (P1B Zn2+- and Cu2+-ATPases),
cellular signaling and Ca2+ compartmentalization (P2A and P2B
Ca2+-ATPases), energizing the electrochemical gradient used as
the driving force for the secondary transporters (P3A H+-ATPases
in plants and fungi and P2C Na+/K+-ATPases in animals), and
being involved in membrane vesicle budding (P4 ATPases). The
function of P5 ATPases is not known but they have been implicated

in vesicle budding from the endoplasmic reticulum (Poulsen et al.,
2008a).

The bioenergetic systems of flowering plants and animals
use different coupling ions (Skulachev, 1988; Rodríguez-Navarro,
2000). In animals, the potential energy that can be harvested to
drive, e.g., nutrient transport across the plasma membrane derives
from a Na+ gradient across this membrane. A Na+ pump in the
plasma membrane is a very efficient system for extrusion of toxic
Na+ (Gonzalez, 2011; Whittamore, 2012). A plasma membrane
Na+ pump in the plasma membrane is also important for the
extrusion of toxic Na+. Fish and invertebrates living in the salty
oceans are dependent on such a pump for survival. For animals
living in marine environments a Na+/K+ pumps (P2C ATPases)
remain the sole system for formation of electrochemical ion
gradients gradients in the plasma membrane (Morth et al., 2011).

In contrast, in plant and fungal cells, it is an electrochemi-
cal gradient of H+ that energizes the plasma membrane (Morth
et al., 2011). In cells of flowering plants, the plasma membrane
completely lacks Na+ pumps and depends entirely on plasma
membrane H+ pumps for establishing a steep electrochemical ion
gradient across the plasma membrane. In those flowering plants in
which salt tolerance mechanisms have been investigated, strategies
other than primary active extrusion of Na+ (i.e., efflux through a
Na+ pump) appear to have evolved (Tester and Davenport, 2003;
Flowers and Colmer, 2008). Unfortunately, most flowering plants

www.frontiersin.org February 2012 | Volume 3 | Article 31 | 7

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00031/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?UID=47657&sname=kristianaxelsen
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=13400&d=1&sname=Jeffrey_FHarper&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=13908&d=1&sname=MichaelPalmgren&name=Science
mailto:palmgren@life.ku.dk
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Pedersen et al. Evolution of plant P-type ATPases

remain very sensitive to saline environments and salinization of
soils due to extensive irrigation is becoming an increasing prob-
lem for productivity of agriculture, especially in arid regions of
the world (Tester and Davenport, 2003; Yamaguchi and Blumwald,
2005).

The apparent absence of Na+ pumps in flowering plants raises
several questions. In ancestral plants containing both Na+ and
H+ pumps, did both pumps help energize the plasma membrane,
and did those membranes function with co-transport systems
that could utilize both Na+ and H+ gradients? During the evo-
lution of flowering plants, was there a physiological reason why
plasma membranes might not function well with both Na+ and
H+ pumps? Did the flowering plant lineage evolve from an ances-
tor living exclusively in a fresh water environment, or were Na+

pumps gradually lost at later points in evolution? Is it possible that
Na+ pumps are still present in some flowering plants that have not
yet been studied?

With the completion of genome sequences from all major
branches of Viridiplantae, it is now possible to study the evolu-
tion of primary transport capabilities throughout the green plant
lineage and to compare these transporters with those of protists,
animals, and fungi. Our analysis of five selected plant genomes sug-
gest that Na+ pumps coexisted with primitive plasma membrane
H+ pumps in both early aquatic and terrestrial plants. However,
at some point in the evolution of vascular plants, Na+ pumps
appear to have been lost. The evolution of multicellular land plants
also correlates with an expansion in number and potential regu-
latory features for H+ pumps, Ca2+ pumps, heavy metal pumps,
and lipid flippases. In contrast, the P5 subfamily did not show an
equivalent change, with only one or two isoforms present in all five
plant lineages. This study provides an evolutionary framework for
considering how P-type ATPases contribute to the biology of all
Viridiplantae, from single celled algae to multicellular flowering
plants.

MATERIALS AND METHODS
The P-type ATPase sequences were identified by searching for
sequences in UniProtKB (The UniProt Consortium, 2012) and
in Phytozome1 from the relevant genomes that matched the
PFAM profile PF00122 and in UniProtKB also the PROSITE pat-
tern PS00154 (DKTG[T,S][L,I,V,M][T,I]; Axelsen and Palmgren,
1998). The PROSITE pattern is unique for P-type ATPases while
the PFAM profile is more inclusive and also matches sequences
that cannot function as active P-type ATPases as they lack the
phosphorylated Asp residue that is present in the PROSITE pat-
tern. Since the sequences in Phytozome do not include informa-
tion about matches to PROSITE patterns, only PFAM was used
to select sequences from this resource. The identified sequences
were aligned and duplicates were removed. All genomes except
Arabidopsis are still draft versions in the databases, so often the
predicted P-type ATPases do not represent complete proteins. Fur-
thermore, the versions identified in UniProtKB and in Phytozome
were not 100% identical. When possible, the UniProtKB sequence
was chosen.

1http://www.phytozome.net/

The resulting dataset of 150 sequences were aligned using Mus-
cle (Edgar, 2004). The resulting alignment of the 150 full-length
sequences was used to construct a phylogenetic tree using the
Neighbor Joining method as implemented in QuickTree (Howe
et al., 2002). The standard parameters of Muscle and Quick-
Tree were used. For visualization of the constructed tree we used
Dendroscope (Huson et al., 2007). A phylogenetic tree for each
subgroup (P1–P5) of the 150 sequences was constructed and
visualized similarly. For each subgroup, the corresponding set of
sequences was selected from the dataset of 150 sequences. The
selected sequences and a few additional outlier sequences were
aligned using Muscle and a phylogenetic tree was constructed
using QuickTree. The trees for the individual subfamilies are all
rooted with the sequence of the E. coli P1A ATPase KdpB (P03960)
as outgroup. The 150 sequences as well as sequences for the
outliers employed are available as Fasta files in Supplementary
Information.

RESULTS
In this work we identified genes encoding P-type ATPases in
the sequenced genomes from five representatives of the green
plant lineage (Viridiplantae), which previously diverged from
opisthokonts (animals, fungi, and Choanozoa; Yoon et al., 2004;
Figure 1). The Chlorophytae (green algae, including Chlamy-
domonas and Ostreococcus) diverged from the Streptophytae (land
plants and their close relatives; Figure 1) over a billion years ago. In
this work, the genomes of two green algae were analyzed, namely
those of Ostreococcus tauri (Derelle et al., 2006) and Chlamy-
domonas reinhardtii (Merchant et al., 2007), and three land plants,
the moss Physcomitrella patens (Rensing et al., 2008), the primitive
vascular plant Selaginella moellendorffii2 and the flowering plant
Arabidopsis thaliana (The Arabidopsis Genome Initiative, 2000).
The latter has previously been investigated for its content of P-type
ATPases (Axelsen and Palmgren, 2001).

Ostreococcus tauri is an extremely small (0.8 µm wide) unicel-
lular green alga, which belongs to the Prasinophyceae, one of the

2http://genome.jgipsf.org/Selmo1/Selmo1.home.html

FIGURE 1 | Overview of the evolutionary relationship between the
green plant genomes analyzed in this study.
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most ancient groups within the lineage of green plants (Courties
et al., 1998). This organism is a naked, non-flagellated cell pos-
sessing a single mitochondrion and a single chloroplast, and a
common member of global oceanic picoplankton populations. C.
reinhardtii is a much bigger (∼10 µm), likewise unicellular green
alga. It lives in terrestrial soils and has multiple mitochondria,
two anterior flagella for motility and mating, and a chloroplast
(Rochaix, 1995). P. patens is a moss, a representative for primi-
tive land plants without a vascular system. S. moellendorffii is a
member of an ancient vascular plant lineage that first appears in
the fossil record about 400 million years ago (Banks, 2009). A.
thaliana was the first angiosperm to have its genome sequenced,
and is a model plant for understanding the molecular biology of
flowering plants.

Figure 2 shows the phylogenetic relationship of all the 150
sequences listed in Table 2, which were evaluated in this study.
They are distributed in all five major families of P-type ATPases
with some noteworthy comparisons discussed below.

P1B ATPases: HEAVY METAL PUMPS
Heavy metal pumps (P1B ATPases) are found in all life forms
including bacteria. In eukaryotes, these pumps are typically
encoded by multigene families (Axelsen and Palmgren, 1998).
The model dicotyledonous plant A. thaliana contains eight P1B
ATPases, which can be divided into three groups according to
conserved sequence motifs and their putative substrate specificity

(Axelsen and Palmgren, 2001; Williams and Mills, 2005; Argüello
et al., 2007). AtHMA5 to 8 belong to group P1B-1 and are
predicted to transport Cu/Ag, while AtHMA2 to 4 belong to
group P1B-2 predicted to transport Zn/Cd, and AtHMA1 belongs
to group P1B-4 with a predicted broad substrate specificity
(Zn/Cu/Co/Cd/Pb/Ca).

P1B ATPases were found in all organisms investigated in this
study (Figure 3). The genome of C. reinhardtii encodes five P1B
ATPases, four of which (CrHMA2-5) belong to the P1B-1 clus-
ter. A representative protein in A. thaliana from this cluster is
AtHMA8/PAA2. This protein localizes to the thylakoid mem-
brane of chloroplasts and is required for Cu delivery during the
biogenesis of plastocyanin (Abdel-Ghany et al., 2005).

The only heavy metal ATPase in C. reinhardtii that is not a
P1B-1 pump, is CrHMA1, which belongs to the P1B-4 cluster in
which AtHMA1 is also found. AtHMA1 is localized to the chloro-
plast inner envelope membrane (Seigneurin-Berny et al., 2006;
Kim et al., 2009). This ATPase has been reported to function as a
transporter for Cu and Ca in addition to Zn/Cd/Co (Seigneurin-
Berny et al., 2006; Moreno et al., 2008; Kim et al., 2009). All five
organisms investigated in this study had one or two representatives
of P1B-4 ATPases.

Zn transporting P1B ATPases are common in prokaryotes
but have not been identified in fungi and animals. In O. tauri,
which has one of the smallest known eukaryotic genomes, there
are five P1B ATPases (∼30% of its P-type ATPase genes), which

FIGURE 2 | Phylogenetic tree of P-type ATPases analyzed in this study. Not all branches are labeled. Accession numbers for sequences are given inTable 2.
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FIGURE 3 | (A) Phylogenetic tree of P1B ATPases (heavy metal pumps) from
Viridiplantae. Accession numbers for sequences are given inTable 2. For
comparison, the following outliers were included: a bacterial P1A ATPase E. coli

KdpB (P03960), and HsATP7A (Q04656), and ScCcc2p (P38995), Cu+ pumps
from H. sapiens and S. cerevisiae, respectively. (B) Numbers of P1B ATPases
by subgroups (Argüello et al., 2007) in the five plant genomes analyzed.

distribute among all three clusters of P1B ATPases, including a
single P1B-2 pump. In our analysis, P1B-2 ATPases were found in
O. tauri (OtHMA1), S. moellendorffii (SmHMA1, SmHMA2, and
SmHMA4), and A. thaliana (AtHMA2, AtHMA3, and AtHMA4;
Figures 3 and 4). P1B-2 ATPases could not be identified in C.
reinhardtii and P. patens. Among the A. thaliana P1B-2 ATPases,
AtHMA2, and AtHMA4 are localized to the plasma membrane.
They show redundant function in cellular export of Zn and Cd
into plant vascular tissues where they facilitate xylem loading and
transport to the shoot (Hussain et al., 2004; Verret et al., 2004;
Mills et al., 2003; Wong and Cobbett, 2009).

As P1B-2 Zn ATPases are absent from fungi and animals, but
common in bacteria, it seems likely that in plants these pumps
have evolved from chloroplastic pumps. With the advent of vascu-
lar plants, it is likely that a subset of P1B-2 ATPases was targeted to
the plasma membrane and acquired a new role in redistribution
of Zn within the plant body.

P2A ATPases: ER-TYPE Ca2+-ATPASES
P2 ATPases form a large subfamily further divided into at least
four clusters of pumps, two (P2A and P2B) having specificity for
Ca2+ and two (P2C and P2D) for Na+ as the transported ligand
(Figure 5).

P2A ATPases were identified in all plants studied here
(Figure 5). A single pump from each organism (OtECA2, CrECA4,
PpECA4, SmECA4, and AtECA3) form a distinct subset of
ER-type Ca2+-ATPases (ECAs) closely related to the animal sarco-
endoplasmic reticulum Ca2+ pump SERCA1 (Figure 5). In the
flowering plant A. thaliana, AtECA3 is a Golgi-localized pump
that can transport Ca2+ and Mn2+ (Li et al., 2008; Mills et al.,
2008).

In a comparison among many eukaryotes, a subset of P2A
Ca2+-ATPases form a distinct cluster and have been named secre-
tory pathway Ca2+-ATPases (SPCAs; Wuytack et al., 2003). These
pumps are identified in fungal and animal cells and are localized to
the Golgi apparatus or other membranes of the secretory pathway.
As evident from Figure 6, representatives of these pumps from
fungi (S. cerevisiae and S. pombe) are characterized by having lost
Ca2+ binding site 1.

Only a single likely SPCA protein was found in our analy-
sis, namely PpSCA1. This protein clusters with other SPCAs
and does not contain conserved residues expected for Ca2+

binding site 1 (Figure 6A). Among reference plant and animal
genomes surveyed, PpSCA1 showed the greatest identity (30%)
to the secretory pathway Ca2+-ATPase Pmr1p from S. cerevisiae
(Rudolph et al., 1989; Antebi and Fink, 1992).
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FIGURE 4 | Alignment of three transmembrane segments from Viridiplantae P1B ATPases analyzed in this study. Only the predicted transmembrane
segments M6, M7, and M8 are shown. P1B-1: Cu+ transporting ATPases; P1B-2: Zn2+ transporting ATPase: P1B-4: Mixed specificity heavy metal pumps. The
asterisk indicates an Asp residue (D) conserved in P1B-2 ATPases, which could be important for coordination of Zn2+ (Dutta et al., 2006).

P2B ATPases: AUTOINHIBITED Ca2+-ATPases
P2B ATPases are Ca2+ pumps that are activated by binding of
calmodulin to autoinhibitory terminal domains. A marked differ-
ence between higher plant and animal P2B ATPases is that their
calmodulin-binding domains (CMBDs) are situated in the N-
and C-terminal domains, respectively (Sze et al., 2000). Autoin-
hibited Ca2+-ATPases (ACAs) from flowering plants have been
shown to be activated by Ca2+ in the presence of calmod-
ulin and are characterized by an N-terminally situated CMBD
(Malmström et al., 1997; Harper et al., 1998; Curran et al., 2000;
Hwang et al., 2000). The CMBD overlaps partially with an autoin-
hibitory pump sequence (Bækgaard et al., 2006) and it has been
proposed that calmodulin, by binding to the CMBD, neutral-
izes the constraint set by the autoinhibitory sequence on the
pump molecule (Bækgaard et al., 2006). Animal P2B ATPases
are likewise activated by calmodulin, but in these the CMBD
is situated in an extended C-terminal domain (James et al.,
1988).

Putative CMBDs were identified in the N-terminal domains of
most P2B ATPases of P. patens, S. moellendorffii, and A. thaliana
(Figure 7). The proposed CMBDs in AtACA12 and AtACA13 are
weakly defined. Importantly, an N-terminal CMBD could not be

identified in P2B ATPases from the chlorophytes O. tauri and C.
reinhardtii.

As animal P2B ATPases are equipped with a C-terminally
located CMBD, we analyzed all of the plant P2B ATPases for a
putative regulatory domain in this location. CMBDs have very lit-
tle similarity between calmodulin-binding proteins and can be
difficult or impossible to predict with certainty although as a
rule there is alternation between bulky aromatic and positively
charged residues. No C-terminal extensions could be identified in
Streptophyte P2B ATPases. In contrast, a conserved sequence with
weak resemblance of a CMBD was identified in the C-terminal
domain of P2B ATPases from the chlorophytes O. tauri and C.
reinhardtii (Figure 7), which are missing a similar sequence from
their N-terminal domain. The calmodulin-binding capacity of
these putative CMBDs remains to be tested, but it is an attrac-
tive working hypothesis that swapping of the CMBD from the
C-terminal to the N-terminal domain occurred at the split between
Chlorophytae and Streptophytae.

P2C ATPases: Na+/K+-ATPases
The Na+/K+-ATPase of animal cells was the first P-type ATPase to
be discovered (Skou, 1957), but all subsequent attempts to identify
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FIGURE 5 | Phylogenetic tree of P2 ATPases (Ca2+ and Na+ pumps).
Accession numbers for sequences are given inTable 2. For comparison, the
following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960),

the S. cerevisiae pumps ScPmr1p (P13586), ScPmc1p (P38929), and ScEna1p
(P13857), the H. sapiens pumps HsPMCA1 (P20200), HsSERCA1 (O14983),
and HsNaKα1 (P98194), and the Trypanosoma cruzi pump TcENA (Q76DT8).

a Na+ pump in vascular plants failed. Vascular plants tend to be
very sensitive to elevated Na+ in the soil, which is probably due to
the lack of an effective Na+ extrusion system such as a Na+/K+-
ATPase. In animal cells, the plasma membrane is energized by the
Na+/K+-ATPase whereas in a typical plant, the plasma membrane
H+-ATPases (P3A ATPases) carry out this function. It has there-
fore been hypothesized that P2C Na+/K+-ATPases were lost at a
branch point in the Streptophyta plant lineage, presumably in an
organism that evolved in a fresh water environment and utilized a
plasma membrane H+-ATPase to energize its plasma membrane
(Palmgren, 2001).

Biochemical evidence has pointed to the presence an electro-
genic, vanadate-sensitive, ouabain-resistant Na+-ATPase in the
plasma membrane of marine chlorophytes (Popova et al., 1999,
2005; Gimmler, 2000) and chlorophyte expressed sequence tags
with similarity to Na+/K+-ATPase have been identified (Barrero-
Gil et al., 2005). Both chlorophytes analyzed in this work contain
sequences with strong similarity to an animal Na+/K+-ATPase
(Figure 8). No Na+/K+-ATPase has been crystallized in a form
with bound Na+, but a homology model has been built (Morth
et al., 2011) based on the structure of a Na+/K+-ATPase with
bound Rb+ (as a substitute for K+) and the structure of SERCA1
with bound Ca2+. According to this model, residues in several
transmembrane segments of Na+/K+-ATPase contribute with
binding ligands to Na+ (Figure 8). All these residues are conserved
in OtNAK1 and CrNAK1, strongly suggesting that these ATPases

operate as Na+ pumps. O. tauri is a chlorophyte that lives in
oceans, where a Na+/K+-ATPase is of obvious benefit for extru-
sion of Na+ leaking in from sea water. However, it is peculiar
that C. reinhardtii, a green alga of terrestrial soils, is also equipped
with such a pump. This suggests that the presence of Na+/K+

pumps in green algae is a primitive character that was lost with
the emergence of Streptophytae. This hypothesis is supported by
the widespread presence of P2C pumps in other eukaryotes and
archaea (Sáez et al., 2009).

As mentioned above, the substrate specificity of PpSCA1 is
uncertain, with features that are both consistent and contrary to
speculations on the transport of either Na+ or Ca2+. This pump
does have some similarity with chlorophyte Na+/K+-ATPases, but
ligands contributing to Na+ Site 3 are not present and similarity
to sites contributing to sites 1 and 2 are not absolute (Figure 6A).
Biochemical and genetic experiments are needed to address the
question of substrate specificity for PpSCA1.

P2D ATPases: Na+ OR K+ PUMPS OF MOSSES AND FUNGI
P2D ATPases form a unique group of pumps so far only found in
mosses, fungi, and protozoa and confer Na+ tolerance to organ-
isms in which they are expressed (Rodríguez-Navarro and Benito,
2010). The moss P. patens encodes three P2D ATPases: PpENA1,
PpENA2, and PpENA3. Related pumps are present in liverworts
(Marchantiophyta), such as Marchantia polymorpha and Riccia
fluitans, which are primitive non-vascular land plants related to
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FIGURE 6 | Alignment of transmembrane segments showing differences
in a potential cation binding site for selected Ca2+ and Na+ pumps.
Secretory pathway Ca2+ATPases (SPCA pumps) and ENA Na+ pumps (P2D
ATPases) are missing Ca2+ binding site 1 present in P2A pumps typified by
rabbit OcSERCA1 (P04191). In P2A pumps a conserved Asp in M6 contributes
to coordination of both Ca2+ ions. (A) Secretory pathway pumps (SPCAs) have

a conserved Asp in M6. Fungal examples shown are S. cerevisiae Pmr1p
(P13586) and S. pombe Pmr1p (O59868). (B) P2D ATPases (ENA pumps) do
not have a conserved Asp in M6 like all other P2 ATPases. Residues
contributing with Ca2+ coordinating oxygen molecules in rabbit SERCA1
(Toyoshima et al., 2000) are marked in blue. Only sequences including the
predicted transmembrane segments M4, M5, M6, and M8 are shown.

mosses. A close fungal homolog to PpENA1 is from Neurospora
crassa (Q9UUX8; 43% identity). When protein databases were
searched for similar proteins outside plants and fungi, hits were
only found in protist sequences.

In P2A ATPases, two Ca2+ sites are present: Site 1 and Site
2 (Toyoshima et al., 2000). In SPCAs (Figure 6A) and P2D
ATPases (Figure 6B), Site 1 is missing. Thus, two negatively
charged Glu residues in M6 and M8, which in SERCA1 con-
tribute to Ca2+ coordination in Site 1, are absent in both secretory
pathway pumps and P2D pumps. Notably, a negatively charged
Asp in M6, which is conserved in all other P2-type ATPases, is
replaced by a neutral residue in P2D pumps (Rodríguez-Navarro
and Benito, 2010; Figure 6B). In the available structures of
P2A, P2C, and P3A ATPases (Morth et al., 2007; Olesen et al.,
2007; Pedersen et al., 2007), this Asp contributes to coordina-
tion of all transported cations including Ca2+, Na+, K+, and H+.
The absence of the Asp in M6, in addition to other negatively
charged amino acid residues in the membrane domain, therefore
appears to be a hallmark of P2D ATPases. When the sequences
of P-type ATPases retrieved in this study were analyzed in detail
it appeared that two pumps from C. reinhardtii, here named

CrENA1 and CrENA2, are likely to represent chlorophyte P2D
ATPases as they lack a negatively charged Asp in M6 (Figure 6B).
Although these branch out close to P2D pumps (Figure 5)
they have less than 33% identity to these or any other plant
pumps.

P3A ATPases: AUTOINHIBITED H+-ATPases
We identified P3A ATPases in all genomes of Viridiplantae ana-
lyzed in this work (Figure 9). P3A ATPases energize the plasma
membrane of plants and fungi by establishing a large proton gra-
dient and membrane potential (negative on the inside) across the
plasma membrane (Palmgren, 2001). The potential energy stored
in this gradient serves as a proton motive force that drives a large
number of transport processes carried out by secondary active
transporters and channel proteins. The plasma membrane pro-
ton pump isoform 2 from A. thaliana (autoinhibited H+-ATPase
2, AHA2) is expressed throughout the plant and, together with
the closely related isoform AHA1, is essential for plant growth
(Palmgren, 2001; Haruta et al., 2010). In this respect, they serve as
functional analogs to the Na+/K+-ATPases of animal cells (Morth
et al., 2011).
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FIGURE 7 | Alignment of putative calmodulin-binding sites in the N-
and C-terminal regions of ACA pumps. Nt, N-terminal domain; Ct,
C-terminal domain.

In Chlamydomonas, two plasma membrane H+-ATPases have
been described in the literature (Campbell et al., 2001). Closely
related homologs to OtAHA2 are found in other green algae
but not in streptophytes. Outside this group, OtAHA2 has
highest similarity (42–44% identity) to plasma membrane H+-
ATPases of protists that have been characterized biochemi-
cally as P-type H+-ATPases (Luo et al., 2002, 2006; Figure 9).
OtAHA2 has lesser but marked similarity to AtAHA2 (38% iden-
tity). The most divergent P3A ATPase analyzed in this study is
OtAHA1.

All P3A plasma membrane H+-ATPases have conserved
residues that have been implicated as being important for H+

transport (Pedersen et al., 2007; Figure 10). These include the H+

acceptor/donor Asp684 (AtAHA2 numbering) in M6 and the pro-
posed gate-keeper residue Asn106 in M2 (Pedersen et al., 2007;
Buch-Pedersen et al., 2009). Arg655, which in AtAHA2 has been
proposed to prevent backflow of H+ through the pump, a fea-
ture likely to be essential when electrochemical gradients get steep,
is strictly conserved in all streptophyte pumps. Interestingly, this
residue is absent in chlorophyte P3A ATPases except for CrAHA3
(Figure 10). CrAHA3 is the chlorophyte pump that shows the
highest similarity to a streptophyte H+ pump (Figure 9).

Notably, typical protists and chlorophytes are characterized by
having both Na+ and H+ pumps. Protists are equipped with
P2D Na+ pumps and chlorophytes with P2C Na+/K+ pumps
(Table 1; Figures 8 and 9). As plasma membrane H+-ATPases
in these organisms lack the residue corresponding to Arg655 (to

FIGURE 8 | Alignment of predicted transmembrane segments of
putative chlorophyte Na+/K+-ATPases (OtNAK1 and CrNAK1) with
similar regions in the human Na+/K+-ATPase α1 subunit (ATP1A1;
P05023). Residues that in Na+/K+-ATPase are likely to contribute with
oxygen atoms for coordination of Na+ (Morth et al., 2007) are marked by
blue. Numbers above these residues refer to which of the three Na+ sites
(1–3) they contribute to. Residues contributing to an alternative Na+ site
(site 3b) are marked 3′.

block H+ backflow), this would suggest that in organisms with
co-expression of electrogenic H+ and Na+ pumps, it is the role
of Na+ ATPases to generate a plasma membrane electrochemi-
cal gradient, which in turn can be used as an energy source to
drive a variety of cellular processes, such as secondary active trans-
port. P3A ATPases in protists and chlorophytes might therefore
have other roles than establishing electrochemical gradients, e.g.,
controlling intracellular pH.

Angiosperm plasma membrane H+-ATPases are regulated by
an extended C-terminal domain that functions as a pump auto
inhibitor (Palmgren et al., 1991). All residues in this domain
of ∼100 residues have been mutagenized and two clusters of
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FIGURE 9 | Phylogenetic tree of P3 ATPases (H+-pumps) (A) and table summarizing conserved features (B). Accession numbers for sequences are given
inTable 2. For comparison, the following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960), the S. cerevisiae pump ScPma1p (P05030), and
the Trypanosoma cruzi pump TcHA1 (Q8T7V7).

autoinhibitory sequences have been identified, Region I and
Region II (Axelsen et al., 1999). Further, in the extreme C-terminal
end, a 14-3-3 binding site has been identified. 14-3-3 binding
results in pump activation,but in order for 14-3-3 binding to occur,
the penultimate residue (a Thr or Ser) first has to become phos-
phorylated (Fuglsang et al., 1999; Svennelid et al., 1999; Maudoux
et al., 2000).

When C-terminal sequences of putative P3A ATPases were
analyzed, the complete set of regulatory sequences (Region I–II
and the 14-3-3 binding site) could be identified in all AHAs of
S. moellendorffii and A. thaliana (Figure 11). In S. moellendorf-
fii the shorter C-terminal regions of CrAHA2 and PpAHA1, a
stretch of residues with weak but notable similarity to Region I
could be identified (Figure 11). In these pumps, sequences with
similarity to Region II and the 14-3-3 binding site could not be
observed. In Chlorophyte P3A ATPases resembling protist plasma
membrane H+-ATPases (OtAHA1, CrAHA1, and CrAHA3) no
sequences with similarity to any of these regions could be iden-
tified. The presence of a putative Region I in the C termini of
CrAHA2 and PpAHA1 suggests that the basic regulatory appa-
ratus of the higher plant C-terminus could have been present

in the first green plants, but that more complex features (e.g., a
14-3-3 binding site) evolved latter in the evolution of vascular
plants. In support of an early origin of Region I, the S. cerevisiae
plasma membrane H+-ATPase Pma1p has a short autoinhibitory
sequence in its C-terminal domain with weak similarity to Region
I, which appears to be involved in regulation of pump efficiency
(Portillo et al., 1989; Venema and Palmgren, 1995).

P4 ATPases: PUTATIVE LIPID PUMPS
P4 ATPases in plants have been implicated in flipping phospho-
lipids across biological membranes (Poulsen et al., 2008a). They
are completely absent from eubacteria and archaebacteria, whereas
in eukaryotes they are typically encoded for by multigene families
(Axelsen and Palmgren, 1998).

We identified P4 ATPases in all of the Viridiplantae inves-
tigated in this study (Figure 12). The chlorophyte O. tauri
was the only organism with a single P4 ATPase. This soli-
tary P4 ATPase groups in the phylogenetic tree in the same
larger branch as AtALA3. AtALA3 activity is connected with
transport of phosphatidylethanolamine, phosphatidylserine, and
phosphatidylcholine in A. thaliana (Poulsen et al., 2008b). Further,
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FIGURE 10 | Alignment of predicted transmembrane segments in P3A
H+-ATPases. Asterisks mark residues of potential importance for proton
coordination and pumping based on evidence from mutagenesis and
analysis of a crystal structure for AtAHA2 (Pedersen et al., 2007). The

number of the amino acid residue in AtAHA2 is indicated above each
asterisk. R655 in M5, which seems important for controlling backflow of
H+ at high electrochemical gradients (Pedersen et al., 2007), is lacking in
some chlorophyte H+-ATPases.

Table 1 | Overview of number of pumps in different P-type ATPase subfamilies in Viridiplantae.

Class Organism Total

O. tauri C. reinhardtii P. patens S. moellendorffii A. thaliana

P1B 5 5 7 10 8 35

P2A 2 2 5 4 4 17

P2B 2 6 6 5 10 29

P2C 1 1 0 0 0 2

P2D 0 2 3 0 0 5

P3A 2 3 2 2 11 20

P4 1 3 8 8 12 32

P5A 1 1 1 1 1 5

P5B 0 1 2 2 0 5

Total 14 24 34 32 46 150
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Table 2 | List of P-type ATPases analyzed in this study.

Class Gene aa Accession # Locus/ORF

OSTREOCOCCUSTAURI

P1B OtHMA1 1052 Q01EZ3 Ot02g01930

P1B OtHMA2 681 Q00V551 Ot15g01530

P1B OtHMA3 1359 Q014R9 Ot07g03370

P1B OtHMA4 861 Q00YQ6 Ot11g02480

P1B OtHMA5 925 Q018N8 Ot05g03820

P2A OtECA1 561 Q01FX01 Ot01g04600

P2A OtECA2 1013 Q01C29 Ot03g04740

P2B OtACA1 1062 Q011R1 Ot09g02100

P2B OtACA2 780 Q00U351 Ot16g02150

P2C OtNAK1 1172 Q01GZ3 Ot01g00900

P3A OtAHA1 1043 Q00RY32 Ot20g00330

P3A OtAHA2 879 Q017J63 Ot06g01560

P4 OtALA1 1258 Q016N2 Ot06g03680

P5A OtP5A1 1398 Q00×11 Ot13g01720

CHLAMYDOMONAS REINHARDTII

P1B CrHMA1 1189 A8J6D5 CHLREDRAFT_195998

P1B CrHMA2/CTP2 1086 A8IC93 CHLREDRAFT_205938

P1B CrHMA3/CTP3 504 A8ICL14 CHLREDRAFT_165985

P1B CrHMA4/CTP1 1097 A8JBB5 CHLREDRAFT_206047

P1B CrHMA5 1041 A8J829 CHLREDRAFT_195962

P2A CrECA1 1069 A8I542 CHLREDRAFT_77047

P2A CrECA2 845 g7623505,6 Cre22.g762350

P2B CrACA1 1179 A8IZL7 CHLREDRAFT_196702

P2B CrACA2 1009 A8IJV9 CHLREDRAFT_128099

P2B CrACA3/FAB39 930 A8J0V21 CHLREDRAFT_118223

P2B CrACA4 1191 A8IS11 CHLREDRAFT_189266

P2B CrACA5 873 A8JEM47 CHLREDRAFT_179136

P2B CrACA6 1434 A8HM60/g0363508 CHLREDRAFT_116583/Cre01.g036350

P2C CrNAK1 1112 A8HX15 CHLREDRAFT_187139

P2D CrENA1 1004 A8J4M6 CHLREDRAFT_104709

P2D CrENA2 1001 A8J4M4 CHLREDRAFT_130931

P3A CrAHA1/CrPMH1 1081 A8IFK0/Q9FNS3 CHLREDRAFT_54949

P3A CrAHA2 802 A8IFH01 CHLREDRAFT_38137

P3A CrAHA3/CrPMA2 1081 Q93Z22 CHLREDRAFT_182602

P3A – 1628 g3169509 Cre07.g316950

P4 CrALA1 1183 A8IVJ3 CHLREDRAFT_172401

P4 CrALA2 1300 A8IVJ6 CHLREDRAFT_190292

P4 CrALA3 1243 A8J8G96 CHLREDRAFT_193025

P5A CrP5A1 1168 A8JI261 CHLREDRAFT_60708

P5B CrP5B1 1308 A8I9J21 CHLREDRAFT_186680

PHYSCOMITRELLA PATENS

P1B PpHMA1 902 A9RNK6 PHYPADRAFT_117222

P1B PpHMA2 743 A9S8B91 PHYPADRAFT_125638

P1B PpHMA3 1004 A9T8Q3 PHYPADRAFT_192723

P1B PpHMA4 841 A9SUQ2 PHYPADRAFT_215914

P1B PpHMA5 1009 A9SME3 PHYPADRAFT_81365

P1B PpHMA6 893 A9TB46 PHYPADRAFT_142921

P1B PpHMA7 743 A9TQB5 PHYPADRAFT_148958

P2A PpECA1 1060 A9RZK8 PHYPADRAFT_179791

P2A PpECA2 1039 A9SH40 PHYPADRAFT_184915

P2A PpECA3 1055 A9SHQ4 PHYPADRAFT_212461

(Continued)
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Table 2 | Continued

Class Gene aa Accession # Locus/ORF

P2A PpECA4 1000 A9TIL4 PHYPADRAFT_222630

P2A PpECA5 1037 A9TK26 PHYPADRAFT_223041

P2A PpSCA1 822 A9T9F0 PHYPADRAFT_220109

P2B PpACA1/PCA1 1098 Q70TF0 PHYPADRAFT_202276

P2B PpACA2/PCA2 1105 Q70TF1 PHYPADRAFT_224496

P2B PpACA3 1074 A9SLT6 PHYPADRAFT_230135

P2B PpACA4 948 A9RXA710 PHYPADRAFT_121055

P2B PpACA5 1035 A9RZJ8 PHYPADRAFT_121834

P2D PpENA1 967 Q7XB51

P2D PpENA2 1058 Q7XB50

P2D PpENA3 963 C1L359 PHYPADRAFT_112089

P3A PpAHA1 936 A9U0N9 PHYPADRAFT_153928

P3A PpAHA2 465 A9TU441 PHYPADRAFT_198308

P4 PpALA1 1219 A9RVW0 PHYPADRAFT_205967

P4 PpALA2 1062 A9S030 PHYPADRAFT_121975

P4 PpALA3 1229 A9S076 PHYPADRAFT_122321

P4 PpALA4 1194 A9SKC3 PHYPADRAFT_165384

P4 PpALA5 1251 A9SY94 PHYPADRAFT_189702

P4 PpALA6 1262 A9T6U6 PHYPADRAFT_88857

P4 PpALA7 1104 A9T776 PHYPADRAFT_168461

P4 PpALA8 1151 A9TDQ8 PHYPADRAFT_221270

P5A PpP5A1 1178 A9RG70 PHYPADRAFT_113743

P5B PpP5B1 435 A9TN061 PHYPADRAFT_147950

P5B PpP5B2 1290 A9SGC2 PHYPADRAFT_229474

SELAGINELLA MOELLENDORFFII11

P1B SmHMA1 819 D8RBL1 SELMODRAFT_89397

P1B SmHMA2 696 D8QRZ31 SELMODRAFT_60690

P1B SmHMA3 952 D8SD62 SELMODRAFT_114297

P1B SmHMA4 831 D8SJM4 SELMODRAFT_118425

P1B SmHMA5 1018 D8SPX5 SELMODRAFT_122320

P1B SmHMA6 910 D8TEP8 SELMODRAFT_138129

P1B SmHMA7 953 D8RFP0 SELMODRAFT_92276

P1B SmHMA8 790 D8QYH61 SELMODRAFT_60775

P1B SmHMA9 817 D8R2L0 SELMODRAFT_167322

P1B SmHMA10 960 D8R2W8 SELMODRAFT_84115

P2A SmECA1 1047 D8RSK1 SELMODRAFT_267711

P2A SmECA2 1042 D8RUH8 SELMODRAFT_102055

P2A SmECA3 1045 D8SA88 SELMODRAFT_112465

P2A SmECA4 1009 D8SUV3 SELMODRAFT_158488

P2B SmACA1 1014 D8QTC2 SELMODRAFT_437746

P2B SmACA2 1030 D8QTC3 SELMODRAFT_266601

P2B SmACA3 1068 D8T1F8 SELMODRAFT_129812

P2B SmACA4 1105 D8S012 SELMODRAFT_451372

P2B SmACA5 1069 D8T4Q6 SELMODRAFT_451597

P3A SmAHA1 875 D8T8I0 SELMODRAFT_430150

P3A SmAHA2 952 D8QT851 SELMODRAFT_76771

P4 SmALA1 1207 D8QMQ3 SELMODRAFT_164122

P4 SmALA2 1157 D8R8G6 SELMODRAFT_86830

P4 SmALA3 1109 D8RG22 SELMODRAFT_410847

P4 SmALA4 1009 D8RKR6 SELMODRAFT_95836

P4 SmALA5 1208 D8S239 SELMODRAFT_107016

P4 SmALA6 1221 D8SBS1 SELMODRAFT_113552

(Continued)
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Table 2 | Continued

Class Gene aa Accession # Locus/ORF

P4 SmALA7 1153 D8SGU6 SELMODRAFT_116847

P4 SmALA8 1184 D8TF22 SELMODRAFT_138337

P5A SmP5A1 1109 D8TBK6 SELMODRAFT_187116

P5B SmP5B1 1290 D8SFE9 SELMODRAFT_445079

P5B SmP5B2 1246 D8R5P0 SELMODRAFT_439526

ARABIDOPSISTHALIANA

P1B AtHMA1 819 Q9M3H5 At4g37270

P1B AtHMA2 951 Q9SZW4 At4g30110

P1B AtHMA3 760 P0CW78 At4g30120

P1B AtHMA4 1172 O64474 At2g19110

P1B AtHMA5 995 Q9SH30 At1g63440

P1B AtHMA6/PAA1 949 Q9SZC9 At4g33520

P1B AtHMA7/RAN1 1001 Q9S7J8 At5g44790

P1B AtHMA8/PAA2 856 Q9C594 At5g21930

P2A AtECA1 1061 P92939 At1g07810

P2A AtECA2 1054 O23087 At4g00900

P2A AtECA3 998 Q9SY55 At1g10130

P2A AtECA4 1061 Q9XES1 At1g07670

P2B AtACA1 1020 Q37145 At1g27770

P2B AtACA2 1014 O81108 At4g37640

P2B AtACA4 1030 O22218 At2g41560

P2B AtACA7 1015 O64806 At2g22950

P2B AtACA8 1074 Q9LF79 At5g57110

P2B AtACA9 1086 Q9LU41 At3g21180

P2B AtACA10 1069 Q9SZR1 At4g29900

P2B AtACA11 1025 Q9M2L4 At3g57330

P2B AtACA12 1033 Q9LY77 At3g63380

P2B AtACA13 1017 Q9LIK7 At3g22910

P2B – 1049 F4KHQ212 At5g53010

P3A AtAHA1 949 P20649 At2g18960

P3A AtAHA2 948 P19456 At4g30190

P3A AtAHA3 949 P20431 At5g57350

P3A AtAHA4 960 Q9SU58 At3g47950

P3A AtAHA5 949 Q9SJB3 At2g24520

P3A AtAHA6 949 Q9SH76 At2g07560

P3A AtAHA7 961 Q9LY32 At3g60330

P3A AtAHA8 948 Q9M2A0 At3g42640

P3A AtAHA9 954 Q42556 At1g80660

P3A AtAHA10 947 Q43128 At1g17260

P3A AtAHA11 956 Q9LV11 At5g62670

P3A – 813 Q9T0E013 At4g11730

P4 AtALA1 1158 P98204 At5g04930

P4 AtALA2 1107 P98205 At5g44240

P4 AtALA3 1213 Q9XIE6 At1g59820

P4 AtALA4 1216 Q9LNQ4 At1g17500

P4 AtALA5 1228 Q9SGG3 At1g72700

P4 AtALA6 1240 Q9SLK6 At1g54280

P4 AtALA7 1247 Q9LVK9 At3g13900

P4 AtALA8 1189 Q9LK90 At3g27870

P4 AtALA9 1200 Q9SX33 At1g68710

P4 AtALA10 1202 Q9LI83 At3g25610

P4 AtALA11 1203 Q9SAF5 At1g13210

(Continued)
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Table 2 | Continued

Class Gene aa Accession # Locus/ORF

P4 AtALA12 1184 P57792 At1g26130

P5A AtP5A1 1179 Q9LT02 At5g23630

1Fragment.
2A possible chimera. The last 200 amino acid residues do not match AtAHA4. Similarity ends at the position equivalent to position 862 in AtAHA4.
3Possibly a fragment. Maybe 80 amino acid residues missing from C-terminus (when compared to AtAHA2). The similarity extends to position 864 in AtAHA2.
4A possible fragment or pseudogene. When compared to AtHMA8/PAA1, positions 523–827 are missing (this includes the motif DKTGT). The last 60 amino acid

residues are also missing.
5200 amino acid residues from the C-terminal are missing.
6No corresponding UniProtKB entry.
7When compared to AtACA9, amino acid residues 1–170 are missing.
8Fragment with insert. Similar to AtACA10 (107–529+576–1046; the positions on C. reinhardtii 3–462+856–1347).The UniProtKB entry only covers part of the protein

taken from Phytozome.
9Possibly a pseudogene or chimera. Partly covered by A8I6H0 (460–576) and A8I6H2 (1521–1622). Many regions of low complexity. Similar to AtAHA10 (58–209+584–

974, AtAHA10 numbering).
10First 130 aa missing compared to AtACA8.
11Near identical copies of most S. moellendorffii genes are present in databases indicating co-sequencing of two related cultivars.
12This protein is not likely to function as an ATPase as several key features are missing including core sequence 2 (TGES−>TASD), core seq. 4 (PEGL−> PVGL, core

seq. 5 (the entire intron including DKTGTLT is missing), core sequence 6 (TGDN−>TDND), and core sequence 7 (VVAVTGDGTNDAPAL−> IVAATGMGIHDPKTL).

cDNA: AY078942 (613–1049, but different splice variant), CB264713 (772–980), this splice variant. Probably similar to PMAX.
13Probable pseudogene (Axelsen and Palmgren, 2001).

FIGURE 11 | Alignment of putative autoinhibitory regions in the C-terminal region of P3A H+-ATPases.

it is a resident of the trans Golgi of root tip cells where it is con-
nected to the generation of secretory vesicles leaving the Golgi
apparatus (Poulsen et al., 2008b).

P5 ATPases: PUMPS WITH NO ASSIGNED SPECIFICITY
P5 ATPases constitute the least characterized group of P-type
pumps and their transported ligand – if any – has not been
identified. These pumps are absent from prokaryotes and are
confined to eukaryotes where they reside in internal membrane
systems (Møller et al., 2008). Based on sequence analysis, they
are divided into two groups, P5A and P5B, each of which is pre-
dicted to transport different substrates based on differences in
their transmembrane segments (Figure 14; Sørensen et al., 2010).

P5A ATPases have been found in all eukaryotic genomes ana-
lyzed so far (Møller et al., 2008) and were identified in all
Viridiplantae analyzed in this study (Figure 13). Only a single
P5A ATPase could be identified in each organism.

P5B ATPase sequences have so far been identified in the
genomes of all eukaryotes examined, except for two plant lineages.
Their widespread distribution supports a model in which they
arose at an early point in the evolution of eukaryotes (Sørensen
et al., 2010). When the Viridiplantae genomes analyzed here were
searched for P5B sequences, we could identify P5B ATPases in C.
reinhardtii, P. patens, and S. moellendorffii, but not in O. tauri and
A. thaliana (Figure 13). This suggests that loss of P5B ATPases
occurred at least twice in the evolution of Viridiplantae.

DISCUSSION
EVOLUTION OF PLANT P-TYPE ATPases
This survey of P-type ATPases provides evidence that members of
the green plant lineage require at least five different types of P-
type ATPases. Each of the five reference genomes analyzed showed
at least one representative from each of the five subgroups of P-
type ATPases. However, within the five different subgroups there is
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FIGURE 12 | Phylogenetic tree of P4 ATPases (lipid flippases). Accession
numbers for sequences are given inTable 2. For comparison, the following
outliers were included: A bacterial P1A ATPase E. coli KdpB (P03960), the
S. cerevisiae pump ScDrs2p (P39524), and the H. sapiens pump
HsATPaseII (ATP8A1; Q9Y2Q0).

still evidence for considerable evolution of biochemical functions
(Figure 15). For example, within the P2-type pumps, there are at
least four subdivisions that delineate two subfamilies each of Na+

and Ca2+ pumps (Figure 5).
In Arabidopsis there are 46 pumps, compared to 14 in O. tauri,

22 in C. reinhardtii, 33 in P. patens, and 32 in S. moellendorffii.
This is consistent with a speculation that multicellular organisms
require more pumps, presumably to provide specialized functions
associated with more complex developmental programs or more
variable environments. While loss of function phenotypes have
been established for at least one member of each pump type in
Arabidopsis, most of the 46 pumps remain uncharacterized at the
genetic level.

The evolutionary diversity of P-type ATPases raises many ques-
tions to be explored. For example, why does O. tauri require only
one lipid flippase (P4-type pump), whereas rice and Arabidop-
sis have 10 and 12 members, respectively (Baxter et al., 2003).
What are the cellular functions of the lipid flippases? Are their
biochemical functions limited to flipping lipids, or do they also
help insert or remove lipids from membranes? At a structural level,
how have the P4-pumps evolved from an ancestor that recognized
simple cation substrates into having a dynamic interaction with
lipids?

FIGURE 13 | Phylogenetic tree of P5 ATPases (having unknown
transport activity). Accession numbers for sequences are given inTable 2.
For comparison, the following outliers were included: a bacterial P1A
ATPase E. coli KdpB (P03960), the S. cerevisiae pumps ScSpf1p (P39986)
and ScYpk9 (Q12697), and the H. sapiens pumps HsATP13A1 (Q6NT90)
and HsATP13A4 (Q4VNC1).

The relative expansion of the proton pump family (P3A) in
flowering plants is also noteworthy, with 11 and 10 members in
Arabidopsis and rice, respectively (Baxter et al., 2003), and only two
in P. patens and S. moellendorffii. Do physiological complexities of
flowering plants necessitate different isoform specific features?

In contrast, P5 pumps have only one or two representatives in
all five reference organisms. The biochemical functions of these
pumps are not clear, but their general importance to eukaryotes is
supported by the presence of at least one representative in reference
genomes from yeast to man.

The observation that all five reference genomes have two types
of Ca2+ pumps, P2A and P2B suggests that both subgroups have
conserved functions. A role in Ca2+ signaling has been proposed
for P2B pumps, based on the presence of a regulatory domain that
provides for activation of the pump by Ca2+/calmodulin. Genetic
evidence supports a model in which regulation of pump activ-
ity could modulate the magnitude or duration of a Ca2+ signal
(Qudeimat et al., 2008; Boursiac et al., 2010; Zhu et al., 2010;
Spalding and Harper, 2011). For the P2A pumps, genetic evidence
suggests that they function in the homeostasis of both Ca2+ and
Mn2+ (Wu et al., 2002; Li et al., 2008; Mills et al., 2008). Delin-
eating signaling and nutritional functions of these pumps is an
important challenge for the future.

THE EVOLUTION OF PLASMA MEMBRANE H+ AND Na+ PUMPS
The evolution of Na+ pumps (type 2C and 2D) is of interest from
several perspectives. First, the relatively close relationship between
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FIGURE 14 | Alignment of predicted transmembrane segments of
putative P5B ATPases aligned with similar regions in the S. cerevisiae
P5B ATPase ScYpk9p (Q12697). Residues conserved in all P5B ATPases
(according to Sørensen et al., 2010) are marked in blue. Those that are
highly conserved are marked in cyan. The P5A ATPase AtP5A/AtMIA is
shown with residues conserved in P5A ATPases highlighted in red
(Sørensen et al., 2010). Asterisks mark residues that are likely to play a role
in ligand coordination.

Na+ and Ca2+ pumps raises an interesting evolutionary ques-
tion of which came first? Since both Na+ and Ca2+ can be toxic
within the cytosol, did both types of pumps arise early in evolu-
tion as a way to efflux toxic ions? Second, it appears that ancestral

plants had both P2C and P2D ATPases. Both groups of pumps
have remained in Chlorophyceae, represented here by the terres-
trial green algae C. reinhardtii, but appear to have been lost in
vascular plants (Figure 15).

An interesting question is why do the chlorophytes examined
here have both H+ and Na+ pumps? For organisms such a C.
reinhardtii that can live in fresh water, what is the evolutionary
pressure for the retention of a Na+ pump? For organisms that
live in saline environments, such as O. tauri, why retain a plasma
membrane H+ pump? It seems reasonable to assume that Na+

pumps alone could control cytoplasmic Na+ levels and energize
the plasma membrane for signaling and co-transport systems, as
they do in typical animal cells. However, it is possible that the H+

pumps actually evolved in marine organisms not to energize the
plasma membrane, but rather to control cytoplasmic pH.

Regardless of their evolutionary origins, the observation that
both H+ and Na+ pumps co-exist in the plasma membrane of well
studied chlorophytes raises a question about which ion is used to
drive secondary active transport systems? Are there different sets
of H+ or Na+ specific co-transporters, or can the cotransporters
be driven by either H+ or Na+ gradients? In vascular plants, Na+

pumps appear to have been lost, leaving only plasma membrane
H+-ATPases to drive secondary transport systems. As a conse-
quence it is thought that most plasma membrane cotransporters
in vascular plants are H+ coupled.

In the Arabidopsis pump AtAHA2, a conserved Arg in trans-
membrane segment M5 (Arg655) appears to be an important part
of the H+ pumping apparatus (Pedersen et al., 2007). This residue
has been proposed to serve as a built-in cation that allows for rapid
transition of the pump from the E1P to the E2P conformational
state and as a gate-keeper that prevents H+ from flowing backward
(“backflow protection”; Pedersen et al., 2007; Buch-Pedersen et al.,
2009). Further, in AHA2, a complex C-terminal regulatory domain
with two autoinhibitory regions and a binding site for activating
14-3-3 protein is present (Axelsen et al., 1999). Backflow protec-
tion and multiple regulatory features are characteristic of all well
studied H+ pumps in flowering plants. The observation of similar
features associated with the S. moellendorffi pumps (Figure 11),
suggests that H+ pumps with“advanced features”may be universal
to all vascular plants.

In contrast, the plasma membrane H+ pumps in chlorophytes
appear to be more primitive in at least two aspects (Figure 9B).
First, both P3A pumps of O. taurii lack the conserved Arg of M5
and two out of the three P3A pumps in C. reinhardtii also lack
this residue (Figure 10). Second, a complex C-terminal regulatory
domain is absent from the chlorophyte pumps.

The presence of “more advanced” H+ pumps in vascular plants
would suggest that these organisms have the capacity to utilize
H+ pumps to energize their plasma membranes with large elec-
trochemical gradients. In flowering plants, H+ pumps can create
steep H+ gradients and membrane potentials that can exceed
200 mV (negative on the inside; Hirsch et al., 1998). In com-
parison, Na+/K+ pumps in animal cells typically only produce
membrane potentials around 60 mV. It is tempting to hypoth-
esize that vascular plants have evolved to rely on these “more
advanced”pumps to create very large electrochemical gradients for
special purposes, such as signaling or nutrient transport. However,
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FIGURE 15 | Overview of the evolution of Na+ and H+ transporting P-type
ATPases in Viridiplantae. Most likely, the ancestor of green plants had two
types of Na+ pumps (P2C and P2D) in addition to a plasma membrane H+

pump (P3A). In present day plants, the terrestrial green algae C. reinhardtii still
has all three types of pumps whereas Na+ pumps have been lost completely
in vascular plants (here represented by Lycopodiophyta and Spermatophyta).

during evolution, large H+-based electrochemical gradients may
have been problematic in the presence of a Na+ pump. For exam-
ple, a large membrane potential or pH gradient may have resulted
in ancestral Na+ pumps mis-functioning as H+ or Na+ leaks. As
a result, Na+ pumps may have been lost as vascular plants evolved
to rely on their more advanced H+ pumps.

FRONTIERS IN P-TYPE ATPase RESEARCH
The frontiers of P-type ATPase research can be divided into three
areas. The first is to understand cellular and organismal func-
tions of each pump. The second is to match biological functions
with a structural understanding of how pumps transport specific
substrates, and how their activities are modulated by signaling
systems. The third is to explore ideas about how P-type ATPases
can be altered or used to improve crop plants. For example, can
Na+ pumps from chlorophytes be moved into crop plants to pro-
vide improved Na+ tolerance? Or would these pumps require

re-engineering to prevent them from becoming H+ or Na+ leaks
in cell types with large membrane potentials or H+ gradients. As
these frontiers are considered, it is worth remembering that P-type
ATPases have already proven themselves as flexible substrates for
evolution, producing pumps with a wide diversity of functions,
from pumping protons to flipping lipids.
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All organisms have evolved strategies to regulate ion and pH homeostasis in response to
developmental and environmental cues. One strategy is mediated by monovalent cation–
proton antiporters (CPA) that are classified in two superfamilies. Many CPA1 genes from
bacteria, fungi, metazoa, and plants have been functionally characterized; though roles
of plant CPA2 genes encoding K+-efflux antiporter (KEA) and cation/H+ exchanger (CHX)
families are largely unknown. Phylogenetic analysis showed that three clades of the CPA1
Na+–H+ exchanger (NHX) family have been conserved from single-celled algae to Ara-
bidopsis. These are (i) plasma membrane-bound SOS1/AtNHX7 that share ancestry with
prokaryote NhaP, (ii) endosomal AtNHX5/6 that is part of the eukaryote Intracellular-NHE
clade, and (iii) a vacuolar NHX clade (AtNHX1–4) specific to plants. Early diversification of
KEA genes possibly from an ancestral cyanobacterium gene is suggested by three types
seen in all plants. Intriguingly, CHX genes diversified from three to four members in one
subclade of early land plants to 28 genes in eight subclades of Arabidopsis. Homologs from
Spirogyra or Physcomitrella share high similarity with AtCHX20, suggesting that guard cell-
specific AtCHX20 and its closest relatives are founders of the family, and pollen-expressed
CHX genes appeared later in monocots and early eudicots. AtCHX proteins mediate K+
transport and pH homeostasis, and have been localized to intracellular and plasma mem-
brane.Thus KEA genes are conserved from green algae to angiosperms, and their presence
in red algae and secondary endosymbionts suggest a role in plastids. In contrast, AtNHX1–
4 subtype evolved in plant cells to handle ion homeostasis of vacuoles.The great diversity
of CHX genes in land plants compared to metazoa, fungi, or algae would imply a signif-
icant role of ion and pH homeostasis at dynamic endomembranes in the vegetative and
reproductive success of flowering plants.

Keywords: cation homeostasis, pH homeostasis, dynamic endomembrane, secretory system, protein, cargo sorting

INTRODUCTION
Cells have evolved mechanisms to regulate ion and pH home-
ostasis in order to respond to developmental cues and to adapt
to a constantly changing environment. In prokaryotes, this feat is
accomplished with a diverse array of transporters at the plasma
membrane. In eukaryotes, cells have increased in size and contain
more intracellular membranes, including organelles and various
compartments of the secretory and endocytic pathways. Conse-
quently, the number of ion transporters localized to endomem-
branes has increased considerably. As plant ancestors initially
living in an aquatic or marine environment colonized land, we
wondered how transport systems required for growth, reproduc-
tion, and adaptation evolved in their structure and function. The
genomes of diverse plants have been sequenced in recent years
offering the first opportunity to understand how plant trans-
porters evolved over one billion years. Here we focus on the
monovalent cation/proton antiporter (CPA) superfamily whose
members are thought to regulate cation and pH homeostasis (Brett
et al., 2005a) by exchanging Na+, Li+, or K+ for H+. Prokaryote

and eukaryote CPA members fall into two major families des-
ignated as CPA1 (2.A.36) and CPA2 (2.A.37; Saier, 2000; Brett
et al., 2005a). In plants, CPA1 includes the well-studied Na+–
H+ exchanger (NHX) family, and the relatively obscure CPA2
family that includes K+ efflux Antiporter (KEA) and Cation–
H+ exchanger (CHX) families. The purpose of this study is to
understand the evolutionary relationship of NHX, KEA, and CHX
homologs from algae to flowering plants, to use comparative biol-
ogy to infer functions of uncharacterized plant genes (Chang
et al., 2004), and hopefully reveal new model systems to deter-
mine functions of KEA and CHX genes which remain largely
uncharacterized.

MATERIALS AND METHODS
ORGANISMS
Plant genomes that have been completely sequenced and available
in Phytozome were used. The list of plant species and their abbrevi-
ated names in parenthesis include Manihot esculenta (Mes), Ricinus
communis (Rco), Populus trichocarpa (Ptr), Medicago truncatula
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(Mtr), Glycine max (Gma), Cucumis sativus (Csa), Arabidopsis
thaliana (Ath), Arabidopsis lyrata (Aly), Carica papaya (Cpa), Euca-
lyptus grandis (Egr), Vitis vinifera (Vvi), Mimulus guttatus (Mgu),
Sorghum bicolor (Sbi), Zea mays (Zma), Oryza sativa (Osa), Brachy-
podium distachyon (Bdi), Selaginella moellendorffii (Smo or club
moss), Physcomitrella patens (Ppa or moss), Volvox carteri (Vca),
and Chlamydomonas reinhartdii (Cre).

COLLECTING SEQUENCES FROM PLANTS
Deduced protein sequences from diverse plants were initially col-
lected from Phytozome1 by Blast analyses using NHX1, NHX5,
NHX7, KEA1, KEA3, KEA4, or CHX17 from Arabidopsis thaliana.
The sequences of each plant species were then compared with
Arabidopsis protein by alignment with Clustal W or MUSCLE
(Edgar, 2004) and analyzed with T-coffee (Notredame et al., 2000)
or MEGA5 (Tamura et al., 2011). Abbreviated names were given
to each gene according to the nomenclature used for A. thaliana
(Maser et al., 2001). Blast analyses with Arabidopsis genes also
recovered predicted proteins from an EST sequencing project
of Charophyceae (Timme et al., 2012); though many transcripts
were truncated and were not used in phylogenetic analysis. Other

1Phytozome.net

sequences from bacteria, cyanobacteria, fungi, protist, or metazoa
were obtained by BLAST from JGI2 or NCBI3.

ALIGNMENT AND CONSTRUCTING TREES
RAxML
Sequences were assembled using Clustal X2 program (Larkin et al.,
2007) to an original fasta file (fa.), and then aligned by Mus-
cle software (Edgar, 2004). Alignment was exported and saved
as fasta (afa), phylip (phy), or MSF format. RAxML was used for
phylogenetic analysis and MSF was read by Genedoc (Nicholas
et al., 19974) for editing. After alignment with Clustal X2 or
MUSCLE, sequences that included the Pfam domain (00999)
Na/H exchanger domain were retained for further analysis. Short
sequences or those lacking >30% of the transmembrane domain
of ∼400 residues were dropped, though they resemble members
of the family. When sequences outside the conserved domain
diverged significantly, the N-terminus and C-tail were trimmed
to maximize alignment (e.g., Figure 1). We used maximum-
likelihood and tested phylogeny with a bootstrap of 100–500,
JTT model (Jones et al., 1992), to construct trees with either

2http://www.genome.jp/sit-bin/search_sequence?prog = blast&db = gvi&seqid = aa
3http://www.ncbi.nlm.nih.gov/protein
4http://www.nrbsc.org/gfx/genedoc/

FIGURE 1 | Protein phylogeny of cation–proton antiporters shows

the evolutionary history of CPA1 and CPA2 families in plants. The
conserved Pfam 00999 domains from diverse organisms were aligned by
MUSCLE and the evolutionary history of the sequences were
determined by RAxML, maximum likelihood using the
Jones–Taylor–Thornton (JTT) model with a bootstrap of 500. (Final ML
optimization likelihood = −104241.644676). Both N and C ends were
trimmed, so aligned TM domain for proteins was ∼400 residues,

corresponding to AtCHX17 residue 33–426. Organisms are color-coded
as follows: bacteria (magenta), Cyanobacteria (dark-blue), protist:
Dictyostelium (red), fungi (brown), algae (green), and plants (dark green).
NhaP and NhaA genes from ancestral bacteria likely gave rise to
eukaryote CPA1 (NhaP and NHX) and CPA2 (KEA and CHX) families,
respectively. Abbreviated protein names and organisms are defined in
Table S1 in Supplementary Material. Unrooted rectangular tree is shown
in Figure S1 in Supplementary Material.
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RAxML (Stamatakis, 2006) or MEGA5 (Tamura et al., 2011).
The bestTree file generated from the program gives the evolu-
tionary value whereas the bipartition file informs the statistical
value.

RESULTS
We first examined the evolutionary origin of plant cation–proton
antiporters (CPA1 and CPA2) using Arabidopsis and rice as repre-
sentatives of flowering plants. All these sequences had a conserved
Na/H exchanger domain (Pfam00999) of about 400 residues.
Figure 1 shows three distinct branches which are labeled as CPA1
(NHX and NHAP), CPA2 with KEA, and with CHX families.

MONOVALENT CATION PROTON ANTIPORTER-1
Several prokaryotic and archaea NhaP genes are located at
the base of the CPA1 branch supporting the idea that an
ancestral NhaP gene gave rise to eukaryote CPA1 genes
(Figures 1 and 2). This family of transporters is pre-
dicted to have 10–12 membrane-spanning domains, and bac-
terial NhaP mediates electroneutral Na+/H+ exchange (see
Table 1). CPA1-type transporters are found in all kingdoms,
including archaea, bacteria, fungi, plants, and metazoa (Brett
et al., 2005a). Our analysis shows that ancestral NhaP evolved
and diverged to give two distinct types: NHX and NHAP
(Figure 2).

FIGURE 2 | Diversification of CPA1 genes into three clades preceded the

evolution of early land plants. The C-tails were trimmed to maximize
alignment, so AtNHX1 sequence included residues 1–448. Tree was
generated with maximum likelihood of RAxML using the
Jones–Taylor–Thornton (JTT) model and tested by bootstrap of 500. (Final ML
optimization likelihood = −30244.238457). Single-celled alga (Cre), moss

(Ppa), and club moss (Smo) NHX members were present in each of three
clades, NhaP/SOS1, endosomal AtNHX5/6, and vacuolar AtNHX1–4.
Organisms and proteins are defined in Table S2 in Supplementary Material,
and color-coded as bacteria (magenta), Cyanobacteria (dark-blue), fungi
(brown), protist (red), green algae (green), early land plants, and angiosperms
(dark green). The “vacuolar” AtNHX1–4 clade is specific to plants.
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Table 1 | Functions of prokaryote cation/proton antiporters (CPA).

Prokaryote

isoform

Transport

mode

Membrane

location (aa)

Main

functions

Plant

homolog (CPA)

Reference

EcNhaA (Na+, Li+)/2H+

electrogenic

Plasma membrane

(388)

Regulation of cellular acidity and salinity.

Activated by external pH above 7

None (CPA2) Arkin et al. (2007), Hunte

et al. (2005)

SynNhaS1, S2

(SynNhaP, P2)

(Na+, Li+)/H+

electroneutral

Plasma membrane

(527, 540)

Salt tolerance SOS1/AtNHX7/8

(CPA1)

Hamada et al. (2001),

Inaba et al. (2001)

MjNhaP (Na+, Li+)/H+ Plasma membrane

(426)

Cytoplasmic pH control using Na+

gradient. Active between pH 6 and 7

SOS1/AtNHX7/8 Hellmer et al. (2002),

Vinothkumar et al.

(2005), Goswami et al.

(2011)

SynNhaS3 (Na+, Li+)/H+ Thylakoid

membrane (461)

Salt tolerance. Ion homeostasis K+, Na+,

H+ in cytoplasm, and thylakoid lumen

KEA (CPA2) Tsunekawa et al. (2009)

SynNhaS4 (K+/H+) suggested ? (410) Growth in K+ depleted conditions CHX (CPA2) Inaba et al. (2001)

SynNhaS5 ? ? (698) ? ? (CPA2)

EhNapA (Na+, Li+)/H+ Plasma membrane

(383)

Salt tolerance at neutral pH (CPA2) Waser et al. (1992),

Strausak et al. (1993)

BcGerN/GerT (Na+, Li+)/(H+–K+) Plasma membrane

(387)

Spore germination/Spore outgrowth in

alkaline or saline conditions

KEA (CPA2) Thackray et al. (2001),

Southworth et al. (2001),

Senior and Moir (2008)

EcKefC K+ uniport or K+/H+

exchange (Rb+, Li+,

Na+)

Plasma membrane

(620)

Cytoplasmic acidification coupled to K+

efflux, survival exposure to electrophiles

KEA (CPA2) Fujisawa et al. (2007),

Ferguson et al. (2000)

“aa” Refers to the number of residues in the protein. Ec, Escherichia coli; Eh, Enterococcus hirae, Bc, Bacillus cereus, Syn, Synechocystis sp. PCC 6803; Mj,

Methanococcus jannaschii. (See Table S1 in Supplementary Material for protein accession no.)

NHAP/SOS1 clade
Phylogenetic analysis showed that plant members of Na+/H+
antiporter (NHAP) clade arose from ancestral NhaP1 and NhaP2
genes of a cyanobacterium (Figures 1 and 2). The best character-
ized plant NHAP is SOS1/AtNHX7 which mediates electroneu-
tral Na+/H+ exchange (Qiu et al., 2003). Although AtSOS1 and
AtNHX8 were annotated previously as NHX, our analysis places
this group within NHAP clade consistent with results of Brett
et al. (2005a). AtSOS1 and its homolog, AtNHX8, are localized to
the plasma membrane (Qiu et al., 2003; An et al., 2007). Intrigu-
ingly, plant NHAP, such as SOS1/NHX7, has a particularly long
C-terminal tail compared to other plant NHX. Recent studies
show that this long C-tail interacts with other regulatory proteins
(Katiyar-Agarwal et al., 2006; Quintero et al., 2011).

Arabidopsis NHAP or AtSOS1 has been extensively studied since
the discovery that sos1 mutant is salt-overly sensitive (Wu et al.,
1996; Quintero et al., 2002; Zhou et al., 2006; Fraile-Escanciano
et al., 2010; see Table 2). SOS1 was shown to be associated with
salt stress response (Shi et al., 2000, 2002) by mediating extrusion
of Na+ (Qiu et al., 2003; Olias et al., 2009). It was shown that
SOS1 had a physiological role in protecting plasma membrane K+
transporters from Na+ inhibition (Qi and Spalding, 2004). Fur-
thermore, interaction of AtSOS1 with radical-induced cell death
(RCD1) prevented RCD1, which is important for oxidative stress
response, from nuclear localization (Katiyar-Agarwal et al., 2006).
This relationship suggested a role of SOS1 in signal transduction.
Analysis of sos1 mutant revealed the consequence of Na+ accumu-
lation which affected membrane trafficking, vacuolar biogenesis,
and pH homeostasis in roots (Oh et al., 2010). Interestingly, cation

specificity for AtSOS1 and AtNHX8 is limited to Na+ and Li+ (Qiu
et al., 2003; An et al., 2007) consistent with the substrate specificity
of prokaryotic NhaP (Table 1). Results indicate that the major
role of plant SOS1 transporters, like other NHAP members, is to
extrude Na+ and confer tolerance to salt stress.

Two NHX clades
The diversification of NHAP to eukaryote intracellular-NHE (IC-
NHE) and PM-NHE occurred early in evolution most likely when
primitive eukaryote cells appeared (Brett et al., 2005a; Figure 1).
Plant NHX members (excluding SOS1) belong to the IC-NHE
family. NHX genes are present in single-celled algae like Chlamy-
domonas, early land plants, like Physcomitrella patens, as well as
Arabidopsis thaliana (Figure 2). Furthermore, plant NHX has
diversified into two clades that cluster either with Arabidopsis
NHX5/6 or with AtNHX1–4. Consistent with the phylogenetic
analysis, NHX proteins have been localized to intracellular mem-
branes. In flowering plants, AtNHX5/6 is localized to Golgi or
TGN, and AtNHX1 is at the vacuolar membrane (see Table 2
for references). The functions and localization of plant NHX and
NhaP/SOS1 proteins are summarized in Table 2. These findings
support the idea that NHX genes evolved as endomembranes
appeared in early eukaryote and plant cells.

Initial studies showed that vacuolar NHX1 mediated elec-
troneutral Na+/H+ exchange (Darley et al., 2000), though later
studies broadened cation specificity to K+ in plants (Table 2). Vac-
uolar NHX was associated with salt stress responses and pH reg-
ulation (reviewed by Rodriguez-Rosales et al., 2009). InNHX1/2
of Japanese morning glory was shown to alkalinize vacuolar pH
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Table 2 | Functions of CPA1 members (NHXs and SOS1) from Arabidopsis and other plants.

Plant

isoform

Expression Membrane

location (aa)

Main functions Reference

AtNHX1 Ubiquitous: epidermis of

siliques, inflorescence, stems,

leaves, petals induced by salt,

osmolarity, ABA

Tonoplast (538) Na+(K+)/H+ antiport salt tolerance

K+ sequestered in vacuole

vacuolar pH alkalinization cell

expansion, interact with

calmodulin (AtCAM15) regulating

Na+/K+ selectivity

Apse et al. (1999, 2003), Gaxiola et al.

(1999), Quintero et al. (2000), Shi et al.

(2002), Venema et al. (2002),Yokoi et al.

(2002), Yamaguchi et al. (2003, 2005),

Leidi et al. (2010), Bassil et al. (2011b)

AtNHX2 Ubiquitous, induced by salt,

osmolyte, ABA

Tonoplast (546) Na+(K+)/H+ antiport, K+

sequestered in vacuole, vacuolar

pH alkalinization, cell expansion,

salt tolerance

Yokoi et al. (2002), Bassil et al. (2011b)

AtNHX3 Roots, germinating seeds,

flowers, and siliques

Tonoplast (529) K+/H+ Low K+ tolerance Yokoi et al. (2002), Liu et al. (2010)

AtNHX4 Ubiquitous: stem, induced by

high Li+ or K+, ABA

Tonoplast (503) Increase sensitivity to salt Yokoi et al. (2002), Li et al. (2009)

AtNHX5/

LeNHX2

Ubiquitous, induced by salt Golgi/TGN (521) Vesicular trafficking, salt tolerance Yokoi et al. (2002), Venema et al. (2003),

Bassil et al. (2011a)

AtNHX6 Ubiquitous Golgi/TGN (535) Vesicular trafficking, salt tolerance Yokoi et al. (2002), Bassil et al. (2011a)

AtSOS1

(AtNHX7)

Root-, stem- and leaf-xylem

parenchyma, and epidermal

cells of the root tip, induced by

NaCl

Plasma membrane (1146) Na+/H+, salt tolerance, Na+

transport from root to shoot,

protect K+ permeability, regulated

by protein kinase SOS2 and Ca2+

sensor SOS3 at C terminus,

interact with RCD1 regulating

oxidative stress response

Shi et al. (2000, 2002), Qiu et al. (2002),

Quintero et al. (2002, 2011), Qi and

Spalding (2004), Katiyar-Agarwal et al.

(2006)

AtNHX8 Ubiquitous Plasma membrane (756) Li+ tolerance An et al. (2007)

“aa” Refers to number of residues in protein. At, Arabidopsis thaliana; Le, tomato.

causing purple buds to turn into blue flowers (Yamaguchi et al.,
2001; Ohnishi et al., 2005). The increase in vacuolar pH was
accompanied by K+ accumulation indicating that NHX1 medi-
ated K+/H+ exchange in Ipomea tricolor (Yoshida et al., 2009).
Cation specificity was directly shown using proteoliposome where
AtNHX1 catalyzed Na+/H+ and K+/H+ exchange with simi-
lar affinity (Venema et al., 2002). Moreover, silencing LeNHX2
resulted in tomato plants that accumulated less K+ and were sus-
ceptible to salt stress (Rodriguez-Rosales et al., 2008). In contrast,
over-expression of AtNHX1 in tomato resulted in enhanced K+
accumulation and resistance to salt (Leidi et al., 2010). Finally,
nhx1/nhx2 double mutants displayed reduced K+ concentration
and pH in vacuoles, supporting a role of AtNHX1 and AtNHX2
in mediating H+ efflux coupled to K+ uptake. Thus regulat-
ing intravacuolar (K+) and pH are essential to cell expansion
and flower development (Bassil et al., 2011b). There is increas-
ing acceptance that plant NHX has a major role in pH and K+
homeostasis in plant cells where salt tolerance is conferred by
enrichment of intracellular K+ pool and sequestration of Na+
in vacuole.

Interestingly, endosomal NHXs, such as LeNHX2, AtNHX5,
and AtNHX6 were able to confer salt tolerance (Yokoi et al., 2002;
Rodriguez-Rosales et al., 2008). Double mutants of nhx5/nhx6
were hypersensitive to salt (Bassil et al., 2011a). In previous stud-
ies of yeast, evidence emerged that ScNHX1 affected endosomal

pH and K+ homeostasis that influenced protein sorting and mem-
brane trafficking (Bowers et al., 2000; Ali et al., 2004; Brett et al.,
2005b; Wagner et al., 2006). A recent study with plants suggested
that regulation of endosomal pH and K+ homeostasis by AtNHX5
and AtNHX6 had a role in sorting of vacuolar protein and cellular
stress responses (Bassil et al., 2011a), consistent with the phylo-
genetic analysis showing ScNHX1 and AtNHX5/6 are in the same
clade (Figures 1 and 2).

Curiously, budding yeast (and probably most fungi) has only
one endosomal NHX1 localized to endosome/prevacuolar com-
partment (PVC), and does not have genes related to “plant
vacuolar-type” AtNHX1–4. However, Dictyostelium Nhe1 and
Nhe2 are at the base of the plant vacuolar NHX clade (Figure 2),
suggesting plant vacuolar NHX arose from a gene in an ancestral
protozoa possibly with contractile vacuoles for osmoregulation
(Allen and Naitoh, 2002; Gerisch et al., 2002; Uchikawa et al.,
2011). The plant-specific AtNHX1–4 type has apparently under-
gone gene duplications (Figure 2) underscoring the significance
and diversity of vacuole functions in multicellular land plants.

MONOVALENT CATION PROTON ANTIPORTER-2
Members of CPA2 superfamily are found in bacteria, fungi, and
plants; however, they are rare in metazoa (Brett et al., 2005a). They
are predicted to have 8–14 membrane-spanning domains with
a Pfam00999 domain for Na+(K+)/H+ exchange. Interestingly,
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substrate and transport mode of CPA2 from bacteria vary among
family members. The general transport mode of CPA2 is M+(in)+
nH+(out) � M+(out) + (in) for the carrier-mediated mode,
whereas some members may catalyze M+(in) � M+(out) in
the channel-mediated mode (Saier, 2000). The CPA2 superfamily
consists of three families named here as NHA/NhaA, KEA/Kef,
and CHX/NhaS4 based on phylogenetic analyses and prokaryote
ancestry.

NHA clade
A eukaryote NHA clade was previously classified within CPA2
(Brett et al., 2005a), though they seem related to the NHAP clade
in CPA1 (Figure 1). Eukaryote NHA, like NhaP, is localized at
the plasma membrane (Kinclova et al., 2001). Functional stud-
ies of yeast show that plasma membrane ScNHA1 mediates both
Na+/H+ and K+/H+ exchange (Banuelos et al., 1998; Sychrova
et al., 1999; Ohgaki et al., 2005). Human NHA2 is localized to the
PM and its expression in yeast conferred tolerance to Na+ and
Li+, but not to K+ (Xiang et al., 2007), suggesting it mediates Na+
transport similar to NhaP or NHX of CPA1. Our phylogenetic
analysis suggests that eukaryote NHA is likely evolved from an
NhaP gene of an ancestral bacterium (Figure 1). Unlike NhaP, E.
coli NhaA is active at pH 8 and inactive at pH 6 (Taglicht et al., 1991;
see Table 1). EcNhaA mediated exchange of 2H+ for 1Na+ or 1Li+
(Padan, 2008). Intriguingly, only tiny marine green alga, such as
Ostreococcus lucimarinus and Micromonas pusilla (Chlorophyta)
have a protein homologous to bacterial NhaA (Figure 1; Table
S1 in Supplementary Material). NHA members are thus found in
bacteria, animals, and fungi (Brett et al., 2005a), but not in early
land plants or flowering plants (Figure 1).

KEA family
Genes encoding putative KEA from higher plants were first clas-
sified in Arabidopsis thaliana (Maser et al., 2001); thus AtKEA1–
AtKEA6 members are used as a reference. KEA-like transporters
from bacteria have been extensively studied, and are characterized
by an N-terminal Na_H exchanger domain (Pfam PF00999), and
a C-terminal KTN NAD(H)-binding domain, also called TrkA_N
domain (Pfam PF02254; Figure 4). For example, Kch, TrkA, Ybal,
and KefB or KefC are K+ channels or transporters with a C-
terminal KTN domain (Choe, 2002). The minimal functional unit
of the KTN domain is a dimeric molecule connected by a flexible
hinge. Hinge motion can be physically coupled to transmembrane
loops to control K+ flux, providing a mechanism of gating con-
trol (Choe, 2002). The domain contains the typical Rossman fold
GXGXXG. . .D Glycine motif involved in NAD binding, indicat-
ing metabolic control of transporter function (Jiang et al., 2001;
Roosild et al., 2002).

Divergence of two KEA clades. To understand the evolutionary
origin of higher plant KEA, we searched and analyzed homologs in
prokaryotes, protists, metazoa, and plants. AtKEA genes diverged
into two main branches with AtKEA1–3 in clade I and AtKEA4–6
in clade II. Clade I consists of the only eukaryote-encoded proteins
with a complete C-terminal KTN domain (Figures 3 and 4), and
are closely related to EcKefB and EcKefC-like proteins from bac-
teria, including cyanobacterium Gloeobacter violaceus (Figure 3).

FIGURE 3 | Phylogenetic tree shows plant KEAs originated from

ancestral genes in Cyanobacteria. The conserved Pfam 00999 domains in
KEA sequences from diverse organisms were aligned by MUSCLE and the
evolutionary history of the genes were determined by maximum likelihood
using the Jones–Taylor–Thornton (JTT) model with a Bootstrap of 100. The
percentage of trees in which the associated sequences clustered together
is shown next to the branches. The analysis involved 66 amino acid
sequences. All positions containing gaps and missing data were eliminated,
resulting in a total of 307 positions in the final dataset. Branch colors refer
to bacteria (pink), Cyanobacteria (blue), red alga (red), metazoa (brown), and
plants (green). Organisms and accession numbers of protein sequences are
listed in Table S3 in Supplementary Material.

Red algae as well as secondary photosynthetic organisms of the
Kingdom Chromista contain sequences from clade I exclusively
(Figure 3; Table S3 in Supplementary Material). In contrast, pro-
teins of clade II lack a KTN domain (Figures 3, 4, and 6; Table S3 in
Supplementary Material). Phylogenetic analysis suggests AtKEA4–
6 arose from an ancestral cyanobacterium judging by the presence
of related proteins in unicellular and filamentous cyanobacteria
(Figure 3). Clade II genes are also present in parasitic organ-
isms of the phylum Apicomplexa. These organisms contain a high
number of plant and bacterial-like proteins (Abrahamsen et al.,
2004) possibly due to apicoplast (plastid) resulting from secondary
endosymbiont of an ancestral green or red alga (Keeling, 2004). A
clade II protein is found in the oomycete, Phytophthora infestans,
possibly also related to the presence of a plastid in a common pho-
tosynthetic ancestor of the chromista (Tyler et al., 2006). Oddly,
AtKEA4–6 like proteins are also found in Trichoplax adhaerens (a
Placozoa), Ciona intestinalis, a basal Chordata, and in higher Chor-
data, such as mammals, amphibians, and fish (Figure 3, Table S3 in
Supplementary Material). These AtKEA4–6 like proteins contain
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FIGURE 4 | Alignment of AtKEA sequences with their bacterial

homologs – AtKEA sequences were aligned using MUSCLE (Edgar, 2004)
with their closest prokaryotic homologs: E. coli KefC and Cyanobacterial
sequence SynjbKEAII (Q2JI45 Table S3 in Supplementary Material). The
soluble N-terminal domain of AtKEA1 was removed. Conserved residues are
shown in orange. Approximate positions of possible transmembrane helices
are shown above the alignment. Secondary structure of the KTN domain is

indicated as well as residues that were shown to be involved in
Glutathione-binding in the KefC KTN structure. A short cytoplasmic regulatory
loop in the E. coli KefC sequence as well as the conserved residues in the
Arabidopsis sequences are shown in magenta. The residues corresponding to
the proton binding residues in the structure of the bacterial NhaA sequence
are shown in red. The Rossman fold glycine motif is shown in green. Below
the alignment the two specific clade Ib inserts in different plants are shown.

a trans membrane coiled coil protein 3 (TMCO3) and also lack
the KTN domain.

These results would suggest that KEA genes were acquired by
primary endosymbiosis of a cyanobacterium, and by secondary
endosymbiosis in the Archaeplastida ancestor of red and green
algae (Adl et al., 2005; Bowman et al., 2007). Furthermore, it
appears the divergence of clade I and clade II KEAs occurred
early as prokaryotes diversified perhaps before eukaryote cells
evolved.

Intriguingly, KEA genes from clade I are found in a red alga
(C merolae) and in chromista (Figure 3). Chromista possibly

became photosynthetic by endosymbiosis with a unicellular red
alga, as genes related to KEA sequences in C. merolae are also
present in these species. In chromista of the cryptomad subgroup,
a KEA gene constitutes one of three transport genes that are
maintained in the highly reduced nucleomorph genome (Dou-
glas et al., 2001). Nucleomorphs are the remnant nuclei of algal
endosymbionts that were engulfed by non-photosynthetic eukary-
otes (Tanifuji et al., 2011). This observation suggests that KEAs
play important roles in these organisms, such as ion transport
across one of four chloroplast membranes. Its role is appar-
ently not in photosynthesis, as KEA-like gene is conserved in the
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FIGURE 5 | K+-efflux antiporter diversified into three types in

early photosynthetic eukaryotes. The analysis involved 97 amino
acid sequences. The tree includes all proteins found in A. thaliana, G.
max, O. sativa, Z. mays, S. moellendorffii, P. patens, C. reinhardtii, and
V. carteri, as well as one representative sequence for each group from
the remaining plant species listed in Table S3 in Supplementary
Material. All positions containing gaps and missing data were

eliminated. There were a total of 152 (335 excluding incomplete
sequences GmaKEA11 and RcoKEA6) positions in the final dataset.
Evolutionary analyses were conducted in MEGA5 (Tamura et al.,
2011). Branch colors refer to dicots (green), monocot (dark-blue), early
land plants (orange–red), and green algae (light blue). Species and
accession numbers of protein sequences are listed in Table S3 in
Supplementary Material.

nucleomorph of a non-photosynthetic Cryptomonas paramecium,
but not in nucleomorphs of green algal origin (Tanifuji et al.,
2011).

Evolution of KEA in plants. Protein phylogenetic analyses
showed that all plants, from unicellular algae to flowering plants,
had three types of KEAs classified as clades Ia, Ib, and II (Figure 5).
Green algae, like C. reinhartdii and V. carteri, contain only one gene
in each group. In other plants, diversification occurred in clades
KEA-Ia, KEA-II, or both.

Clade Ia KEAs possess a long N-terminal domain. Phylogenetic
analysis showed that plant KEAs in clade I diverged into two

types that differ in their protein organization. Within clade Ia,
all plant sequences from moss to monocot and dicots have an
long hydrophilic N-terminal domain of ∼570–770 amino acids
(Figure 6) that is often missed in preliminary gene annotations.
This domain is typically rich in negatively charged glutamate
residues, and predicted coiled coil structures (Figure S4 in Sup-
plementary Material). The role of this unusual extra sequence is
unknown (Rose et al., 2004). The N-terminal domain of green
algae Cre and Cva share some similarity (46%) and are slightly
shorter than that of higher plants (Figure 6). The absence of this
region in prokaryotes would indicate that the N-terminal domain
is a recent acquisition that gained increasing relevance in land
plants.
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FIGURE 6 | Distinct protein domains of three KEA clades.The relative
length and position of the KTN and Na_H exchanger domain in the three
KEA clades is shown graphically using information obtained with the
Simple Modular Architecture Research Tool (Smart,
http://smart.embl-heidelberg.de/). All plant clade I proteins contain a
KTN domain. In the clade II group this domain is lost, making it the
shortest KEA proteins. The clade Ia proteins all have acquired a long
N-terminal domain, typically containing predicted coiled coil structures.
The C-terminus of the clade Ib proteins is slightly longer as compared to
the other sequences. Some green algal clade II proteins have a split
Na_H domain, which might be a result of erroneous gene predictions.
The transmembrane helix predictions are very variable, and especially
unsuccessful for the clade Ib group of proteins. The transmembrane
helices shown in Figure 2 are numbered from 1 to 12 in KefC.

In contrast, proteins in clade Ib, such as AtKEA3, do not har-
bor the N-terminal extension, instead they have gained specific
insertions between predicted membrane helices 4 and 5 and in the
Rossman fold glycine motif of the KTN domain (Figures 4 and
6). Although all hydrophobic regions are conserved in the clade
Ib proteins, transmembrane helices are poorly identified by trans-
membrane prediction programs (Figure 6). In general, only one
gene of this type is present per plant, except in G. max and P. patens,
where two genes are present (Table 4; Table S3 in Supplementary
Material; Figure 5).

Recent diversification of clade II KEAs. Genes encoding AtKEA4–
6 have a hydrophilic N-terminal domain of ∼157–235 residues
that is predicted to include a signal peptide (Figures 4 and 6).
Green algal sequences found in V. carteri and C. reinhartdii have
an anomalous Na_H exchanger domain that is interrupted by a
similar sequence in both species (Figure 5). Interestingly, clade
KEA-II has diversified further in angiosperms where AtKEA5 is
clearly separate from AtKEA4 and AtKEA6 indicating this occurred
recently after the evolution of early land plants.

Function of KEA. Nearly nothing is known about plant KEA
function, so bacterial homologs could provide insights. KefB
and KefC in E. coli are glutathione regulated K+ efflux trans-
porters, that are important for bacterial survival during exposure
to toxic metabolites (Booth, 2003). Electrophiles react with glu-
tathione to form glutathione adducts, thereby releasing KefC and
KefB inhibition by GSH, and eliciting K+ efflux and H+ uptake.
Cytoplasmic acidification is suggested to prevent DNA damage
(Ferguson et al., 2000; Miller et al., 2000). Reduced GSH stabi-
lizes the association of the two KTN domains, whilst the larger
adducts disrupt this interaction (Roosild et al., 2010). Based on
mutagenesis studies, a short central hydrophilic regulatory loop
was proposed to interact with the KTN domain. This regulatory
loop is partially conserved in the plant KEA1–3 sequences, but
the residues forming the glutathione-binding pocket are less con-
served in the plant sequences (Figure 2), indicating that plant
KEA1–3 are regulated in a different way (Roosild et al., 2010).
Although originally proposed to function as K+ channels, recent
studies indicate KefC has K+/H+ antiport activity (Fujisawa et al.,
2007).

Recently, AtKEA1 and AtKEA3 peptides were detected by mass
spectroscopy in Arabidopsis chloroplast preparations (Zybailov
et al., 2008). Moreover, localization to thylakoid membrane of
SynNha3 (Tsunekawa et al., 2009), a Synechocystis protein closely
related to KEA-I and KEA-II proteins (Figure 1), would suggest a
role of plant KEA in chloroplast ion homeostasis. So far only one
cyanobacterium, Gloeobacter violaceus, has a gene encoding a KEA-
I homolog (Figure 3). Perhaps ancestral primary plastids origi-
nated just after the separation of primitive cyanobacterium, like
Gloeobacter, from present-day lineages (Criscuolo and Gribaldo,
2011). In Gloeobacter, thylakoids are absent and photosystems
reside at the plasma membrane (Vothknecht and Westhoff, 2001).
We hypothesize that the long N-terminal sequence of AtKEA1/2
has a role in chloroplast-specific processes in plant (Vothknecht
and Westhoff, 2001). These and other possibilities need to be
tested.
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Evolutionary origin of CHX clade in plants
The CHX clade is populated by genes from higher plants, but none
from metazoa so far. Nearly all deduced proteins from plants have
∼800 residues (Table S4 in Supplementary Material) that consist
of a hydrophobic Na+/H+ exchanger domain of ∼400 residues at
the amino terminus, and a carboxyl hydrophilic domain of 300–
400 residues. The long hydrophilic C-tail does not contain any
known conserved motifs, so its role is a complete mystery. NhaS4
from the cyanobacterium Synechocystis PCC 6803 encodes a much
shorter protein of 410 residues, though the predicted protein from
Synechococcus elongatus PCC 6301 has 715 residues.

Based on analyses using the TM domain alone, we show that the
present-day NhaS4 from cyanobacteria, shares the highest similar-
ity with AtCHX16–CHX20 (Figure 1; Sze et al., 2004). NhaS4 gene
is found in single-celled Synechocystis PCC 6803 (Inaba et al., 2001)
as well as filamentous Anabaena variabilis (Ava1632). Many non-
cyanobacteria do not have genes that cluster with the CHX/NhaS4
clade. One exception is MyxxaNhaS4 (Table S1 in Supplemen-
tary Material) from the gliding bacterium Myxococcus xanthus (a
member of Myxococcales) which form fruiting body in response to
nutrient starvation (Mauriello et al., 2010). Intriguingly, the mech-
anisms of motility and establishment of cell polarity in M. xanthus
and eukaryotes share several similarities (Leonardy et al., 2010).
Although genes from metazoa are absent from this clade, Dic-
tyostelium discoideum (a protist and slime mold) has two members,
Nhe3 and Nhe4, of unknown function that cluster with NhaS4
(Figure 1). The function and membrane location of cyanobacter-
ial NhaS4 are still unclear. Interestingly, all fungi examined have a
single gene KHA1 that encodes a homolog of Synechocystis NhaS4
as seen in Figure 1. Fungi include unicellular Saccharomyces cere-
visiae, and filamentous fungi such as Neurospora crassa, Aspergillus
oryzae, and Ustilago maydis (Figure 1; Table S1 in Supplementary
Material). Mutants of ScKHA1 have served as a useful heterologous

system to test functions of Arabidopsis CHX16–20 (Chanroj et al.,
2011; Table 3).

Comparative analyses of full-length protein sequences revealed
additional insights on the origin of plant CHX members. One
CHX homolog was found in Spirogyra pratensis, a Zygnematales,
though none was detected in Chlamydomonas reinhartdii, Volvox
carteri (Figures 1 and 7), or red algae (not shown). Early land
plants, like Physcomitrella and Selaginella, had four and three
genes, respectively encoding CHX homologs (Figure 1). Inter-
estingly, all these proteins cluster in one subclade closest to Ara-
bidopsis CHX20 (Figure 7) and CHX16–19. Results suggest that
AtCHX16–CHX20 genes arose early in CHX gene family diver-
sification. In Arabidopsis, these genes are expressed in leaves and
roots, especially in dermal tissues, such as root epidermis (Cellier
et al., 2004; Chanroj, 2011), root cap, and guard cells (Padmanaban
et al., 2007; see Table 3).

Multiple subclades within the CHX family. Analysis of CHX
homologs from 14 higher plants unveiled the diversification of
this family in flowering plants (Figure 7). In general, CHX genes
diverged less in monocots than in dicots. First, the average num-
ber of CHX genes (16) per monocot genome is less than that
seen in many dicots (>26; Table 4). Second, Figure 7 shows
that CHX members in Arabidopsis and other dicots can be sep-
arated into eight subclades, and five of these are conserved in
monocots (Table 5). For example, orthologs of AtCHX20 and
AtCHX16–CHX19 were evident in rice, corn, and sorghum, as
shown by the blue branches in Figure 7 (Table S4 in Supplemen-
tary Material). Furthermore, monocot orthologs of AtCHX15,
AtCHX1/2, and AtCHX28 were suggested by their close associ-
ation with these subclades. Many of these genes in Arabidopsis
are preferentially expressed in pollen (Sze et al., 2004; Table 5).
Oddly, homologs of AtCHX21/23 were not obvious in monocot

Table 3 | Functions of characterized CHX genes (CPA2) in Arabidopsis thaliana.

Plant

isoform

Tissue

expression

Membrane localization (aa) Main functions and phenotype Reference

AtCHX13 Pollen, induced by K+

starvation in root tip and

elongation zone

Plasma membrane in plant

and yeast cells (832)

K+ uptake in yeast and plant cells, restore

growth of K+-uptake deficient yeast, chx13

mutant plants are sensitive to low K+,

essential for K+ acquisition

Zhao et al. (2008), Sze

et al. (2004)

AtCHX17 Pollen (microspore), root

epidermis, root cortex,

leaf, induced by salt stress,

K+ starvation, acidic pH,

ABA

PVC in plant, PM in plant,

endomembrane in yeast (820)

K+ transport and pH homeostasis, chx17

mutants have less K+ in roots when K+

starved, restore growth of kha1 yeast at

alkaline pH, membrane trafficking: reduce

CPY secretion in KTA40–2 yeast; confer

HygB tolerance in kha1 mutant

Cellier et al. (2004), Sze

et al. (2004), Maresova

and Sychrova (2006),

Chanroj et al. (2011),

Chanroj (2011)

AtCHX20 Guard cells, root tip/cap Reticulate endomembrane

(842)

K+ transport and pH homeostasis, guard cell

movement and osmoregulation, chx20

mutants show reduced stomatal aperture,

pH homeostasis in yeast

Padmanaban et al.

(2007), Chanroj et al.

(2011)

AtCHX23 Pollen grain, pollen tube Reticulate endomembrane:

ER in pollen tube (867)

K+ transport (E coli), chx21chx23 mutant

pollen tube failed to target the ovule,

signaling: unresponsive to female cues

Sze et al. (2004), Lu et al.

(2011)

(aa) refers to total residues in protein.
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FIGURE 7 | CHX homologs diversified from moss to flowering plants.

Full-length CHX proteins from 15 species were aligned and then analyzed by
maximum likelihood. Spirogyra (Spra), moss (Ppa), and club moss (Smo;
green) CHXs clustered with AtCHX20 (subclade IVa). Both monocot (blue) and
dicot (black) plants had orthologs of AtCHX20, AtCHX16–19 (IVb), AtCHX28 (I),
AtCHX1/2 (I), and AtCHX15 (IVc). Corn, sorghum, or rice had two to four
genes encoding OsCHX6 homologs in a monocot cluster near AtCHX24/25.

Most dicots had additional CHX homologs that clustered with AtCHX24/25
(V), 26/27, and 13/14 (III). AtCHX3–12 proteins (subclade II) are specific to A.
thaliana and A. lyrata. A cluster of CHX resulting from multiple gene
duplications is specific to Medicago truncatula (Mtr). See summary inTable 5.
Species, protein accession numbers and protein properties are described in
Table S4 in Supplementary Material, and unrooted rectangular tree is in Figure
S4 in Supplementary Material.
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genomes. However, rice had four other genes (OsCHX5–8) that
clustered near AtCHX24/25, though none were closely related to 16
additional Arabidopsis gene products, CHX3–12, 13/14, or 26/27.
Three to four CHX genes from other monocot plants including
Brachypodium, a model of an energy grass, sorghum, and corn
also clustered with rice OsCHX5–8, suggesting these represent a
monocot subclade of CHX homologs (Figure 7).

In contrast, some dicot plants shared additional genes that
are potential orthologs of AtCHX24/25, 13/14, and 26/27. Other
dicot CHXs from poplar, Citrus clementina, Mimulus, and Mani-
hot esculenta (cassava) formed clusters that were separate from
AtCHX13/14 or 24/25, 26/27 subclades, suggesting these genes had
diverged later in speciation. Notably, AtCHX3–8 and AtCHX9–12
proteins were in general specific to Arabidopsis genus, indicating
diversification of CHX genes during Arabidopsis speciation. Med-
icago truncatula also had a cluster of 12 genes that could be a result
of additional duplications during speciation.

Functions of plant CHX proteins. Functional studies of plant
CHX proteins are just beginning and so far limited to Arabidop-
sis thaliana. According to results from the founding members
of the family, AtCHX16–AtCHX20, these proteins are impli-
cated in K+ and pH homeostasis of dynamic endomembranes.
First, expression of AtCHX17 or its homologs CHX16–CHX20,
rescued alkaline-sensitive growth phenotype of the host yeast
strain (Chanroj et al., 2011). Second, CHX20 caused acidification
and alkalization of the cytosol and vacuole of yeast, respectively;
although CHX17 did not alter cytoplasmic or vacuolar pH (Chan-
roj et al., 2011). Third, AtCHX17 restored growth of bacteria
defective in several K+ uptake systems, and tracer studies demon-
strated that CHX17, CHX20, and CHX23 mediated monovalent
cation transport with a preference for K+ over Na+ (Table 3). Thus
CHXs, including plasma membrane-localized CHX13, transport
K+ (Zhao et al., 2008), though their ability to restore yeast growth
depends on different external pH’s. Interestingly, these findings of
plant CHX are consistent with mutant studies that suggest Syne-
chocystis NhaS4 probably transported K+, but not Na+ (Inaba
et al., 2001).

The association of AtCHX proteins with endomembranes
and their role in pH and cation homeostasis would suggest
they perform important roles in membrane trafficking events
that affect protein and cargo sorting. Two lines of evidence
support this idea. First, AtCHX17, AtCHX18, or AtCHX19,
but not CHX20, conferred tolerance to hygromycin B in yeast
lacking multiple cation-handling mechanisms (Chanroj et al.,
2011). Sensitivity to aminoglycosides in yeast has been related
to altered intracellular pH homeostasis and membrane traffick-
ing. Second, Chanroj et al. (2011) showed that yeast mutants
expressing CHX17 secreted less vacuolar-destined carboxypepti-
dase Y (CPY) to the external medium similar to cells expressing
NHX1. Thus cation and pH homeostasis in endosomes, such
as PVC, appeared to influence sorting and trafficking of pro-
teins in the endomembrane system. Based on these findings
and analysis of Atchx20 mutants (Padmanaban et al., 2007),
we propose that CHX20 affects endomembrane dynamics and
osmoregulation needed for guard cell swelling and stomatal
opening.

The multiplicity of CHX genes in Arabidopsis pollen and pos-
sibly other plants is surprising and not understood. The first study
on pollen CHX proteins showed that AtCHX21 and AtCHX23
are functionally related and that they are involved in either the
reception or the transduction of female signals that target pollen
tube to the ovule (Lu et al., 2011). Pollen carrying double mutant
chx21chx23 developed into mature grains, extended a tube into
the transmitting tract, however the tube failed to find the egg
(Lu et al., 2011). Pollen tube elongates by tip growth and failure
to shift the axis of polarity in the double mutant suggests that
localized cation and pH homeostasis by CHX has a role in the
establishment, or maintenance of polarity or both. Homologs of
Arabidopsis CHX21 and CHX23 are present in dicot, but not in
monocot, plants (Figure 7; Table 5; Table S4 in Supplementary
Material). Whether they influence pollen tube guidance of dicots
in general or have other roles in reproductive fitness will need to
be investigated.

DISCUSSION
ORIGIN OF PLANT KEA AND CHX GENES FROM CYANOBACTERIA
Our phylogenetic analyses confirm that plant KEA and CHX genes
of the CPA2 superfamily most likely originated from ancestral
NhaA/NapA genes of prokaryotes (Chang et al., 2004; Brett et al.,
2005a) of cyanobacterial origin. Although many bacteria, such as
E. coli and K. pneumonia possess both NhaP and NhaA genes,
CPA2 genes related to KEA/KefB/C are detected in a subset of
bacteria, including Cyanobacteria Gloeobacter and Anabaena vari-
abilis (Figure 3). Oddly,KEA or Kef-like genes have not been found
in any fungi yet. These results suggest that plant CPA2 genes were
derived from a cyanobacterium after it formed an endosymbi-
otic relationship with a primitive non-photosynthetic eukaryote
cell. Gloeobacter violaceus may be a descendant of that primitive
cyanobacterium (Criscuolo and Gribaldo, 2011), as it has genes
encoding proteins homologous to NhaP, NhaS3, NhaS4, and KefB
(KEA1/2). Similarly, NhaS4 from predominantly Cyanobacteria is
highly homologous to plant CHX (Figure 1). However, NhaS4 also
shares high similarity with fungi KHA1 and Nhe3/4 from a protist
Dictyostelium discoideum.

Our analysis suggests that KEA transporters in eukaryotes serve
functions preferentially in plant cells, and possibly in chloroplasts
or plastids. First, we find that all plants sequenced to date possess
three subtypes of KEA (Table 4). Green algae, Chlamydomonas and
Volvox, have one KEA in each subtype, while higher plant KEAs
diversified in subtype KEA1/2 or KEA4–6 (Figure 3). Second,
KEAs are found mainly in plastid-containing organisms, includ-
ing red algae and secondary endosymbiont like Chromista, but are
not detected in fungi. Third, peptide sequences of KEA-Ia subtype
were identified in proteomic analysis of isolated Arabidopsis plas-
tids (Zybailov et al., 2008). Fourth, a functional study showed that
Synechocystis NhaS3 was localized to thylakoid membranes and
that it conferred tolerance to high Na and low K+ when expressed
in a salt-sensitive E. coli (Inaba et al., 2001; Tsunekawa et al., 2009).
As NhaS3 is related to KefB and KEAs, plant KEA-I subtype may
participate in monovalent cation and pH homeostasis of thylakoid
membranes in chloroplasts. Plant KEA-Ia proteins are distin-
guished by a long N-terminal domain. The roles of this unusual
domain and of KEA subtypes in plants need to be determined.
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Table 4 | Overview of genes encoding cation–proton antiporters (CPA) genes in plants.

Classification Species CPA1 CPA2

NHX subtypes KEA subtypes CHX

NHAP KEA-Ia KEA-Ib KEA-II

NHX1-4 NHX5/6 NHX7/8 KEA1/2 KEA3 KEA4/5/6 CHX

EurosidI M. esculenta 1 1 4 28

R. communis 4 2 1 2 1 3 26

P. trichocarpa 2 4 2 2 1 4 30

M. truncatula 5 1 ? 1 1 2 45

G. max 7 3 1 4 2 6 46

C. sativus 1 1 3 19

EurosidII A. thaliana 4 2 2 2 1 3 28

A. lyrata 4 2 2 2 1 4 28

C. papaya 1 1 2 28

E. grandis 6 1 2 1 1 2 19

Eudicot V. vinifera 1 1 2 15

M. guttatus 1 1 3 17

Monocots S. bicolor 4 2 1 1 1 2 16

Z. mays 6 2 1 2 1 3 15

O. sativa 4 2 1 1 1 2 17

B. distachyon 4 2 2 1 1 2 15

Lycophyte S. moellendorffii 2 2 2 1 1 2 3

Bryophyte P. patens 5 2 2 3 2 2 4

Zygnematales S. pratensis* 1 1 1 1 1 1 1

Volvocales V. carteri 1–2 1 2 1 1 1 0

Volvocales C. reinhartdii 1 3 1 1 1 1 0

Fungi S. cerevisiae 0 1 1 0 0 0 1 KHA1

Cyanobacteria Synechocystis 0 0 NhaP1/2 (NhaS3/5) NhaS4

Bacteria E. coli 0 0 1 NhaP 2 KefB/C 1 YBal 0

Gene numbers are taken from the data in PHYTOZOME (http://www.phytozome.net/) from genomes of Manihot esculenta, Ricinus communis, Populus trichocarpa,

Medicago truncatula, Glycine max, Cucumis sativus, Arabidopsis thaliana, Arabidopsis lyrata, Carica papaya, Eucalyptus grandis, Vitis vinifera, Mimulus guttatus,

Sorghum bicolor, Zea mays, Oryza sativa, Brachypodium distachyon, Selaginella moellendorffii, Physcomitrella patens, Volvox carteri, and Chlamydomonas reinhartdii.

*Data for Spirogyra pratensis are unpublished results of C. Delwiche. Gene numbers from Saccharomyces cerevisiae, Escherichia coli K12, and Synechocystis PCC

6803 are provided for comparison. Blanks indicate “not analyzed.”

VACUOLAR NHX1–4 CLADE IS SPECIFIC TO PLANTS
The finding that single-celled algae and early land plants
have homologs of plasma membrane NhaP/SOS1, endosomal
AtNHX5/6, and vacuolar AtNHX1–4 suggest these genes were
present in ancestral algae before plants colonized land (Table 4).
Furthermore, their roles are conserved and fundamental to plant
cells, as the three NHX subtypes have persisted from single-
celled algae to flowering plants. Endosomal AtNHX5/6 is part
of the IC-NHE clade found in all eukaryote, including protist,
fungi, and metazoa (Brett et al., 2005a). It is noteworthy that
yeast NHX1 is localized to PVC and shares more similarity to
endosomal NHX5/6 than to plant vacuolar NHX1. Importantly,
our analysis extends a previous study (Brett et al., 2005a) that a
clade of “vacuolar” AtNHX1–4 is specific to plants as seen from
Chlamydomonas and moss to rice and Arabidopsis (Figure 2).
Importantly, gene diversification of the “plant vacuolar NHX” in
monocots and dicots (Table 4) underscores the diverse and critical

roles vacuoles play in plant life (Martinoia et al., 2007; Muntz,
2007).

DIVERSIFICATION OF CHX GENE FAMILY DURING PLANT EVOLUTION
The multiplicity of the CHX gene family as plants colonized terres-
trial habitats is striking. Phylogenetic analysis demonstrated this
gene family in plants was founded by members similar to AtCHX20
and AtCHX16–19. First, cyanobacterium SynNhaS4 shares highest
similarity with AtCHX17–20. Second, one CHX from a Charo-
phyte, Spirogyra, is homologous to AtCHX20. Third, CHX genes
from Selaginella and Physcomitrella encode proteins that are most
homologous to AtCHX20 and AtCHX16–19, and fourth all flow-
ering plants sequenced so far have CHX genes orthologs to guard
cell-specific AtCHX20 and AtCHX16–19 (Figure 7). Thus a CHX
member in Spirogyra, an alga that is closely related to land plants
(Karol et al., 2001), is conserved in early land plants. In Arabidopsis,
AtCHX20 is preferentially expressed in guard cells (Padmanaban
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Table 5 | CHX homologs from algae to angiosperms cluster into distinct subclades.

Subclade IVa IVb IVc IVd I I-m V III II

A. thaliana CHX20 CHX16-19 CHX15 CHX21/23 CHX1/2/28 OsCHX9 CHX24/25 CHX13/14, 26/27 CHX3-12

Expression in At only Guard Root/leaf Pol/Veg Pollen Pollen Pollen Pollen Pollen

ALGAE

Cre 0

Spra 1

EARLY LAND PLANT

Ppa moss 4

Smo 3

MONOCOT

Osa 1 3 2 4 (2) (4)

Bdi 2 3 2 4 (1) (3)

Zma 1 3 3 4 (1) (3)

Sbi 2 4 2 4 (2) (2)

DICOT

Aco 1 2 3 11

Mgu 1 3 3 1 2 2 3 1

Vvi 2 4 1 1 4 1 2

Egr 2 1 1 1 2 4 3 3

Ccl 2 4 1 3 3 6 5 4

Ath 1 4 1 2 3 2 4 11

Aly 1 4 1 2 3 2 4 11

Csa 1 4 1 1 2 1 5 3

Mtr 3 5 2 5 2 2 6 12

Ptr 1 4 1 4 4 2 5 7

Mes n.d. 3 2 3 4 3 5 2

Number of genes affiliated with each subclade is shown.The AtCHX family is grouped into five subclades, I–V (Sze et al., 2004), and subclade IV splits in four groups,

IVa–IVd, according to phylogenetic analysis (Figure 7) and functional studies. Expression refers only to CHX genes of Arabidopsis thaliana. The founding members

are likely genes in subclade IVa. CHX gene family diversified in flowering plants, especially in dicots. Genes in two clusters specific to monocots are in parenthesis.

See text for full names of plant species. Aco, Aquilegia coelulea; Ccl, Citrus clementina.

et al., 2007), and CHX16–19 are expressed in various root cells, leaf
hydathodes, as well as at the micropylar end of developing seeds
(Chanroj, 2011). It would be interesting to determine if one or
more of moss CHX genes are expressed in cells forming leaf pores
and/or stomata which first appeared in mosses as they developed
specialized epidermal cells to prevent desiccation (Freeman, 2008;
Peterson et al., 2010).

Analysis of higher plants showed several monocot CHXs are
orthologous to AtCHX15, AtCHX1/2, and AtCHX28. Thus these
genes were present before the diversification of dicots and mono-
cots. As these Arabidopsis genes are expressed in pollen (Sze et al.,
20045), we suggest CHX genes evolved as plants developed pollen
grains to protect and transfer sperms for successful reproduc-
tion on land. Several rice CHX genes are expressed in developing
anthers when pollen is at the bicellular and tricellular stages (Fujita
et al., 20106), supporting this idea. In general, monocots have less
CHX genes than dicots encoding proteins homologous to pollen-
expressed AtCHXs (Table 4). Thus CHX genes further diversified
as dicot plants evolved as seen in AtCHX3–12 (Sze et al., 2004)

5www.genevestigator.com/
6http://www.plexdb.org/

from Arabidopsis thaliana or A. lyrata. Several homologs exist in
Medicago truncatula in a sister clade to pollen-expressed Arabidop-
sis CHX. Appearance of pollen is an important innovation for
successful reproduction on land (Freeman, 2008). Whether CHX
homologs are related to development of monocolpate versus tri-
colpate pollen seen in monocots and dicots, respectively, remains
to be seen.

STRUCTURAL AND FUNCTIONAL INNOVATIONS FOR SURVIVAL ON
LAND
Based on functional studies of CHXs and phylogenetic results,
we propose a simple model. The emergence of CHX genes
in early land plants and their multiplicity in flowering plants,
but not in higher metazoa, suggest CHX function is tied to
land plant-specific cellular processes. Their roles in guard cell
movement (Padmanaban et al., 2007) and pollen tube guid-
ance (Lu et al., 2011) would support this idea. Based on these
two studies, it is obvious that endomembrane-associated NHX
members cannot substitute for CHX functions (Chanroj et al.,
2011), even though vacuolar and endosomal NHX homologs
are expressed in most cell types. Studies showed that AtCHX17
and AtCHX20 are associated with dynamic endomembranes
of the endocytic and exocytic pathways suggesting roles in
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osmoregulation, remodeling of membranes as well as in secre-
tion. Land plants secrete a variety of compounds for growth,
development, and defense, including signaling molecules, soluble
proteins, membrane complexes, extracellular and wall compo-
nents. We propose that CHX transporters modulate the cation
and pH environment of diverse intracellular compartments for
protein activities within the lumen and/or for directed vesi-
cle trafficking to deliver cargo in flowering plants to designated
locations.

SUMMARY
Based on the prevalence of CPA1 genes in all organisms, we suggest
that plant NHX gene family evolved to serve fundamental needs
for cation and pH homeostasis in all eukaryote cells. NhaP/SOS1
regulates cation/H+ fluxes at the plasma membrane as in prokary-
otes, and endosomal NHX appeared later to modulate homeostasis
and support functions of multiple intracellular compartments in
primitive eukaryote cells. Further diversification of plant-specific
vacuolar AtNHX1–4 type genes occurred in algal ancestors and in
multicellular plants as vacuolar functions increased. In contrast,
plant CPA2 genes likely originated from an ancestral cyanobac-
terium, where NhaS3- or NhaS5-like genes were transferred to the
nuclear genome of ancestral plant cells. Three subtypes of KEA
proteins are conserved from algae to flowering plants. Although
their functions are still unknown, the evolutionary history would
implicate a role of some KEA in ion homeostasis of plastids. A
NhaS4-like gene of an ancient cyanobacterium is a likely progen-
itor of the CHX gene family which has multiplied and diversified
specifically in flowering plants. Their functions in guard cell move-
ment and pollen tube guidance determined so far would indicate
they evolved to support vegetative and reproductive innovations
required by plants to adapt and survive on land.
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Cation transport is a critical process in all organisms and is essential for mineral nutri-
tion, ion stress tolerance, and signal transduction. Transporters that are members of the
Ca2+/cation antiporter (CaCA) superfamily are involved in the transport of Ca2+ and/or other
cations using the counter exchange of another ion such as H+ or Na+.The CaCA superfamily
has been previously divided into five transporter families: the YRBG, Na+/Ca2+ exchanger
(NCX), Na+/Ca2+, K+ exchanger (NCKX), H+/cation exchanger (CAX), and cation/Ca2+
exchanger (CCX) families, which include the well-characterized NCX and CAX transporters.
To examine the evolution of CaCA transporters within higher plants and the green plant
lineage, CaCA genes were identified from the genomes of sequenced flowering plants,
a bryophyte, lycophyte, and freshwater and marine algae, and compared with those from
non-plant species. We found evidence of the expansion and increased diversity of flow-
ering plant genes within the CAX and CCX families. Genes related to the NCX family are
present in land plant though they encode distinct MHX homologs which probably have
an altered transport function. In contrast, the NCX and NCKX genes which are absent in
land plants have been retained in many species of algae, especially the marine algae, indi-
cating that these organisms may share “animal-like” characteristics of Ca2+ homeostasis
and signaling. A group of genes encoding novel CAX-like proteins containing an EF-hand
domain were identified from plants and selected algae but appeared to be lacking in any
other species. Lack of functional data for most of the CaCA proteins make it impossible to
reliably predict substrate specificity and function for many of the groups or individual pro-
teins.The abundance and diversity of CaCA genes throughout all branches of life indicates
the importance of this class of cation transporter, and that many transporters with novel
functions are waiting to be discovered.

Keywords: calcium transport, cation transport, evolution, H+/Ca2+ exchanger, Na+/Ca2+ exchanger, phylogeny, CaCA

INTRODUCTION
The importance of transporters as“gatekeepers”of the cell is exem-
plified in recent genomic studies. For example, the central role of
transporters in controlling cell growth was indicated in a study
showing that increased yeast growth correlates with increased cell
surface area, and thus increased nutrient uptake (Groeneveld et al.,
2009). Indeed, of the 1312 distinct reaction steps in a reconstruc-
tion of yeast metabolism, 401 involve transport (Herrgard et al.,
2008). Likewise, the analysis of fully sequenced photosynthetic
eukaryotes finds that transporters consistently make up a sig-
nificant proportion (∼5%) of the genome (Mäser et al., 2001;
Merchant et al., 2007; Rensing et al., 2008). Calcium (Ca2+) is a
critical element in all organisms; it is an essential nutrient which
also has a conserved signaling role (Hirschi, 2004; Case et al., 2007).
Transporters that mediate the movement of this ion are therefore
particularly important. These Ca2+ transporters impact upon cell
division, growth, development, and adaptation to environmental
conditions. Three classes of membrane transporters help mediate
Ca2+ flux across a membrane and regulate cytosolic Ca2+ lev-
els: Ca2+-permeable channels, Ca2+-ATPases, and Ca2+/cation

antiporters (CaCAs). Biochemical identification and functional
analysis of CaCAs in an array of organisms have helped con-
ceptualize the functional properties and important physiological
roles of these exchangers in cellular ion homeostasis (Lytton, 2007;
Manohar et al., 2011).

The majority of the ion-coupled Ca2+ exchange activity within
a cell is encoded by members of the Ca2+/cation antiporter (CaCA)
gene superfamily which are present widely in archaea, bacteria,
fungi, plants, and animals (Saier et al., 1999; Cai and Lytton, 2004a;
Table 1). These proteins serve as essential components in Ca2+
cycling systems. CaCA proteins promote Ca2+ efflux across mem-
branes, normally against its concentration gradient, by using a
counter-electrochemical gradient of other ions such as H+, Na+,
or K+ to energize the process. Animal proteins principally use Na+
gradients as the driving force while plant and bacterial exchang-
ers exclusively utilize H+. Based on functional and phylogenetic
analysis, the CaCA superfamily is composed of at least five families
(Cai and Lytton, 2004a): the Na+/Ca2+ exchanger (NCX) family,
the Na+/Ca2+, K+ exchanger (NCKX) family and the CCX fam-
ily, the H+/cation exchanger (CAX) family, and the YRBG family
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Table 1 | Definition of the five major gene families that make up the CaCA superfamily.

CaCA gene family Described major function Species domain distribution Key selected members

YRBG Putative Na+/Ca2+ exchanger Bacteria, archaea EcyrbG (bacteria)

NCX Na+/Ca2+ exchanger Eukaryotes NCX1 – 3 (mammalian), AtMHX (plant)

NCKX K+-dependent Na+/Ca2+ exchanger Eukaryotes – excluding land plants NCKX1 – 5 (mammalian)

CCX Cation/Ca2+ exchanger Eukaryotes NCKX6 (mammalian), AtCCX3 (plant)

CAX Ca2+/H+ exchange Bacteria, eukaryotes – excluding

mammals, insects, nematodes

ScVCX1 (yeast), AtCAX1 (plant), EcchaA (bacteria)

Table 2 | Summary of the major properties and functions of selected CaCA genes.

Gene name

(species)

CaCA family Transport function Sub-cellular

location

Main function Reference

yrbG (E. coli ) YRBG Putative Na+/Ca2+

exchange – unconfirmed

Inner membrane Unknown; not involved in regulating

cytosolic Ca2+; not essential

Naseem et al. (2008)

NCX1 (human,

mouse)

NCX Na+/Ca2+ exchange;

stoichiometry: 3Na+:1Ca2+
Plasma membrane Ca2+ efflux from cell in heart, brain,

kidney

Blaustein and Led-

erer (1999)

AtMHX

(Arabidopsis)

NCX (MHX) Mg2+/H+ and Zn2+/H+

exchange; electrogenic

Vacuole Vacuolar Mg2+ sequestration; Mg2+

homeostasis

Shaul et al. (1999)

NCKX1 (bovine,

human)

NCKX K+-dependent Na+/Ca2+

exchange; stoichiometry:

4Na+:1Ca2+, 1K+

Plasma membrane Ca2+ efflux in rod photoreceptor

retina cells to allow light-triggered

signal generation

Reilander et al.

(1992), Schnetkamp

(1995)

NCKX6/NCLX

(human, mouse)

CCX Na+/Ca2+ and Li+/Ca2+

exchange, K+-independent?

Mitochondria Mitochondrial Ca2+ efflux by

Na+/Ca2+ exchange

Cai and Lytton

(2004b), Palty et al.

(2004, 2010)

AtCCX3

(Arabidopsis)

CCX K+/H+, Na+/H+, and

Mn2+/H+ exchange

Endo-membrane Vesicle ion uptake; K+ homeostasis

in flower tissues

Morris et al. (2008)

chaA (E. coli ) CAX (CHAA) Ca2+/H+, Na+/H+, and K+/H+

exchange

Inner membrane Outward and inward cation flux; ion

homeostasis

Ivey et al. (1993),

Ohyama et al. (1994),

Radchenko et al.

(2006)

VCX1 (yeast) CAX Ca2+/H+ exchange;

stoichiometry: 2H+:1Ca2+
Vacuole Vacuolar Ca2+ loading; regulates

cytosolic Ca2+
Cunningham and

Fink (1994), Denis

and Cyert (2002)

AtCAX1

(Arabidopsis)

CAX Ca2+/H+ exchange;

stoichiometry: 3H+:1Ca2+

(based on red beet studies);

can also mediate Mn2+/H+

and Cd2+/H+ exchange

Vacuole Vacuolar Ca2+ loading; provides

Ca2+ tolerance; determines cellular

Ca2+ concentration; involved in

response to stress

Blackford et al.

(1990), Hirschi et al.

(1996), Cheng et al.

(2003), Conn et al.

(2011)

CrCAX1 (green

microalgae)

CAX Ca2+/H+ and Na+/H+

exchange

Vacuole (predicted) Provides vacuolar Ca2+

sequestration and Ca2+ tolerance

when expressed in yeast

Pittman et al. (2009)

DrCAX (zebra fish) CAX Ca2+/H+ exchange Endo-membrane Neural crest development Manohar et al. (2010)

named after the Escherichia coli gene yrbG (Table 1). Detailed char-
acterization of selected isoforms from each of these families has
begun to shed light on their functions (summarized in Table 2).

The YRBG family has been the least characterized. Sequence
similarity suggests E. coli YrbG may function as a NCX but the
transporter is not essential for bacterial growth and it is unknown
whether YrbG is a Ca2+ transporter (Cai and Lytton, 2004a;
Naseem et al., 2008). In E. coli, pH and monovalent cations can reg-
ulate cytosolic free Ca2+ through Ca2+ influx and efflux, but direct

measurement of cytosolic Ca2+ levels using the Ca2+ reporter
aequorin suggests that YrbG does not play a role in regulating
cytosolic Ca2+ (Naseem et al., 2008). Orthologs of yrbG are present
in other prokaryotes but do not appear to be present in eukaryotes
(Cai and Lytton, 2004a).

Na+/Ca2+ exchangers, present at the plasma membrane of
most animal cells, are a fast and high-capacity Ca2+ transport
system that are important regulators of cellular Ca2+ homeostasis
by causing efflux of Ca2+ from the cell. Detailed functional and
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molecular studies have revealed two distinct families of Na+/Ca2+
exchange proteins (Lytton, 2007). The first of these, the NCX trans-
porters are composed of three distinct types in mammals: NCX1,
NCX2, and NCX3. All three exchangers share about 70% overall
amino acid identity and have identical transport function. Inver-
tebrates have a single NCX gene, whereas vertebrate species have
multiple NCX genes as a result of at least two duplication events
(On et al., 2008). The presence of NCX genes in all animal species’
genomes allowed the construction of a phylogenetic tree that cor-
related to animal evolution and revealed that the origin of NCX
duplication was initiated at the emergence of vertebrate organisms
(On et al., 2008). A plant Mg2+/H+ exchanger termed Arabidopsis
thaliana Mg2+/H+ exchanger (AtMHX), is also a member of the
NCX family. This transporter concentrates Mg2+ into vacuoles
and has no apparent Na+/Ca2+ exchange activity (Shaul et al.,
1999). Another putative Mg2+/H+ exchanger (XNTA) has been
discovered in Paramecium, but although it appears to be a mem-
ber of the CaCA superfamily, it is distinct from AtMHX and does
not appear to fall within the NCX clade (Haynes et al., 2002).

The second Na+/Ca2+-transporting exchanger family, the
NCKX, operate in cellular Ca2+ efflux by extruding one Ca2+
ion and one K+ ion in exchange for four Na+ ions (Lytton, 2007).
Like the NCX transporters, the NCKX play an important role in
Ca2+ homeostasis, notably in retinal and neuronal cells, and are
important in various roles including photoreceptor function and
skin pigmentation (Table 2). Also like NCX transporters, NCKX
are reversible and can import Ca2+ into the cell upon reversal
of the transmembrane Na+ gradient. NCKX proteins differ from
NCX proteins in their requirement for K+, their Ca2+ kinetics,
and sequence divergence. To date there has been no evidence of
NCKX activity or NCKX-like genes present in any plants.

Initial analyses of the CaCA superfamily did not identify the
CCX family and this family has only recently been created and
considered a stand-alone group. A novel gene from mammals,
originally thought to be a NCKX gene, named NCKX6, has sig-
nificant sequence variation from other known NCX and NCKX
genes (Cai and Lytton, 2004b). Subsequent phylogenetic analysis
has grouped NCKX6 separately from the NCX and NCKX fam-
ily in the CCX family, which includes members from vertebrates,
invertebrates, fungi, protozoa, and plants (Cai and Lytton, 2004a).
NCKX6 (also named NCLX) appears to be a bona fide NCX but it is
slightly contentious as to whether it is K+-dependent or not; other
studies have suggested that this transporter is K+-independent
and can also transport Ca2+ by Li+ exchange (Palty et al., 2004;
Table 2). Several transporters in plants, some formerly referred to
as CAX, have been reassigned to the CCX family (Shigaki et al.,
2006). For example, Arabidopsis CCX3 (formerly CAX9) is a H+-
dependent cation transporter but with no apparent Ca2+ transport
properties (Morris et al., 2008).

Members of the CAX family have been identified from many
species including plants, algae, some invertebrate animals, fungi,
protozoa, and bacteria, but are absent from the genomes of mam-
mals, insects, and nematodes (Shigaki et al., 2006; Manohar et al.,
2011). CAXs have been classified into three major categories
based on phylogenetic analysis: Type 1, 2, and 3 (Shigaki et al.,
2006). Several Type 1 and 3 CAXs have been characterized across
species, particularly in plants and yeast, and have been shown to

be important for Ca2+/H+ exchange, predominantly at the vacuo-
lar membrane (Manohar et al., 2011; Pittman, 2011). In particular,
many plant and fungal CAXs are important for providing tolerance
to excess Ca2+, for regulating Ca2+ homeostasis and nutrition,
and the modulation of environmental or developmental events
via Ca2+ signal generation (McAinsh and Pittman, 2009; Cun-
ningham, 2011). However, to date only two Type 2 CAXs, the
S. cerevisiae Vnx1 and zebrafish DrCax1 have been characterized
(Cagnac et al., 2007, 2010; Manohar et al., 2010).

The Type 1 plant CAXs have been further divided into two phy-
logenetically distinct groups (Type 1A and Type 1B; Shigaki et al.,
2006). This distinction suggests functional differentiation between
the two groups; however, no clear-cut functional differences have
so far been identified. Arabidopsis and rice (Oryza sativa) each
have six CAX ORFs equally divided between the two phyloge-
netic groups. One suggestion has been that there are differences in
ion substrate selectivity between members of the two groups; for
example, Type 1B proteins such as AtCAX2 and AtCAX5 have been
shown to transport multiple ions including Mn2+ and Cd2+ in
addition to Ca2+ (Hirschi et al., 2000; Shigaki et al., 2003; Edmond
et al., 2009) while Type 1A members such as AtCAX1 and AtCAX3
are important for Ca2+ homeostasis and were originally thought
to be specific for Ca2+ (Shigaki et al., 2003; Conn et al., 2011).
However, Type 1A CAXs can mediate the transport of multiple
ions in planta and when heterologously expressed in yeast (Kamiya
et al., 2005; Shigaki et al., 2005, 2010; Koren’kov et al., 2007; Mei
et al., 2009). Thus plant CAXs have a broad cation specificity
and hence the CAX family has more recently been referred to as
H+/cation exchangers rather than just H+/Ca2+ exchangers. The
Type 1B sub-group may contain more diverse CAX proteins. Two
non-canonical Type 1B CAXs with an additional transmembrane
(TM) insertion between TM4 and TM5 were recently reported
from plants in the Asteraceae family (Jain et al., 2009), although
the relevance of this alteration is unknown. Recently, a CAX gene
from the chlorophyte microalgae Chlamydomonas reinhardtii was
identified and suggested to group within the Type 1C sub-group
alongside protozoan CAX genes (Pittman et al., 2009). Like the
higher plant CAXs, CrCAX1 appears to have broad substrate speci-
ficity, and in addition to Ca2+ can also transport the monovalent
ion Na+.

All CaCA proteins share a similar topological model: on average
10 TM helices are predicted to form a Ca2+ transduction pathway
which includes two conserved α-repeats regions within TM helices
2–3 and 7–8. These two α-repeats are important for ion selectiv-
ity, binding, and transport in diverse CaCA members (Kamiya
and Maeshima, 2004; Ottolia et al., 2005; Shigaki et al., 2005) and
are predicted from topology models to be orientated on opposite
sides of the membrane (Figure 1), and in the folded structure of
the protein face toward each other to form an ion conductance
channel (Nicoll et al., 2007). This topology is exemplified by NCX
(Figure 1). The sizes of individual members of the CaCA super-
family vary from ∼300 to 1000 amino acids, and although the core
topological structure is conserved there are some exceptions; for
example, the CCX proteins have additional TM domains within
the C-terminal half of the protein (Cai and Lytton, 2004b). The
clusters of 5 + 5 TM helices within both halves of a typical CaCA
are separated by a large cytosolic loop (Figure 1) that regulates
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FIGURE 1 |Topological model of the Na+/Ca2+ exchanger (NCX) protein.

Barrel structures denote the transmembrane spanning domains identified
by hydropathy analysis using TMHMM version 2. The conserved α1- and
α2-repeat regions which span TM 2 and 3, and TM 7 and 8 are highlighted.
The Ca2+-binding domains (CBD) and the predicted Na+ regulatory domain
(NRD) present on the large central cytosolic loop are highlighted.

exchange activity in some members. It is likely that both halves of
the protein formed following an ancient duplication event. While
split halves of NCX or CAX proteins are not able to function alone
(Ottolia et al., 2001; Zhao et al., 2009), it is not inconceivable that
an ancestral form was useful as part of a related protein domain if
this event occurred very early in the evolution of the gene family.

In most genomes putative membrane transporters abound with
few transporters representing unique sequences in the genome
(Bock et al., 2006). Despite fundamental differences in organismal
complexity, an emerging theme is that diverse species have similar
protein-coding potentials and alterations in CaCA transporters
among taxa may be associated with modifications in function.
The recent sequencing of genomes from diverse photosynthetic
eukaryotes, including various higher plants, bryophytes, lyco-
phytes, unicellular and multi-cellular green, red, and brown alga,
and diatoms, act as powerful genomic resources for continued
comparative analyses of CaCA proteins. Evolutional relationships
among the characterized and uncharacterized CaCAs will lead to
a better understanding of their potential roles. In this study we
have performed a multi-genome identification of CaCA genes and
a phylogenetic analysis that have provided insights into the evo-
lution of CaCA transporters within higher plants and the green
plant lineage.

MATERIALS AND METHODS
DATA SOURCES
Predicted protein-coding genes from complete and near complete
genome sequences were downloaded for 74 species in May 2011
from a variety of databases (Table S1 in Supplementary Mate-
rial). Species were selected for their broad taxonomic range in
order to capture the full diversity of CaCA sequences, and where
possible, photosynthetic organisms were included. The species
examined included 12 land plants (including one lycophyte and
one bryophyte), and 12 algae of various phyla and class (Table
S1 in Supplementary Material), four fungi, eight other unicellular
eukaryotes (including a variety of protists and oomycetes), seven
animals (including two mammals), 21 bacteria (of which 10 were
members of the cyanobacteria), and 10 archaea.

CaCA IDENTIFICATION
Putative CaCA proteins were identified using the basic local align-
ment search tool (BLAST; Altschul et al., 1997). A local database
was constructed from the predicted protein sequences for the 74
species examined. The database was queried with 147 previously
identified CaCA protein-coding sequences (Cai and Lytton, 2004a)
including all known CaCA proteins from A. thaliana. The initial
results contained a variety of putative ion transporter sequences
from the CaCA superfamily and from other families, in particu-
lar those with known functions in Na+/H+, arginine, and citrate
transport, which were discarded. To obtain sequences specific
to the CaCA transporter family, only those matches with an e-
value of <1, that spanned a region of >100 bp in length, with no
less than 15% sequence identity, and where the predicted coding
sequence corresponding to the match was >280 bp in length were
considered for further analysis. The remaining 1328 candidate
CaCA homologs were then screened by hydropathy analysis using
TMHMM v2.01 (Krogh et al.,2001) to remove all non-TM proteins
and to remove those whose hydropathy profile was clearly dissim-
ilar to a selection of representative CaCA genes from the NCX,
NKCX, CCX, CAX, and YRBG families from human, A. thaliana,
O. sativa, S. cerevisiae, E. coli, and Synechocystis sp. Further screen-
ing of candidate sequences was performed by aligning them with
a small selection of well-characterized representative CaCA pro-
teins, and visual inspection was used to remove those that were
clearly not members of the CaCA family. Finally 308 putative
CaCA homologs were retained for phylogenetic analysis, plus 34
novel CaCA-like proteins (named EF–CAX) that were shown by
Pfam analysis2 (Finn et al., 2010) to contain putative Ca2+-binding
EF-hand domains (Pfam ID: PF00036) and so-called “Na_Ca_ex”
(consensus CaCA) domains (Pfam ID: PF01699; Table S2 in
Supplementary Material).

PHYLOGENETIC ANALYSES
Phylogenetic analysis of full-length CaCA proteins was not suit-
able because their diversity makes sequence alignment difficult.
Several steps were taken in order to obtain reasonable align-
ments. Firstly, poorly conserved and extended N- and C-terminal
regions of the predicted proteins were removed. TMHMM was
then used to identify and extract putative TM domains for each
protein. Furthermore, the greatest sequence distance between two
TM domains was recorded and inferred to be the length of the
central loop region. Visual inspection of preliminary alignments
suggested that the number of TM domains can be variable between
species, which may affect the accuracy of sequence alignment. To
account for these differences we used MAFFT v6.0 (Katoh et al.,
2002) under the E-INS-i option, which is specifically designed to
cope with homologous regions separated by unalignable regions.
Other approaches were also investigated for aligning these regions,
and all yielded comparable results. The final phylogeny was esti-
mated using maximum likelihood under the WAG + F model of
amino acid substitution with Γ-distributed rates across sites, as
implemented in RAxML v7.1 (Stamatakis, 2006). Other substi-
tution models were examined and found to yield very similar or

1www.cbc.dtu.dk/services/TMHMM
2http://pfam.sanger.ac.uk
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substantially worse log-likelihood values. Confidence in the tree
was assessed using the fast bootstrap approach (Stamatakis et al.,
2008). The tree was viewed using the FigTree program3. The result-
ing phylogeny appeared to be broadly consistent with previous
findings, with five major clades corresponding to the CAX, CCX,
NCX, NCKX, and YRBG genes. Thus gene products were classified
according to their position in the phylogeny. For the phylogenetic
analysis of the EF–CAX, due to poor sequence similarity between
the N-terminal half of these proteins with N-terminal sequence of
the other CaCA proteins, the conserved α2-repeat region sequence
within the C-terminal half of CaCA and EF–CAX proteins was
used instead. This sequence was identified using the consensus
α2-repeat region sequence as determined previously for CaCA
proteins (Cai and Lytton, 2004a), and extracted from each CaCA
protein. The α2-repeat sequences were realigned to confirm that
the correct consensus sequence was obtained and were then used
to generate trees using maximum likelihood, as described above.

AMINO ACID SEQUENCE COMPARISONS
For the visual analysis and comparison of CaCA protein sequences,
multiple sequence alignments were performed using ClustalW24

(Larkin et al., 2007) and shaded using the BOXSHADE v.3.2 viewer
and manually annotated.

RESULTS AND DISCUSSION
IDENTIFICATION OF GENES ENCODING CaCA HOMOLOGS IN
PHOTOSYNTHETIC EUKARYOTES
To examine the evolution and potential diversification of the CaCA
superfamily in photosynthetic eukaryotes and throughout the land
plant lineage, we screened the sequenced genomes of 10 flower-
ing plant species. These included six dicots: A. thaliana, a tree
species – poplar (Populus trichocarpa), grape (Vitis vinifera); and
three legumes: soybean (Glycine max), Medicago truncatula, and
Lotus japonica, and four monocots: rice (O. sativa), corn (Zea
mays), sorghum (Sorghum bicolor), and Brachypodium distachyon.
The genomes of two non-flowering land plants were available
for analysis; the bryophyte moss Physcomitrella patens, and the
lycophyte spikemoss Selaginella moellendorffii. A range of diverse
algal species were also chosen. These comprised four freshwater
algae: the model unicellular chlorophyte alga C. reinhardtii, the
unicellular chlorophyte Coccomyxa sp. C-169 (formerly named
Chlorella sp. C-169), and the multi-cellular chlorophyte Volvox car-
teri; and a selection of marine algae: the prasinophytes Ostreococ-
cus tauri and Micromonas pusilla, the rhodophyte Cyanidioschyzon
merolae, the haptophytes Emiliania huxleyi, the brown alga Ecto-
carpus siliculosus, the pelagophyte Aureococcus anophagefferens,
and photosynthetic members of the stramenopiles, including the
diatoms Thalassiosira pseudonana, Phaeodactylum tricornutum,
and Fragilariopsis cylindrus. In addition, two non-photosynthetic
stramenopiles, the oomycetes Phytophthora sojae, and Pythium
ultimum were examined. A selection of mammalian, invertebrate,
fungal, protozoan, bacterial, cyanobacterial, and archaeal species
with completed genome sequences were chosen that provide a
cross section of life for comparison with the plant and algal species

3http://tree.bio.ed.ac.uk/software/figtree
4http://www.ebi.ac.uk/Tools/msa/clustalw2

(Table S1 in Supplementary Material). Using a dataset of previ-
ously identified CaCA query sequences, the genomes of all these
species were screened by BLAST analysis and the results were fur-
ther screened by hydrophobicity analysis, sequence alignment, and
individual protein BLAST to validate each of the outputs and gen-
erate a final list of putative CaCA proteins (see Materials and
Methods). In 13 of the species screened (including five bacteria
and seven archaea) no obvious CaCA genes were identified (Table
S1 in Supplementary Material). We were also unable to identify
a clear-cut CaCA gene from the eukaryotic protozoan parasite
Giardia lamblia. In contrast, the remaining 18 prokaryote species
and all other eukaryotes examined including all of the plant and
algal species possessed CaCA gene members (Figure 2). In all 342
CaCA genes were identified from 74 species (including the 13
species with no CaCA genes), giving an average of 4.6 CaCA genes
per species. From the 12 land plants, 159 genes were determined
(13.25 genes per species) and from the 12 algal species, 70 genes
were identified (5.8 genes per species). The search method used
multiple queries for each genome examined with the robust search
method employed suggesting confidence that the search returned
all expected genes and that CaCA genes are truly lacking in 13 of
the species.

The classification of the genes into one of the five CaCA fam-
ilies was determined by phylogenetic analysis of the full super-
family. Initial amino acid sequence alignments using full-length
sequence generated poor alignments and resulted in a low confi-
dence tree. To improve the sequence alignments and generate the
tree, the highly variable N- and C-terminal tail sequences and the
hydrophilic loop sequences were therefore removed. The predicted
size of the central loop region, the longest hydrophilic loop region
of the CaCA protein, situated between TM5 and 6 of the consensus
NCX (Figure 1), NCKX, CCX, and YRBG proteins, and between
TM6 and 7 of the consensus CAX proteins, varied largely between
the CaCA sequences, ranging from 19 amino acids in one of the
CAX proteins to 602 amino acids in one of the CCX proteins. The
NCX, NCKX, and CCX proteins all had on average a longer cen-
tral loop region than the CAX and YRBG proteins; however, within
all of these families there was significant variation in central loop
length and the predicted number of TM domains (Table S3 in
Supplementary Material). In particular, there was large variation
within the NCX, NCKX, CCX, and CAX families. The significant
variation within the CAX family was caused in part by the topolog-
ical variation and variation in protein size between the Type 1 and
Type 2 CAX protein sub-types (Shigaki et al., 2006). There was also
large variation in the size of the N-terminal regions before the first
TM span. Many of the animal NCX, NCKX, and CCX proteins are
predicted to possess an N-terminal signal peptide (Lytton, 2007),
while many of the plant CAX proteins possess a long N-terminal
tail that has been shown to play a post-translational regulatory
role (Pittman et al., 2002; Pittman, 2011), but which is absent in
the fungal and bacterial CAX proteins.

The resulting tree indicates the presence of the five main CaCA
families identified in previous analysis (Cai and Lytton, 2004a)
although the bootstrap values at the base of the NCKX, NCX, and
CCX branches were low (Figure 3). Likewise, some of the exact
details for this tree and the individual family trees should be viewed
with caution because long branches could lead to phylogenetic
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FIGURE 2 | Variation in the distribution of genes within each of

the major CaCA gene families (YRBG, NCX, NCKX, CCX, CHAA,

CAX) and sub-families (MHX, EF–CAX) across eukaryotic and

prokaryotic organisms. Gene numbers determined by
phylogenetic analysis from representative species for each of the
classes of organisms examined are shown. The species from which

CaCA genes were identified are listed (left hand side) with the
species name abbreviation in parentheses. The evolutionary
relationships of the species is shown, generated using iTOL
(http://itol.embl.de) and based on the NCBI taxonomy tree. For the
full gene distribution for each of the species analyzed see Table S1
in Supplementary Material.

artifacts such as long branch attraction. The YRBG family contains
only prokaryotic genes, including E. coli yrbG and genes from other
bacteria (including cyanobacteria), but also archaea (Figure 3).
None of the prokaryotic species analyzed here contained genes

that fell within the NCX, NCKX, and CCX families. These fam-
ilies possess higher plant (in the case of NCX and CCX), algal,
and animal genes, with some fungal-derived genes in the CCX
family. The algal genes are widely dispersed amongst these three
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FIGURE 3 | A phylogenetic tree of the CaCA superfamily. The tree was
constructed using the maximum likelihood method and derived from
alignments of conserved hydrophobic region sequences identified from the
genomes of selected animal, fungal, land plant, algae, protist, bacterial, and
archaebacterial species, listed in Figure 2. Six major groups are highlighted.

The sub-groups determined for the CAX, CCX, NCX, and NCKX families as
shown in Figures 4, 6, 7, and 9, are also given. Line colors and symbols
denote the species class. Bootstrap values are indicated at the nodes of
major branches. The branch length scale bar indicates the evolutionary
distance of two amino acid substitutions per site.

families and it is mostly the algal gene product sequences that yield
the longest branch lengths within the tree indicating significant
sequence variation. Furthermore, algal genes were also identified
which were basal to the NCX and NCKX groups and could not
be distinguished between the two families based on phylogeny
(Figure 3). The largest proportion of CaCA genes identified was
from the CAX family (120 of the 342 genes, which is 1.6 CAX
genes per species; Table S1 in Supplementary Material). These
genes were from all the classes of organisms examined including
some invertebrate animals, as shown previously (Shigaki et al.,
2006), but there were no mammalian or insect CAX genes. The
CAX family included some bacterial and cyanobacterial genes but
none from any of the archaeal species examined. As with the CCX

family, the size and branching of the CAX family indicates sig-
nificant sequence variation and potential diversification. The E.
coli protein ChaA, originally identified as a H+/Ca2+ exchanger
(Ivey et al., 1993) and subsequently suggested to function as a
H+/Na+ exchanger (Ohyama et al., 1994), was not identified as a
CaCA homolog by the BLAST search performed by Cai and Lyt-
ton (2004a). These authors commented that the ChaA protein had
limited sequence similarity with other CaCA proteins. More recent
phylogenetic analysis of the CAX family suggested that chaA falls
within the Type 3C branch of the CAX tree (Shigaki et al., 2006).
The BLAST search in this study did identify E. coli chaA and our
global CaCA phylogenetic analysis indicates that chaA and other
related genes from Agrobacterium tumefaciens and Mycobacterium
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leprae are distinct from the other CAX genes and form a sepa-
rate group which we have named here CHAA (Figure 3). Like the
YRBG group, the CHAA group is specifically prokaryotic.

NCKX AND “ANIMAL-TYPE” NCX GENES ARE ABSENT IN LAND
PLANTS BUT PRESENT IN ALGAE
Our analysis of the selected genomes indicated that NCX and
NCKX genes appear to be ubiquitous in vertebrate and inverte-
brate species, as previously determined (Cai and Lytton, 2004a;
On et al., 2008). In contrast, no genes from any of the higher
plants, bryophyte, or lycophyte species were identified that group
within the NCKX family (Figure 3). Likewise, no genes from any
of the land plants were found to cluster closely with the NCX genes
from animals (Figure 4), although more distantly related NCX-like
genes were present (see below). Higher plants probably lack suffi-
cient transmembrane Na+ gradients to energize the counter trans-
port of Ca2+ or other cations and hence have retained Ca2+/H+
exchangers instead of Na+/Ca2+ exchange activity (Hirschi, 2001).

NCX genes were however, detected in algae including the chloro-
phyte Chlamydomonas, the pelagophyte A. anophagefferens, and
the haptophyte E. huxleyi (Figure 4). These algal NCX homologs
have high sequence similarity with mammalian NCX proteins
including conservation of the key residues in the α1- and α2-repeat
regions (Figure 5) that are critical for Na+/Ca2+ exchange activity
(Lytton, 2007). Furthermore, the genes from both of the marine
algae, which are more distantly related from the land plants and
chlorophyte algae, cluster more closely with animal NCX genes
(Figure 4), and we would predict them to have a similar function.

The NCKX tree also contains genes from various algal species
(Figure 6). The NCKX tree has three main groups with Group 1
being animal-specific, containing invertebrate, insect, and mam-
malian genes, including human NCKX3, NCKX4, and NCKX5.
Group 2 has animal genes including human NCKX1 and NCKX2.
Algal NCKX genes from the two Stramenopile species A. anophag-
efferens and P. tricornutum, and the prasinophyte Micromonas
cluster close to Group 2 but the lower bootstrap values and longer
branch lengths of these genes do not allow us to confidently assign

FIGURE 4 | Na+/Ca2+ exchanger family phylogenetic tree. The tree was
constructed using genes identified in the NCX group of the full CaCA tree
(Figure 3). A separate NCX sub-group named MHX is highlighted which
includes all the plant genes including Arabidopsis MHX. Branch labels include
the species name abbreviation defined in Figure 2 and are colored according

to the species class using the same color code as in Figure 3. Bootstrap
values are indicated at the nodes of major branches. The branch length scale
bar indicates the evolutionary distance of 0.3 amino acid substitutions per
site. Genes that are highlighted with an asterisk encode transporters for
which the ion specificity has been determined.
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FIGURE 5 | Sequence and structural variation of NCX and MHX

homologs. (A) Multiple amino acid sequence alignments of the α1- and
α2-repeat region sequence from selected plant MHX, human NCX, and
algal NCX proteins. Alignments were performed using ClustalW. Amino
acids that are identical or similar are shaded black or gray, respectively.
Predicted hydrophobic regions and putative transmembrane spans are

over-lined. The α-repeat regions and signature residues are boxed in yellow.
The red line separates the MHX and NCX sequences. Asterisks indicate
residues shown to be important for Na+/Ca2+ exchange activity in NCX1,
with those in red being not conserved in the MHX sequences. (B)

Topology models of AtMHX and HsNCX1 generated by TMHMM. Red
areas indicate predicted TM spans.

them to Group 2 rather than Group 3. Group 3 is an algal NCKX
group, including another Micromonas gene and two genes from
the related O. tauri picoalgae, two genes from E. huxleyi, and
two genes from the brown alga E. siliculosus, plus genes from
the two oomycete species, that are related to the Stramenopile
algae (Figure 6). It is notable that all of the algal NCKX genes

are from marine species and from non of the freshwater species,
suggesting a potential link between the high Na+ and K+ concen-
tration in seawater and the presence of a putative K+-regulated
Na+-coupled Ca2+ transporter. Indeed all of the marine algae
examined here, with the exception of the red algae C. merolae,
either possessed an NCKX gene or a gene that was basal to the
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FIGURE 6 | Na+/Ca2+/K+ exchanger family phylogenetic tree. The tree
was constructed using genes identified in the NCKX group of the full
CaCA tree (Figure 3). Three NCKX sub-groups are highlighted. Branch
labels include the species name abbreviation defined in Figure 2 and are
colored according to the species class using the same color code as in

Figure 3. Bootstrap values are indicated at the nodes of major branches.
The branch length scale bar indicates the evolutionary distance of 0.5
amino acid substitutions per site. Genes that are highlighted with an
asterisk encode transporters for which the ion specificity has been
determined.

NCKX group (Figure 2), suggesting that these transporters may
be critical for life in a marine environment. The apparent absence
of NCX and NCKX genes from all land plants but their presence in
various classes of algae, including the more closely related chloro-
phytes and prasinophytes, may suggest that they have been lost in
all plants. However, it is also possible that these genes were also
absent from the common ancestor species in the green eukary-
ote lineage and that the algae lineage subsequently acquired these
genes through horizontal transfer.

Algal NCX and NCKX proteins have not yet been cloned and
characterized, further work is needed to determine if these trans-
porters encode Na+/Ca2+ and K+-dependent Na+/Ca2+ exchange
activities. However, plasma membrane Na+/Ca2+ exchange activ-
ity has been detected in some algae, such as the marine chlorophyte
Dunaliella, and in the freshwater chlorophyte Chlamydomonas
when assayed in the presence of external Na+, with a predicted
ratio of 3 Na+:1 Ca2+ (Karimova et al., 2000), equivalent to
the stoichiometry of animal NCX. While the presence of a high
external Na+ concentration in marine algae and therefore a steep
Na+ gradient across the plasma membrane might be expected to
make the presence of a Na+-coupled ion transporter energetically

favorable, it is perhaps somewhat surprising that a freshwater alga
like Chlamydomonas possesses a putative NCX in addition to CAX
genes. However, Chlamydomonas is also a soil-living microorgan-
ism and may encounter saline conditions in some environments.
NCX and NCKX genes did not appear to be ubiquitous in all
classes of algae, particularly other freshwater algae. They could
not be identified in the freshwater chlorophytes V. carteri and
Coccomyxa sp., or in the genome of the red alga C. merolae,
although future analysis of these genomes will be needed to con-
firm that these gene losses and not due to poor genome sequence
quality.

ADAPTIVE EVOLUTION OF MHX GENES IN LAND PLANTS
While no obvious NCX genes were detected across the plant
genes analyzed, distantly related NCX-like genes were detected
in all plant species, and formed a tight monophyletic group which
includes the A. thaliana AtMHX gene, hence we named this group
MHX (Figure 4). AtMHX was previously found to be closely
related to mammalian NCXs but was shown to function as a
H+-coupled Mg2+ and Zn2+ exchanger and not a NCX (Shaul
et al., 1999). A single AtMHX homolog was identified from the
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closely related zinc-hyperaccumulator species Arabidopsis halleri
(Elbaz et al., 2006) but the extent of MHX genes within plants
and other species has not been previously examined. The puta-
tive Paramecium Mg2+ exchanger XNTA appears to be a CaCA
homolog but has significant divergence from the NCX gene family
and therefore is not regarded as a MHX homolog (Haynes et al.,
2002). An NCX-like gene was identified in each of the flowering
plant genomes examined. Each of these gene sequences had high
identity to AtMHX and formed a clear MHX sub-group within the
NCX family (Figure 4). None of the plants examined had more
than one MHX gene in contrast to the variation in numbers of CAX
and CCX genes between plant species. Single MHX genes were also
present in the lower land plants Physcomitrella and Selaginella but
MHX genes do not appear to be present in algae as none of the
NCX or NCX-related genes from any of the algal species grouped
with the plant MHX genes (Figures 3 and 4). Furthermore, MHX-
like genes were not present in any non-plant species. The birth of
MHX genes appears to be an example of adaptive evolution which
has taken place most probably in the common ancestor of land
plants.

There is 20–22% amino acid sequence identity (31–33% simi-
larity) between the plant MHX sequences and human NCX1, and
both sets of proteins share a number of conserved residues particu-
larly within the hydrophobic regions and in the α1- and α2-repeat
regions, yet there are clear distinctions (Figure 5A). Many of the
residues that have been shown to critical for Na+/Ca2+ exchange
activity in NCX1 (Nicoll et al., 1996; Iwamoto et al.,2000; Philipson
and Nicoll, 2000; Ottolia et al., 2005) are conserved in the MHX
sequences but there are some specific differences. Key residues
Glu-113 and Asp-130 in the α1-repeat region of NCX1, and Asp-
825 and Phe-844 in the NCX1 α2-repeat region, are substituted
in the equivalent positions in each of the plant MHX homologs
(Figure 5A). For example, Glu-113 is replaced by a Gln residue
in each MHX protein. Such a G113Q substitution was shown to
abolish Na+-dependent Ca2+ transport activity of NCX1 (Nicoll
et al., 1996). Mutations of Asp-130 and Asp-825 of NCX1 were
found to substantially reduce the affinity of the exchanger for
Ca2+ (Iwamoto et al., 2000). Asn-143 of NCX1 is also a critical
residue and is substituted by Asp in the higher plant MHX pro-
teins but not the lower plant MHXs (Figure 5A). Interestingly,
the N143D mutation of NCX1 showed wild type activity (Ottolia
et al., 2005). These amino acid changes in the α1-repeat region
of AtMHX compared to NCX1 therefore appear to explain the
lack of Na+/Ca2+ exchange activity by AtMHX and probably by
the other plant MHX transporters. The MHX genes also encode
proteins with a much shorter central loop than the NCX genes
(Figure 5B; Table S3 in Supplementary Material) and lack the Ca2+
binding domain sequence motifs present on the NCX proteins in
this region (Lytton, 2007), further explaining the loss of Ca2+
activity and regulation by the AtMHX transporter. The residues
in the α1-repeat region are thought to be involved in ion selectiv-
ity (Shigekawa et al., 2002; Ottolia et al., 2005) and therefore we
might presume that the residues within the MHX α1-repeat region
encode the Mg2+ and Zn2+/H+ exchange activity observed for
AtMHX. Whether each of the plant MHX transporters is involved
in Mg2+ transport or in the transport of other cations remains to
be seen.

THE DIVERSIFICATION OF CCX GENES IN LAND PLANTS
To date only two CCX members have been functionally character-
ized in depth, mammalian NCKX6/NCLX, which has been shown
to have Na+(Li+)/Ca2+ exchange activity (Cai and Lytton, 2004b;
Palty et al., 2004) and CCX3 from Arabidopsis which appears to
function as a H+/K+ exchanger and which can also transport
Na+ and Mn2+ but not Ca2+ (Morris et al., 2008). Thus, there
is clearly variation in function within the CCX transporter family
as indicated by the CCX tree (Figure 7). Apart from the duplica-
tion of insect and nematode CCX genes (four to five genes), single
genes are present in mammal and fungi species, and one or two
CCX genes were present in each algal species examined, except
in Coccomyxa sp. and C. merolae where CCX genes could not be
identified. In contrast, there has been a significant diversification
in CCX genes within land plants, with the bryophyte and lycophyte
species each possessing three genes, and individual flowering plant
species possessing three to eight CCX genes (Figure 2), suggesting
that these are important genes within plants. There is significant
variation between these plant CCX genes which are found within
each of the three main groups of this tree (Figure 7). There are
two plant-specific groups; Group 3 contains solely angiosperm
genes and includes Arabidopsis CCX1 and CCX2, while Group 2,
which includes Arabidopsis CCX3 and CCX4, also contains CCX
genes from Physcomitrella and Selaginella. Each of the 10 flow-
ering plant species analyzed has at least one member in each
of these two groups. There is evidence of recent gene duplica-
tion within both groups, particularly within Group 3 where there
are mostly two genes for each dicot species and three genes for
each monocot species, while within Group 2 three of the dicot
species (Arabidopsis, soybean, and poplar), plus Physcomitrella and
Selaginella, have two CCX genes. Group 1 contains all the algal and
non-plant genes, including NCKX6/NCLX, single CCX genes from
Physcomitrella and Selaginella, and single CCX genes each from
seven of the 10 higher plant species, including CCX5 from Ara-
bidopsis, but CCX5-like genes from the remaining three monocot
species (Brachypodium, rice, and sorghum) appear to have been
lost (Figure 7). There is considerable variation among the algal
CCX genes which are widely dispersed throughout Group 1, as
indicated by their long tree branch lengths, but as yet nothing is
known about these genes or their function to explain this variation.

Further biochemical analysis of the plant CCX proteins is
required before we can discern whether the CCX members from
each group differ in substrate specificity. However, it is tempting
to speculate that members of Group 2 may share AtCCX3 H+/K+
exchange activity and that the plant members of Group 1 like
AtCCX5 may be more likely to have Ca2+ transport activity as
they are more closely grouped to NCKX6/NCLX. A closer look
at the amino acid sequence of selected plant, algal, and human
CCX sequences from each of the three groups shows that they
all have strong sequence conservation within the α1- and α2-
repeat regions, including 100% identity in the α1 signature motif
GNGAPD and the α2 signature motif G(N/D)SxGD (Figure 8).Yet
there are still some obvious sequence differences in both α-repeat
regions between the Group 1 and the Group 2/3 CCX proteins,
in particular between the Ca2+ transporting NCKX6/NCLX and
the non-Ca2+ transporting AtCCX3, that might determine cation
specificity.
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FIGURE 7 | Cation/Ca2+ exchanger family phylogenetic tree. The tree
was constructed using genes identified in the CCX group of the full
CaCA tree (Figure 3). Three CCX sub-groups are highlighted. Branch
labels include the species name abbreviation defined in Figure 2 and are
colored according to the species class using the same color code as in

Figure 3. Bootstrap values are indicated at the nodes of major branches.
The branch length scale bar indicates the evolutionary distance of 0.7
amino acid substitutions per site. Genes that are highlighted with an
asterisk encode transporters for which the ion specificity has been
determined.

EXPANSION OF THE CAX GENE FAMILY THROUGHOUT THE PLANT
KINGDOM
Previous analysis has examined the diversification and evolution
of CAX genes and identified distinct phylogenetic groups that
encompass genes from bacterial, fungal, plant, and invertebrate
species (Shigaki et al., 2006). Here we have screened through a
wider range of flowering plant genomes and a wide selection of
algal species, from which CAX genes have not been examined in
detail. Shigaki et al. (2006) identified a number of distinct Type
1 phylogenetic groups, many of which were comprised of fun-
gal (Type 1D, 1E, and 1F) and bacterial/cyanobacterial (Type 1G
and 1H) CAX genes. As this study has focused predominantly on
plant and algae species, only a small number of selected fungal
and bacterial species were examined and therefore the CAX tree
generated here lacks distinction between the fungal and bacterial
Type 1 groups (Figure 9A). The Leishmania parasitic protist gene
stands out with an unusually long branch that may be reflective
of the effect of the parasitic lifestyle on molecular evolution. The
Type 2 group which contains distinct CAX genes including yeast
VNX1 and invertebrate CAX genes was also clearly observed in this

tree, but this group contains no plant or algal genes. A number of
CAX genes were identified from various algal species, although
three of the species, O. tauri, M. pusilla, and A. anophagefferens
appeared to lack CAX homologs (Figure 2). A previously cloned
CAX gene from Chlamydomonas was shown to cluster within
the Type 1C group which includes CAX genes from parasitic
protists such as Plasmodium falciparum (Pittman et al., 2009).
Genes from other freshwater chlorophyte algae including a sec-
ond gene from Chlamydomonas, likewise fall within this group,
plus genes from some of the marine algae and the oomycetes.
However, five CAX genes from the haptophyte alga E. huxleyi,
two stramenopile algae genes, and two chlorophyte algae genes
from Chlamydomonas and Volvox, cluster more closely to the land
plant CAX genes and might be considered as Type 1B-like genes.
It might therefore be expected that these algal CAX homologs
share some functional characteristics of the plant Type 1B CAX
transporters. Despite the sequence divergence between Chlamy-
domonas CAX1 in the Type 1C group and Arabidopsis CAX1 in
the Type 1A group, both of these transporters have very simi-
lar function; when expressed in a yeast heterologous expression
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FIGURE 8 | Sequence variation of CCX homologs. Multiple amino
acid sequence alignments of the α1- and α2-repeat region sequence
from selected plant, moss, algal, and human CCX proteins. Alignments
were performed using ClustalW. Amino acids that are identical or

similar are shaded black or gray, respectively. Predicted transmembrane
spans are over-lined. The α-repeat regions and signature residues are
boxed in yellow. The red lines separate the Group 1, 2, and 3 CCX
sequences.

system both function as vacuolar-localized H+/Ca2+ exchangers
with equivalent regulatory characteristics (Pittman et al., 2009).
The main functional difference appears to be that CrCAX1 can
also transport Na+. To date all of the biochemically characterized
CAX transporters show Ca2+ transport activity, including those
in the Type 2 group (Manohar et al., 2010), therefore it is not clear
why there is so much sequence diversity within the CAX family
compared to the NCX or NCKX families which yield much tighter
families (Figure 3).

The previously analyzed flowering plant CAX genes were found
to cluster into either the Type 1A or Type 1B groups, and this was
consistently seen here with all the flowering plant genomes exam-
ined. Within the Type 1A group, clear distinction between the
genes from monocot and dicot plants was observed (Figure 9B)
but this was not as obvious within the Type 1B group which showed
greater overall divergence and also included the CAX genes from
Physcomitrella and Selaginella (Figure 9C). This analysis indicates
that there has been a diversification of CAX genes within land
plants. Within the Chlorophyta, the species possess one to three
CAX genes; in contrast, in the land plants each species has on
average five to six CAX genes (Figure 2). This expansion may
have occurred prior to the evolution of the flowering plants as the
bryophyte Physcomitrella has five CAX genes. The most parsimo-
nious explanation is that there was likely to have been at least one
duplication event in the flowering plant ancestor. However, the
evolution of CAX genes in plants seems to have been a dynamic
process with many apparent instances of gains and losses, for
example, the lycophyte Selaginella appears to have just a single
CAX gene. With two exceptions, all the monocots and dicots
analyzed here have between four and six CAX genes, generally
equally divided between the Type 1A and Type 1B groups. 14

CAX genes were identified from soybean, also spread between both
groups, but we could only identify two CAX genes from L. japon-
ica, both within the Type 1A group. The genes in most of these
species await future studies to see whether any novel functional
traits will be uncovered or whether the range of characteristics
determined for the Arabidopsis CAX proteins is conserved for the
other flowering plants.

IDENTIFICATION OF GENES ENCODING CAX-LIKE PROTEINS
CONTAINING EF-HAND DOMAINS IN SOME PLANTS AND ALGAE
In addition to the CaCA genes described, the BLAST search identi-
fied a number of genes which were clearly distinct from the others.
Further analysis indicated that they were most closely related to
the plant CAX genes. Amino acid sequence alignment showed that
these gene products have higher similarity with selected plant CAX
sequences in the C-terminal half of the proteins but the sequences
aligned poorly against the N-terminal half of the CAX proteins
(Figure 10) despite having an overall CAX-like topology includ-
ing 6 + 5 TM domains separated by a central loop, although this
loop is longer than in most CAX proteins (Figure 11A). Pfam
analysis (Finn et al., 2010) was performed on these proteins and
confirmed that they contain a “Na_Ca_ex” domain (Pfam ID:
PF01699) in the C-terminal half of the protein. This domain
denotes the core consensus 5 TM hydrophobic region present
in NCXs and in all other CaCA proteins5 including CAX pro-
teins (Figure 11A). A closer look at the sequence of these proteins
found that there was a high number of similar residues shared with
the α2-repeat region of the CAX sequences including the pres-
ence of residues conserved throughout CaCA proteins (Cai and

5http://pfam.sanger.ac.uk/family/Na_Ca_ex

www.frontiersin.org January 2012 | Volume 3 | Article 1 | 56

http://pfam.sanger.ac.uk/family/Na_Ca_ex
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Emery et al. Phylogenetic analysis of CaCA transporters

FIGURE 9 | CAX family phylogenetic tree. (A) The tree was
constructed using genes identified in the CAX group of the full CaCA
tree (Figure 3). The Type 1A-H and Type 2 CAX sub-groups are highlighted
and determined using the nomenclature described previously (Shigaki
et al., 2006). Branch labels include the species name abbreviation
defined in Figure 2 and are colored according to the species class using
the same color code as in Figure 3. The individual gene labels for the

Type 1A and 1B groups are replaced by circles and the gene name labels
are given in the enlarged tree sections in (B,C). Bootstrap values are
indicated at the nodes of major branches. The branch length scale bar
indicates the evolutionary distance of 0.5 amino acid substitutions per
site [0.1 amino acid substitutions per site in (B,C)]. Genes that are
highlighted with an asterisk encode transporters for which the ion
specificity has been determined.
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FIGURE 10 | Multiple sequence alignment of CAX and EF–CAX

sequences. Full-length amino acid sequences of selected Arabidopsis,
Physcomitrella, and Selaginella CAX and EF–CAX proteins were aligned. The
alignment was performed using ClustalW. Amino acids that are identical or

similar are shaded black/red or gray/pink, respectively. The α-repeat regions
and signature residues are highlighted. Amino acids that are conserved in
>90% of CaCA proteins (Cai and Lytton, 2004a) are highlighted (asterisk)
within the α1- and α2-repeat regions.
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FIGURE 11 | Structural and phylogenetic comparisons of CAX and

EF–CAX proteins. (A) Schematic representation of the topology structure
of a typical CAX protein (Arabidopsis CAX1) and a representative EF–CAX
protein (Arabidopsis EFCAX1). The black line denotes the protein from
N-terminus to C-terminus, red bars denote the TM domains as predicted by
TMHMM, and the numbers indicate the first and last amino acid residues.
The locations of the α1- and α2-repeat regions are highlighted. The identified
Pfam domains are indicated above the protein schematic. (B) CAX gene
family phylogenetic tree including the EF–CAX genes. The tree was

constructed using the maximum likelihood method and derived from
alignments of α2-repeat region sequences extracted from genes identified
in the CAX group of the full CaCA tree (Figure 3) and the EF–CAX genes as
determined by Pfam analysis. The CAX sub-groups are highlighted in
addition to the EF–CAX sub-group. Branch labels include the species name
abbreviation defined in Figure 2 or are replaced by a circle and are colored
according to the species class using the same color code as in Figure 3. The
branch length scale bar indicates the evolutionary distance of 0.6 amino acid
substitutions per site.

Lytton, 2004a) but poor sequence similarity with the α2-repeat
region (Figure 10). In addition the CAX-like proteins possess
one or more EF-hand-type Ca2+-binding domains (Pfam ID:
PF00036) within the long central loop (Figure 11A). One of these
genes from Arabidopsis (At1g53210) has been identified from a
genome search (Shigaki et al., 2006), but as yet they have not
been cloned or characterized. From all of the genomes analyzed
here, 34 of these CAX/EF-hand (EF–CAX) genes were identi-
fied, predominantly from land plants (Arabidopsis, poplar, grape,
soybean, Brachypodium, maize, rice, and sorghum) but also from
Physcomitrella, Selaginella, and from some diverse algae species:
the chlorophyte Coccomyxa sp., the prasinophyte M. pusilla, and

three of the stramenopile algae (E. siliculosus, F. cylindrus, and P.
tricornutum). Interestingly, Selaginella has more EF–CAX genes
(three genes) than CAX genes (one gene), while M. pusilla, which
has two EF–CAX genes, has no identifiable CAX genes. These
genes were not identified from any of the bacterial, fungal, or
animal genomes, but the presence of these genes in these select
algae species suggests that they either evolved once in an ancestral
organism from an ancestral CAX gene, or on at least two occasions,
such as within the Stramenopiles and within the Archaeplastida.
Using the α2-repeat region sequence alone to generate a phyloge-
netic tree, we confirmed that the EF–CAXs are more closely related
to the CAX family members (Figure 11B) than to any of the other
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CaCA families (data not shown). There are some long branch
lengths within the EF–CAX clade indicating a degree of diver-
gence between these genes, although the divergence between plant
and algae EF–CAX genes appears to be less than between plant and
algae CAX genes. Furthermore, the analysis demonstrated that the
EF–CAX genes are more distant from the plant Type 1A and Type
1B CAX genes than the plant Type 1A/1B CAX genes are from the
non-plant CAX genes (Figure 11B).

The functions of the EF–CAX proteins are unknown and future
work will be need to determine if these proteins function as a
transporter or merely as a Ca2+ binding protein. It is unclear
how effective a CaCA transporter would be with a single α-repeat
region. Experiments with animal NCX proteins indicates that both
α-repeat regions are required for transport function and it has
been suggested that together these regions interact within the ter-
tiary structure to form an ion conductance pore (Nicoll et al.,
2007). For the Arabidopsis CAX proteins, it has been shown that
separated N- or C-terminal halves of CAX1 or a mixture of N-
terminal CAX1 with N-terminal CAX3 lack transport activity
(Zhao et al., 2009). In contrast, a mutated NCKX6/NCLX protein
containing either a single α1- or α2-repeat region appears to func-
tion; however, oligomerization between two copies of these α1-
or α2-repeat proteins thus yielding a protein with two α-repeat
regions is required (Palty et al., 2006). If the EF-CAX proteins
were to function as a transporter, these proteins may need to form
oligomers to allow transport activity to occur. Alternatively, one
possibility might be that the N-terminal half of the EF-CAX pro-
tein contains a region which can function as an α-repeat region
but that the sequence has changed significantly from the con-
sensus α-repeat sequence and is no longer recognizable. Clearly
future functional analysis is needed to understand these novel
proteins.

CONCLUSION
Ca2+ homeostasis is critical for all organisms and therefore a suite
of Ca2+ regulators including transporters must be present. The
CaCA superfamily represents an ancient class of genes which have
members present in most species. A major function of these trans-
porters is in Ca2+ transport as is evident from the functional
analysis of CaCA gene products from different classes of organisms
and from each of the different CaCA families: for example, E. coli
yrbG, Drosophila NCX, C. elegans NCKX1, human NCKX6, and
rice CAX1a all appear to mediate Ca2+ transport activity (Schwarz

and Benzer, 1997; Szerencsei et al., 2000; Cai and Lytton, 2004b;
Kamiya and Maeshima, 2004; Naseem et al., 2008), yet the analy-
sis here shows that they have minimal sequence conservation. It
is therefore difficult to predict the function and ion specificity of
these many putative transporters, yet some of them are certainly
likely to function in the transport of ions other than Ca2+. This
divergence in function is particularly apparent in higher plants,
such that the Arabidopsis NCX and CCX proteins AtMHX and
AtCCX3 possess Mg2+ transport and K+ transport activity, respec-
tively, rather than Ca2+ transport (Shaul et al., 1999; Morris et al.,
2008). Overall, the CaCA complement and function in plants is
different than in most animals. The plants possess a wide diver-
sity of CAX genes, some or all of which encode proteins that will
have Ca2+ transport and probably other cation transport func-
tion, a diversity of CCX genes with mostly unknown function,
and a single MHX genes. This diversification appears to mir-
ror the evolution of plants on land, as shown by the analysis of
Physcomitrella and Selaginella in this study, which also multiple
CAX and CCX genes plus single MHX genes. In contrast, many of
the algal species have few or no CAX and CCX genes, which are
divergent from those of the land plants, and animal-like NCX and
NCKX genes. Recent analysis of Ca2+ channels in algal species has
likewise found that many of the animal Ca2+ channel genes that
are lost in land plants are present in algae (Wheeler and Brownlee,
2008; Verret et al., 2010), indicating that many algal species pos-
sess animal-like systems for Ca2+ signaling and suggesting that
there are significant differences in Ca2+ signaling and homeosta-
sis mechanisms between algae and land plants. The motile lifestyle
of most algae species compared to the sessile land plants plus the
significant differences in environmental conditions between the
sets of organisms may in part explain the presence of very differ-
ent Ca2+ regulatory mechanisms. Algae may therefore represent
an excellent model for studying the evolution of Ca2+ signaling
and aspects of animal-like signaling.
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Sulfate is an essential nutrient cycled in nature. Ion transporters that specifically facilitate
the transport of sulfate across the membranes are found ubiquitously in living organisms.
The phylogenetic analysis of known sulfate transporters and their homologous proteins
from eukaryotic organisms indicate two evolutionarily distinct groups of sulfate transport
systems. One major group named Tribe 1 represents yeast and fungal SUL, plant SULTR,
and animal SLC26 families.The evolutionary origin of SULTR family members in land plants
and green algae is suggested to be common with yeast and fungal SUL and animal anion
exchangers (SLC26). The lineage of plant SULTR family is expanded into four subfamilies
(SULTR1–SULTR4) in land plant species. By contrast, the putative SULTR homologs
from Chlorophyte green algae are in two separate lineages; one with the subfamily of
plant tonoplast-localized sulfate transporters (SULTR4), and the other diverged before
the appearance of lineages for SUL, SULTR, and SLC26. There also was a group of yet
undefined members of putative sulfate transporters in yeast and fungi divergent from
these major lineages in Tribe 1. The other distinct group is Tribe 2, primarily composed of
animal sodium-dependent sulfate/carboxylate transporters (SLC13) and plant tonoplast-
localized dicarboxylate transporters (TDT). The putative sulfur-sensing protein (SAC1) and
SAC1-like transporters (SLT) of Chlorophyte green algae, bryophyte, and lycophyte show
low degrees of sequence similarities with SLC13 and TDT. However, the phylogenetic
relationship between SAC1/SLT and the other two families, SLC13 and TDT in Tribe 2,
is not clearly supported. In addition, the SAC1/SLT family is absent in the angiosperm
species analyzed. The present study suggests distinct evolutionary trajectories of sulfate
transport systems for land plants and green algae.

Keywords: evolution, plant, sulfate, transporter

INTRODUCTION
Sulfate is an essential nutrient and the initial substrate for
biosynthesis of sulfur-containing metabolites in plants, algae,
and microorganisms (Leustek et al., 2000; Saito, 2004; Takahashi
et al., 2011). The organic sulfur metabolites synthesized in these
autotrophic organisms are the sulfur nutritional resource for ani-
mals. However, animals are not devoid of sulfate transport proteins
as they play significant roles in reabsorbing sulfate in renal sys-
tems to maintain ion homeostasis (Markovich and Murer, 2004;
Mount and Romero, 2004). A sulfate transporter is also known to
be essential for cartilage formation as it may contribute to sup-
plying sulfate for synthesis of sulfated proteoglycans (Hästbacka
et al., 1994). Sulfate transport proteins are found therefore across
diverse organisms, although they may facilitate transport of sul-
fate for different purposes. Apart from the ubiquitous presence
among organisms, the expansion of the family members in multi-
cellular organisms is most likely an evolutionary development to
provide sulfate transporters which are specifically functional in
different organs or tissues. The expansion led to distinct spatial
distribution and organization of biochemically diversified forms
of sulfate transporters, which is necessary for coordinating the

overall transport of sulfate within complex biological systems.
In addition, the ionic environmental factors are highly variable
that may have contributed to develop distinct types of transport
systems and regulatory mechanisms.

Previous studies have indicated that sulfate transport pro-
teins can be classified to four different types according to the
mechanisms mediating transport of sulfate across the membranes
(Figure 1). The influx of sulfate can be coupled with co-transport
of positively charged counter ions such as proton (H+) and
sodium (Na+). For these mechanisms, the concentration gradi-
ents of counter ions serve as driving force for the influx of sulfate
across the membranes. The proton gradient is suggested to be
the driving force for sulfate uptake systems in yeast and plants
(Roomans et al., 1979; Lass and Ullrich-Eberius, 1984; Hawkesford
et al., 1993). SUL1 and SUL2 in yeast (Smith et al., 1995a; Cherest
et al., 1997) and SULTR family members in plants (Smith et al.,
1995b, 1997; Buchner et al., 2004; Takahashi, 2010) are the sug-
gested components of the proton/sulfate co-transport systems. In
contrast, animals may use different mechanisms. The sulfate trans-
port activities of SLC13 family proteins are known to be depen-
dent on sodium (Markovich and Murer, 2004; Pajor, 2006). An
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FIGURE 1 | Sulfate transport mechanisms. Proton/sulfate co-transporter,
sodium/sulfate co-transporter, sulfate/anion (A−) exchanger, and ABC-type

sulfate transporter complex are illustrated. The names of sulfate transport
proteins are indicated below the suggested mechanisms.

alternative mechanism is the anion exchange systems facilitating
the counter transport of sulfate and other negatively charged ions,
such as chloride (Cl−), iodide (I−), and bicarbonate (HCO3

−).
The SLC26 family proteins facilitate sulfate/anion exchanges in
animals (Mount and Romero, 2004). Transport of sulfate can be
also driven by an ATP-binding cassette (ABC) transporter complex
in bacteria and algal chloroplasts (Sirko et al., 1990; Laudenbach
and Grossman, 1991; Lindberg and Melis, 2008). These mecha-
nisms are suggested to have evolved in various ancestral species
depending on the ionic environments where those transporters
were to be operated.

The various sulfate transport systems are intimately linked with
the subsequent metabolism of their transported molecule, sulfate.
Once sulfate is delivered to the cell, it serves as a substrate for the
sulfur assimilatory enzyme, ATP sulfurylase, both in the cytoplasm
and the plastids in plants (Takahashi et al., 2011). The metabolic
flux of ATP sulfurylase and subsequent reduction steps in plas-
tids defines the primary requirement of sulfate in metabolism
(Vauclare et al., 2002; Kopriva, 2006). Before entering the steps of
metabolic conversion, sulfate in the cytoplasm can be sequestered
to vacuoles (Buchner et al., 2004; Takahashi, 2010). The export of
sulfate to the extra-cellular space would be another factor affecting
the rate of sulfate uptake across the plasma membrane. Unknown
passive transport systems are suggested for those mechanisms as
the membrane potentials are positive at extra-cellular and vac-
uolar lumen sides (Buchner et al., 2004; Takahashi, 2010). In
addition, a steep upward concentration gradient of sulfate may
be generated across the plasma membrane under sulfate-starved
conditions; active transport systems are necessary to drive the
influx of sulfate efficiently under such circumstances. The systems
should contain selective mechanisms either coupled with trans-
port of counter ions, or energized by ATP, as catalyzed by ABC
transporters (Figure 1).

The recent expansion of genome sequencing information has
enabled the identification of a number of sulfate transporters and
homologous proteins from higher plants (Takahashi, 2010). This
study focuses on the molecular evolution of the families of sulfate
transporters in the green lineage (i.e., land plants and green algae).
Phylogenetic analysis was conducted using a diverse set of relevant
protein sequences from yeast, fungi, algae, bryophyte, lycophyte,
seed plants, and animals to reinterpret their biochemical diversifi-
cation with respect to the evolution of eukaryotic organisms and
to assess the lineage-specific expansion of the family members.

The present study aims to provide information of family classifi-
cations of sulfate transporters and related proteins based on their
phylogenetic relationships and evolution.

FAMILY CLASSIFICATIONS
The protein sequences of sulfate transporters were identified from
the following organisms: Saccharomyces cerevisiae, Aspergillus
niger, Aspergillus nidulans, Chlamydomonas reinhardtii, Volvox
carteri, Physcomitrella patens, Selaginella moellendorffii, Arabidop-
sis thaliana, Glycine max, Populus trichocarpa, Oryza sativa,
Brachypodium distachyon, Sorghum bicolor, Caenorhabditis ele-
gans, Drosophila melanogaster, Danio rerio, and Homo sapiens.
Metazoan, plant, budding yeast, and Aspergillus protein sequences
were obtained from Ensembl (release 621), Phytozome (ver. 52),
SGD (Feb 0, 20113), and BROAD4, respectively. To identify sulfate
transporter, a three step analysis pipeline was used. First, annotated
protein sequences from the 17 representative species were searched
against known sulfate transporter from plants and human with
a low Expect value threshold of one to include as many candi-
dates as possible. Second, presence of transmembrane regions in
these candidate sequences was identified with TMHMM (Krogh
et al., 2001). Two types of candidates were analyzed further: (1) the
sequence has an Expect value > 1e–5 but has ≥7 transmembrane
regions and (2) the sequence has an Expect value ≤ 1e–5 and has
≥1 transmembrane regions. The first criterion is to ensure that
divergent transporters are captured. The second is to include par-
tial sequences of true sulfate transporters given many genomes
analyzed were not heavily annotated.

In the final step, candidates passing the Expect value and trans-
membrane region criteria were aligned with annotated sulfate
transporters for phylogenetic reconstruction. Due to the sheer
number of sequences analyzed, the phylogenetic analysis was
done in three iterations starting with computationally straightfor-
ward neighbor-joining algorithm with bootstrap as implemented
in MEGA (Tamura et al., 2011). After dividing candidates into
“tribes” based on neighbor-joining trees, bootstrapped maximum
likelihood (ML) trees were generated with RAxML (Stamatakis,
2006). This program has advantages for computation of large

1http://www.ensembl.org
2http://www.phytozome.net/
3http://yeastgenome.org/
4http://www.broadinstitute.org
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phylogenetic trees as in this study. We chose these methods
considering accuracy and computational performance. Based on
ML tree topology, candidates were subdivided into families and
sequences were excluded if they do not resides in the same well
supported (>50%) clades with known sulfate transporters. Finally,
bootstrapped ML trees were generated for each family.

The members of chloroplast-localized sulfate transporter from
Chlamydomonas (Melis and Chen, 2005; Lindberg and Melis,
2008) correspond to bacterial ABC-type sulfate transporter com-
plex, which is composed of a sulfate binding protein, periplasmic
membrane-bound proteins, and an ABC protein that hydrolyzes
ATP and provides the energy for transport (Sirko et al., 1990;
Laudenbach and Grossman, 1991; Figure 1). These components
are present only in bacteria and algae but not in any land plant
species analyzed (Takahashi, 2010; Takahashi et al., 2011). Hori-
zontal gene transfer of ABC-type sulfate transporter complex may
have occurred from bacteria to algae, but it is possible that the
complex has been lost in land plants when their ancestor diverged
from green algae approximately one billion years ago. Based on
phylogenetic analysis, there is no evidence suggesting that the pro-
teins for ABC-type sulfate transporter complex are homologous to
other groups of sulfate transporters focused in this study. Although
both the eukaryotic sulfate transporters and the ABC-type com-
plexes may transport sulfate, they are structurally and mechanis-
tically different (Figure 1). Plant SULTR, metazoan SLC26, and
yeast SUL proteins are predicted to contain 10–14 hydropho-
bic transmembrane regions (Smith et al., 1995a,b; Cherest et al.,
1997; Hawkesford, 2003; Mount and Romero, 2004). SLC13 is
predicted to have 8–13 transmembrane regions (Markovich and
Murer, 2004; Pajor, 2006). By contrast, the bacterial/algal ABC-
type complexes are composed of multiple subunit proteins sharing
individual roles in facilitating transport of sulfate across the mem-
branes (Sirko et al., 1990; Laudenbach and Grossman, 1991; Melis
and Chen, 2005; Lindberg and Melis, 2008). It is apparent that
ABC-type sulfate transporter complex radiated in prokaryotes and
algae, and their evolutionary trajectories were completely different
from those for the eukaryotic-type sulfate transporters focused in
this article.

Two major groups of eukaryotic sulfate transporters were iden-
tified and designated Tribe 1 and Tribe 2 (Figures 2–4). Tribe 1
is composed of three major lineages, Family P, Family A1, and
Family A2, respectively (Figure 2). The plant SULTR family mem-
bers are found exclusively in Family P (Figures 2 and 3). The
animal SLC26 family members are found in Family A1 and A2.
The yeast SUL1/SUL2 and their fungal homologs are found in
Family A1, although a few additional homologs including yeast
YPR003C and YGR125W exist in groups that diverged earlier than
the emergence of plant and animal lineages. The members of algal
SULTR also split into two groups; one present in Family P and
the other in clades regarded as out-groups. In Tribe 1, the evolu-
tionary origin of plant SULTR family may be tracked back to the
fungal–animal–plant common ancestor based on the relationships
of plant SULTR (Takahashi, 2010) to yeast and fungal SUL (Smith
et al., 1995a; Cherest et al., 1997) and to animal sulfate/anion
exchangers (SLC26; Mount and Romero, 2004; Figure 2). The
Family P lineage appears to be associated with the Family A1 lin-
eage. Although there still remains ambiguity regarding the exact
origin of Family P, the results may well suggest that the ancestral

forms of the existing yeast SUL1/SUL2 were the founders of the
three major lineages, Family P, A1, and A2 in Tribe 1 (Figure 2).
In contrast, the two other yeast SUL homologs, YPR003C and
YGR125W, are suggested to have diverged prior to the emergence
of those major lineages (Figure 2). Tribe 2 is also composed of
three distinct lineages (Figure 4). These lineages represent the
families of animal sodium-dependent sulfate/carboxylate trans-
porters (SLC13; Markovich and Murer, 2004; Pajor, 2006), plant
tonoplast-localized dicarboxylate transporters (TDT; Emmerlich
et al., 2003), and algal putative sulfur-sensing proteins (SAC1;
Davies et al., 1996), and SAC1-like transporters (SLT; Pootakham
et al., 2010), respectively. The phylogenetic relationships of the
family and subfamily members in these two tribes will be discussed
in the following sections.

PLANT SULFATE TRANSPORTERS (SULTR)
The plant specific lineage of Tribe 1 is composed of four distinct
subfamilies of SULTR-type sulfate transporters, SULTR1, SULTR2,
SULTR3, and tonoplast-localized sulfate transporters (SULTR4;
Figure 2, Family P ; Figure 3). These four subfamilies correspond
with the nomenclatures of sulfate transporters identified from
Arabidopsis and other vascular plant species (Hawkesford, 2003;
Buchner et al., 2004; Takahashi, 2010). Family P was fairly spe-
cific to land plant species, although part of algal SULTR members
(Pootakham et al., 2010) was present in an out-group diverged
from SULTR4 subfamily (Figure 2, node 2). The first gene dupli-
cation event in Family P was the split of the land plant SULTR1/2/3
and SULTR4 forms (Figure 2, node 1). Two distinct types of
SULTR were subsequently generated. The lineage of SULTR4
(Kataoka et al., 2004a) was diverged by subsequent gene dupli-
cation (Figure 2, node 2). The vacuole localization of the ancestral
form of SULTR4 was probably defined after this gene duplication
event, because a plasma membrane localized sulfate transporter
from Chlamydomonas (SULTR2; Pootakham et al., 2010) is found
in the clade diverged from this lineage. The branching of SULTR4
subfamily members in bryophyte and lycophyte is somewhat irreg-
ular as Selaginella SULTR4 appears to have diverged earlier than
Physcomitrella SULTR4. This may be due to the ambiguity of
branch position of Physcomitrella SULTR4 with relatively low
bootstrap support.

SULTR1/2/3 subsequently split into SULTR1/2 and SULTR3
clades (Figure 2, node 3; Figure 3). SULTR1 and SULTR2 in
Arabidopsis are functional sulfate transporters that can restore
the sulfate uptake activity of the yeast sul1 sul2 mutant (Taka-
hashi et al., 1997, 2000; Shibagaki et al., 2002; Yoshimoto et al.,
2002, 2007). The phylogenetic relationships between SULTR1 and
SULTR2 support their functional similarities as being sulfate trans-
porters. Within the clade of SULTR1/2, there is a sister group of
sulfate transporters for Physcomitrella and Selaginella. The ances-
tor of this group likely emerged prior to the division of the SULTR1
and SULTR2 subfamilies. Their phylogenetic relationships with
SULTR1/2 lineage may well suggest that these bryophyte and
lycophyte SULTR homologs would have sulfate transport activ-
ities, although their functional identities are not confirmed. With
respect to the substrate specificities of the SULTR1 and SULTR2
subfamilies, the results suggest that the differences of their kinetic
properties are evolutionarily derived. Consistent with previous
findings, SULTR1 and SULTR2 can be defined as subfamilies of
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FIGURE 2 | Phylogenetic relationships of SUL, SULTR, and SLC26 in

Tribe 1. The lineage that splits to SULTR1, SULTR2, and SULTR3 subfamilies
(Figure 3) are boxed in red. SULTR1;1, SULTR2;1, and SULTR3;1 from
Arabidopsis were selected as representatives of these subfamilies to
construct the phylogenetic tree. The SULTR4 subfamily in plants and SLC26
in animals are highlighted in blue and gray, respectively. The nodes 1–3
where the plant SULTR lineage splits into subfamilies are indicated by red
dots. The bootstrap values are shown at the nodes. The locus numbers or
gene IDs are indicated according to Ensembl (http://www.ensembl.org),
Phytozome (http://www.phytozome.net/), SGD (http://yeastgenome.org/),
JGI (http://www.jgi.doe.gov/), and BROAD (http://www.broadinstitute.org).

Prefix abbreviations of locus numbers or gene IDs indicate genus and
species names: AT, Arabidopsis thaliana; ANID, Aspergillus nidulans; Anig,
Aspergillus niger ; Bradi, Brachypodium distachyon; Ce, Caenorhabditis
elegans; Cre, Chlamydomonas reinhardtti ; Dr, Danio rerio; Dm, Drosophila
melanogaster ; Glyma, Glycine max ; Hs, Homo sapiens; Os, Oryza sativa;
Pp, Physcomitrella patens; POPTR, Populus trichocarpa; Selmo, Selaginella
moellendorffii ; Sc, Saccharomyces cerevisiae; Sb, Sorghum bicolor ; Vc,
Volvox carteri. The locus numbers of Arabidopsis SULTR are highlighted in
bold letters. The names of Arabidopsis SULTR, Chlamydomonas SULTR,
human SLC26A, and yeast SUL family members are shown in the
parentheses next to the locus numbers.
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FIGURE 3 | Expansion of SULTR1–SULTR3 subfamilies in plants. The
phylogenetic tree indicates expansion of the SULTR1/2/3 lineage (Figure 2)
in seed plants. The SULTR1, SULTR2, and SULTR3 subfamilies are
highlighted in pink, orange, and yellow, respectively. The bootstrap values
are shown at the nodes. The locus numbers or gene IDs are described the
same as in Figure 2. The names of Arabidopsis sulfate transporters are
shown in the parentheses next to the locus numbers.

high- and low-affinity sulfate transporters, respectively (Taka-
hashi et al., 2000; Yoshimoto et al., 2002). Within each subfamily,
SULTR1 first splits to dicotyledonous and monocotyledonous
groups and subsequently duplicates to have the subfamily mem-
bers in different flowering plant lineages. SULTR2 also splits
to dicotyledonous and monocotyledonous groups, followed by
specialization of SULTR2;1 and SULTR2;2. Supported by the
experimental evidence for the kinetic properties of Arabidopsis
SULTR2;1 and SULTR2;2 (Takahashi et al., 2000), the divergence
of these two forms at least in dicots may indicate the difference in
their affinities to sulfate.

SULTR3 is principally composed of subfamily members from
angiosperms. Before the expansion in the angiosperms, the ances-
tral lineage of SULTR3 gave rise to Selaginella SULTR (Figure 3).
Since there is no Physcomitrella SULTR in this subfamily, the lin-
eage of SULTR3 appears to be specific to vascular plant species. The
SULTR3 subfamily subsequently divided to four classes. They were
designated SULTR3;5, SULTR3;1/3;2, SULTR3;3, and SULTR3;4
according to the names of the subfamily members from Arabidop-
sis (Takahashi, 2010). As with the SULTR1 subfamily, SULTR3;3,
SULTR3;4, and SULTR3;5 first split to dicotyledonous and mono-
cotyledonous groups and then diverge to have the subfamily
members in individual plant species. With respect to the expan-
sion of the SULTR3;1/3;2 subfamily, SULTR3;1 and SULTR3;2 are
founded after the division of dicotyledonous and monocotyle-
donous plants as described for the evolution of SULTR2;1/2;2.
The SULTR3 family members in Arabidopsis are suggested to be
involved in internal transport of sulfate in vasculature and devel-
oping seeds (Kataoka et al., 2004b; Zuber et al., 2010). In addition, a
SULTR3;5 homolog in Lotus japonicus appears to mediate intracel-
lular transport of sulfate to symbiosomes (Krusell et al., 2005). In
spite of these indications from the physiological characterizations
of plant mutant lines, the exact biochemical features of SULTR3
subfamily members are yet unverified. At this point, their sulfate
uptake activities are suggested to be very low or barely detectable
(Kataoka et al., 2004b) except for the case in L. japonicus SST1
(Krusell et al., 2005). In contrast to the SULTR1/2 subfamilies,
the lack of biochemical information hampers us to interpret the
evolutionary diversification of the individual classes of SULTR3
subfamily based on their molecular functions.

Some earlier studies have annotated an additional family
of putative sulfate transporter (group 5) based on its partial
sequence similarities with plant SULTR (Hawkesford, 2003; Buch-
ner et al., 2004). However, the transmembrane structured proteins
in group 5 contain no sulfate transporter motif (Leves et al., 2008)
and STAS domain (Aravind and Koonin, 2000) which is the typical
signature for SUL, SULTR, and SLC26 proteins. Later identifica-
tion of its role as a molybdate transporter (MOT) may explain its
considerable divergence from sulfate transporters (Tejada-Jiménez
et al., 2007; Tomatsu et al., 2007; Baxter et al., 2008; Gasber
et al., 2011). Consistent with functional studies, we did not find
clear support for an evolutionary relationship between MOT and
families of sulfate transporters in both prokaryotes and eukaryotes.

SUL AND SLC26
The yeast and fungal SUL and animal SLC26 sulfate/anion
exchangers are present in two distinct lineages of Tribe 1 (Figure 2,
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FIGURE 4 | Phylogenetic relationships of SAC1/SLT, SLT13, andTDT in

Tribe 2. The phylogenetic trees of SAC1/SLT (A), and SLC 13 and TDT (B),
were constructed separately. The lineages for SLC13 and TDT are highlighted
in violet and magenta, respectively. The bootstrap values are shown at the

nodes. The locus numbers or gene IDs are described the same as in Figure 2.
The locus number of Arabidopsis TDT is highlighted in bold letters. The names
of Chlamydomonas SAC1 and SLT, Arabidopsis TDT, and animal SLC13 family
members are shown in the parentheses next to the locus numbers.
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Family A1, and Family A2). Family A1 contains SUL1/SUL2 sul-
fate transporters from yeast (Smith et al., 1995a; Cherest et al.,
1997) and their closest homologs in Aspergillus. An animal-specific
lineage is present in this family. It was composed of SLC26A11
from human and zebra fish, and eight homologous proteins from
Drosophila. It is likely that the majority of the existing SLC26 mem-
bers in Drosophila occurred through gene duplications in this
animal-specific lineage in Family A1. Only one SLC26 member
from Drosophila is found in the other animal clade (Family A2).
By contrast, SLC26A11 is the only member from human and zebra
fish present in Family A1, while the rest of the members (SLC26A1–
A10) are found in Family A2. Family A2 is a lineage of SLC26 from
C. elegans, human, and zebra fish (Figure 2). This animal-specific
lineage eventually expands to human and zebra fish SLC26A1–A10
members. The ancestor of this group appears to have first dupli-
cated to form a subfamily of C. elegans SLC26, and subsequently
expanded to the vertebrate SLC26A1–A10 members (Mount and
Romero, 2004).

The high bootstrap value provides supports that the existing
members of sulfate transporters in Family P, A1, and A2 are origi-
nated from the same ancestral form. The results from phylogenetic
analysis further suggested additional members of putative sulfate
transporters which could have diverged prior to the emergence of
these three major lineages (Figure 2). The SULTR homologs from
Chlamydomonas (SULTR3; Pootakham et al., 2010) and Volvox
(Vc 98158) in the out-group may derive from earlier evolution-
ary events. Yeast YPR003C and YGR125W and their homologs in
Aspergillus form additional clades, suggesting their ancestral forms
may have first diverged from the major lineages of existing sulfate
transporters. The yeast YPR003C and YGR125W are putative sul-
fate transporters yet to be characterized. They may contribute to
the residual sulfate transport activities in yeast sul1 and sul1 sul2
mutants (Smith et al., 1995a; Cherest et al., 1997), although the
biochemical function of these putative sulfate transporters awaits
further investigation. It is notable that a SULTR homolog from
Volvox is present in the clade of YGR125W (Figure 2; Vc 94701).
The phylogenetic relationship between algal SULTR and putative
sulfate transporters from yeast and fungi suggests that they have
shared a common ancestor prior to the divergence of the green
algal and fungal lineages.

PUTATIVE SULFUR-SENSING PROTEIN (SAC1) AND
SAC1-LIKE TRANSPORTERS (SLT)
Among the three lineages in Tribe 2, the SAC1/SLT is relatively
independent of the other two lineages, SLC13 and TDT (Figure 4).
Considering the overall similarities of protein sequences among
these family members, SAC1/SLT (Davies et al., 1996; Pootakham
et al., 2010), SLC13 (Markovich and Murer, 2004; Pajor, 2006), and
TDT (Emmerlich et al., 2003) may have originated from a common
ancestor. However, the phylogenetic relationships of SAC1/SLT
with SLC13 and TDT were not clearly supported according to the
ML tree (Figure 4). SAC1/SLT is a family specific to Chlorophyte
algae Chlamydomonas and Volvox, a bryophyte Physcomitrella and
a lycophyte Selaginella (Figure 4A). No seed plant homologs have
been identified. Within this family, a SAC1 homolog is identi-
fied from Selaginella, suggesting that SAC1/SLT is present at least
in the ancestor of vascular plants but has been lost when seed

plant ancestors diverged from non-seed plants approximately 400
million years ago.

The phylogenetic tree provides further support that SLT1–SLT3
(Pootakham et al., 2010) are well conserved in Chlorophyte green
algae as they are found in Chlamydomonas and Volvox (Figure 4A).
The closest family member from Physcomitrella is suggested to
have diverged from this algal SLT group, although the phylogenetic
relationship is not strongly supported. The branch organiza-
tion apparently suggests that Physcomitrella and Selaginella may
have lost SAC1 and SLT, respectively. Since the position of a
Physcomitrella homolog is not supported (Figure 4A), it may
be also associated with the SAC1 clade. Accordingly, the clade
of SLT1–SLT3 will become distinguishable as an algal specific
lineage. Although the biological functions of SAC1/SLT from
Physcomitrella and Selaginella are yet to be verified, this alterna-
tive interpretation may simply explain the divergence of algal SLT
sulfate transporters from SAC1. It is hypothesized that Chlamy-
domonas or green algae in general may have the flexibility to utilize
proton/sulfate transporter (SULTR) or sodium/sulfate transporter
(SLT) depending on the environmental conditions such as pH and
sodium concentrations which they need to acclimate (Pootakham
et al., 2010). The sodium-dependency of sulfate transport activity
of SLT needs to be verified to support this model.

SLC13 AND TDT
The lineage of SLC13 is composed of animal SLC13 (Markovich
and Murer, 2004; Pajor, 2006; Figure 4B). No plant or algal pro-
teins are associated with this family. Based on the phylogeny,
the expansion pattern of this SLC13 family can be interpreted
in a straightforward way. The SLC13 ancestor first diverged to
form two lineages; one specific to vertebrates and the other that
further duplicates to form clades specific to Drosophila and C.
elegans (Figure 4B). A Drosophila lifespan determinant protein,
Indy, is known to function as a sodium-independent electro-
neutral citrate transporter (Rogina et al., 2000; Inoue et al., 2002).
By contrast, NaC family members of C. elegans co-transport
sodium and dicarboxylate (Fei et al., 2003). These lines of evi-
dence suggest that sodium-dependency is not always conserved
among SLC13. Among the five SLC13 proteins in human, two are
sodium/sulfate transporters (NaS1 and NaS2) and the rest three
are sodium/carboxylate transporters (NaC1, NaC2, and NaC3;
Markovich and Murer, 2004; Pajor, 2006). The phylogenetic tree
indicates that both NaS1/NaS2 and NaC1/NaC2 originally come
from the ancestor of NaC3. It is suggested that the substrate speci-
ficities of NaS1 and NaS2 for sulfate may have been developed later
when they diverged from the lineage leading to NaC1 and NaC2.

The TDT family is specific to land plants (Figure 4B). The
tonoplast-localized dicarboxylate transporter from Arabidopsis
provides the biochemical evidence for this family (Emmerlich
et al., 2003). The Arabidopsis TDT is capable of transporting malate
and fumarate to vacuoles (Emmerlich et al., 2003; Hurth et al.,
2005). There is no direct experimental evidence showing a sulfate
transport activity, although a certain degree of sequence similar-
ity with SLC13 has been detected. In addition, it is reported that
sodium does not stimulate the dicarboxylate transport activity
of TDT (Emmerlich et al., 2003), suggesting it is not function-
ally equivalent to SLC13. The phylogenetic tree indicates that
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the ancestral protein of TDT was first split to give a clade spe-
cific to seed plants and a separate clade for Selaginella and
Physcomitrella (Figure 4B). The family members in dicotyledo-
nous and monocotyledonous plant species are suggested to have
expanded through subsequent gene duplications. There appears
to be two separate forms for monocotyledonous TDT, although
their functional differences are not known.

Intriguingly, a group of phosphate transporters (PHO) that
may share a common ancestry with TDT was identified. This
group is composed of low-affinity PHO from yeast (Wykoff and
O’Shea, 2001; Hürlimann et al., 2007). Yeast PHO87, PHO90, and
PHO91, and homologs from Aspergillus, Chlamydomonas, Volvox,
and Drosophila are present in this clade. It may be hypothe-
sized that the substrate specificity could have been low during
the ancient period and was defined when the ancestor split to
TDT and PHO. The low substrate affinity of the existing PHO87
and PHO90 (Wykoff and O’Shea, 2001) may be considered as a
remnant of the ancestral trait.

CONCLUSION
Sulfate transporters are essential biological components. The
occurrence of types of sulfate transporters may vary depending on
genotype, the environment, as well as location at the organ or sub-
cellular compartment level. A number of studies have described
the biochemical and physiological functions of sulfate transporters
from various organisms. The present study is intended to provide
a framework to reinterpret the biological information in the con-
text of their evolutionary relationships. Using protein sequences of
sulfate transporters from a diverse set of organisms, distinct evolu-

tionary origins of sulfate transporters were identified. The results
suggest that they subsequently underwent gene duplications and
eventually expanded to have multiple subfamily members playing
potentially specialized roles in sulfate transport processes.

The phylogenetic analysis indicates the evolutionary trajec-
tories of two distinct families of sulfate transporters in green
algae and land plant species: (i) Chlorophyte green algae con-
tain both SULTR and SAC1/SLT family members; (ii) SULTR
family in chlorophytes is associated with the lineage of plant
SULTR4 subfamily but also contains divergent members likely
originating from earlier evolutionary events; (iii) Angiosperms
has multiple SULTR1–SULTR4 subfamily members but are devoid
of SAC1/SLT; (iv) Selaginella and Physcomitrella are at interme-
diate positions between algae and angiosperms, as they seem to
have partially developed SULTR subfamilies, and have SAC1/SLT
homologs as well that are absent in angiosperms. These lines of
evidence suggest that plants and algae individually may have devel-
oped mechanisms for sulfate transport and sensing to adapt to
their natural environments. The upstream sulfur-sensing system
may be different between plants and algae, as suggested by the
absence of SAC1 in plants. In addition, their sulfate transport
systems appear to have different biochemical characteristics and
physiological roles.
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In angiosperms, sucrose uptake transporters (SUTs) have important functions especially in
vascular tissue. Here we explore the evolutionary origins of SUTs by analysis of angiosperm
SUTs and homologous transporters in a vascular early land plant, Selaginella moellendorf-
fii, and a non-vascular plant, the bryophyte Physcomitrella patens, the charophyte algae
Chlorokybus atmosphyticus, several red algae and fission yeast, Schizosaccharomyces
pombe. Plant SUTs cluster into three types by phylogenetic analysis. Previous studies
using angiosperms had shown that types I and II are localized to the plasma membrane
while type III SUTs are associated with vacuolar membrane. SUT homologs were not
found in the chlorophyte algae Chlamydomonas reinhardtii and Volvox carterii. However,
the characean algae Chlorokybus atmosphyticus contains a SUT homolog (CaSUT1) and
phylogenetic analysis indicated that it is basal to all other streptophyte SUTs analyzed. SUTs
are present in both red algae and S. pombe but they are less related to plant SUTs than
CaSUT1. Both Selaginella and Physcomitrella encode type II and III SUTs suggesting that
both plasma membrane and vacuolar sucrose transporter activities were present in early
land plants. It is likely that SUT transporters are important for scavenging sucrose from
the environment and intracellular compartments in charophyte and non-vascular plants.
Type I SUTs were only found in eudicots and we conclude that they evolved from type III
SUTs, possibly through loss of a vacuolar targeting sequence. Eudicots utilize type I SUTs
for phloem (vascular tissue) loading while monocots use type II SUTs for phloem loading.
We show that HvSUT1 from barley, a type II SUT, reverted the growth defect of the Ara-
bidopsis atsuc2 (type I) mutant. This indicates that type I and II SUTs evolved similar (and
interchangeable) phloem loading transporter capabilities independently.

Keywords: sucrose transporter, SUT, phylogeny, evolution

INTRODUCTION
In angiosperms, H+-coupled sucrose-uptake transporters (SUTs)
are involved in the long-distance transport of sucrose. They func-
tion to load sucrose into the phloem (vascular tissue) and in uptake
of sucrose into sink tissues such as seeds and flowers. The phys-
iological functions of SUTs have been reviewed recently (Braun
and Slewinski, 2009; Kuhn and Grof, 2010; Ayre, 2011). In this
paper we focus on the phylogenetic relationship between SUTs in
photosynthetic organisms from algae to angiosperms. SUTs are
members of the glycoside–pentoside–hexuronide (GPH): cation
symporter family which is distantly related to the major facilita-
tor superfamily (Chang et al., 2004). Transporters homologous to
SUTs are found in bacteria, fungi, and animals. SUT function in
angiosperms predominates in the phloem, and yet SUTs clearly
existed prior to evolution of phloem tissue. So it is interesting
to investigate SUT sequences in more simple non-vascular land
plants and algae to understand the origins of angiosperm SUTs.
Analysis of the structure/function of more divergent homologs
may also help us understand the SUT transport mechanism.

The SUT homolog SpSUT1 from Schizosaccharomyces pombe
is a proton-coupled α-glucoside symporter that has a higher
affinity for maltose than sucrose (Reinders and Ward, 2001).
SUT homologs in animals, including humans, are associated with
melanosomes and mutations in the respective genes generally

cause hypopigmentation. MATP (Harada et al., 2001) in humans
is encoded by AIM1 or SLC45A2 and mutations result in oculo-
cutaneous albinism type 4 (OCA4; Inagaki et al., 2006). In horse,
MATP is associated with cream coat color (Mariat et al., 2003).
Similarly, in mouse a SUT homolog is encoded by the underwhite
(uw) gene (Newton et al., 2001; Costin et al., 2003), mutations in
the AIM1 gene in medaka fish reduce melanin content (Fukamachi
et al., 2001) and in birds, plumage color is controlled by alleles of
the gene encoding MATP (Gunnarsson et al., 2007). The only ani-
mal SUT homolog for which transport activity has been reported
is SCRT from Drosophila, SCRT is able to transport sucrose and
it is localized to subcellular vesicles that resemble melanosomes
(Meyer et al., 2011).

In plants, the first SUT was cloned using yeast functional
expression (Riesmeier et al., 1992). SUTs are encoded by small
gene families in all flowering plants and phylogenetic analysis
shows the presence of three groups of SUTs called type I, II, and
III (Aoki et al., 2003). Interestingly, type I SUTs are only found
in eudicot species. Type I SUTs are necessary for essential func-
tions in eudicots such as phloem loading (Riesmeier et al., 1994;
Gottwald et al., 2000) and normal pollen function (Sivitz et al.,
2008). All land plant species contain type II and III SUTs. Mono-
cot species utilize type II SUTs for phloem loading (Slewinski et al.,
2009). This indicates that evolution of type I SUTs coincided with
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monocot and eudicot divergence. Type III SUTs were first cloned
from Arabidopsis, potato and tomato and characterized as H+-
coupled symporters (Weise et al., 2000). Type III SUTs are localized
at the vacuolar membrane (Endler et al., 2006; Reinders et al.,2008)
and function in sucrose-uptake into the cytoplasm (Reinders et al.,
2008; Schulz et al., 2011).

Advances in genome sequencing allow us for the first time to
investigate the origins of angiosperm SUTs. Complete genome
sequence is available for representative bryophyte (Physcomitrella
patens), lycophyte (Selaginella moellendorffii), and chlorophytes
(Chlamydomonas reinhardtii and Volvox carterii). In addition, par-
tial sequence is available for the red algae Galdieria sulphuraria and
Cyanidioschyzon merolae and EST sequence is available for several
charophyte algae (Timme and Delwiche, 2010). The main ques-
tions that we can address by phylogenetic analysis are whether type
I SUTs were derived from type II or type III SUTs and whether both
type II and III SUTs were represented in the earliest land plants
and algae.

MATERIALS AND METHODS
SUT PROTEIN SEQUENCES
All SUT protein sequences were obtained from the following
species in which genome sequence is available: the eudicot Ara-
bidopsis thaliana, the monocot rice (Oryza sativa), the lycophyte
Selaginella moellendorffii, and the bryophyte Physcomitrella patens
using BLAST searches on the Phytozome website1. The same
database was searched for SUT protein sequences from the chloro-
phytes Chlamydomonas reinhardtii and Volvox carterii. Dr. Charles
F. Delwiche and Mr. James Thierer, University of Maryland, pro-
vided support by searching their algal sequence database (Timme
and Delwiche, 2010) for SUT homologs in the charophytes
Chlorokybus atmosphyticus, Klebsormidium flaccidum, Spirogyra
pratensis, Coleochaete sp., Chaetosphaeridium globosum, Penium
marinum, and Nitella hyalina. In addition, the genome sequence
of the red algae Galdieria sulphuraria2 (Barbier et al., 2005)
and Cyanidioschyzon merolae3 were searched for the presence of
SUTs. Sequences of Galdieria sulphuraria SUTs were provided by
Dr. Andreas P. M. Weber, University of Düsseldorf.

PHYLOGENETIC ANALYSIS
Multiple protein sequence alignments were generated with Clustal
X (Larkin et al., 2007). The variable length N- and C-terminal
regions of the alignment were removed. Percent protein sequence
identity is presented, based on the trimmed alignment, as average
for each cluster (±SD). Sequences with greater than 90% overall
sequence identity were not included in the phylogenetic analysis.
Phylogenetic analysis was performed through the iPlant Collab-
orative website4. Maximum likelihood analysis was done using
PhyML 3.0 with 100 bootstrap replicates (Guindon and Gascuel,
2003; Guindon et al., 2010). Trees were visualized using the FigTree
program5.

1http://phytozome.net
2http://genomics.msu.edu/cgi-bin/galdieria/blast.cgi
3http://merolae.biol.s.u-tokyo.ac.jp/
4http://www.iplantcollaborative.org/
5http://tree.bio.ed.ac.uk/software/figtree/

COMPLEMENTATION OF THE ARABIDOPSIS atsuc2-1 MUTANT
Constructs for plant transformation contained the AtSUC2
(At1g22710) promoter, coding region of either AtSUC2 or
HvSUT1 (CAJ20123.1) cDNAs and the AtSUC2 3′UTR. The
AtSUC2 promoter (2 kb) was amplified using the primers 5′ggggac
aactttgtatagaaaagttgtaccagatttcggtaaatt and 5′ggggactgcttttttgtaca
aacttgaagaaagtaagaaaaaaaagaaatt and cloned into the pDONR
P4-P1R vector (Invitrogen) using BP clonase II. The AtSUC2
ORF was amplified using 5′caccggtttgtcaaatatggtcagccatcc and
5′atgaaatcccatagtagctttgaag. The HvSUT1 ORF was amplified
using 5′caccggtttgtcaaatatggcgcgcggcggcgg and 5′tcagtgaccgccgccg
ctgac. The two ORFs were cloned into pENTR/D/TOPO (Invitro-
gen). The AtSUC2 3′UTR (500 bp) was amplified using 5′gggg
acagctttcttgtacaaagtggattgaattttagcagtggt and 5′ggggacaactttgtataa
taaagttgaattaactaaaatagataa and cloned into pDONR P2R–P3
(Invitrogen). Constructs were assembled into the pB7m34GW
binary vector (Karimi et al., 2005) by directional multi-fragment
recombination cloning using LR Clonase Plus (Invitrogen).
Agrobacterium tumefaciens strain C58C1 containing these plas-
mids was used to transform heterozygous atsuc2-1 Arabidopsis
(WS ecotype) plants (Gottwald et al., 2000) by the floral dipping
method (Clough and Bent, 1998). Basta-resistant transformed
plants were selected on soil. Homozygous atsuc2-1 mutants were
identified by PCR.

RESULTS
Phylogenetic analysis shows that angiosperm SUTs form three
main groups (Figure 1). Here, we follow the nomenclature of Aoki
et al. (2003) and name these groups type I, II, and III. All SUTs
encoded by the eudicot Arabidopsis thaliana (seven sequences),
the monocot Oryza sativa (five), the basal non-vascular moss
Physcomitrella patens (four), the vascular non-seed spikemoss
Selaginella moellendorffii (five), and the yeast Schizosaccharomyces
pombe (one) were included as representatives of those groups
where full genome sequence is available. In addition, SUTs that
have been functionally characterized were included. In Figure 1 the
commonly used abbreviated names for the transporter genes are
listed. In Table 1 the protein accession number, gene name, protein
length,and species are presented and sorted by phylogenetic group.
Sequences from single-celled red algae Cyanidioschyzon merolae
and Galdieria sulphuraria that are homologous to SUTs but did
not cluster with SUTs encoded by land plants are present in a
separate group in Figure 1 and Table 1. Additionally, the fungal
sequence SpSUT1 from Schizosaccharomyces pombe is homolo-
gous (Reinders and Ward, 2001) but did not cluster with plant
SUTs. The genome sequence from two chlorophyte green algae,
Chlamydomonas reinhardtii and Volvox carteri is available, how-
ever no SUT sequences were identified in these chlorophytes. A
single charophyte algal sequence from Chlorokybus atmosphyticus
(CaSUT1) is present just basal to the plant SUT sequences but
does not cluster with type I, II, or II (marked with an asterisk in
Figure 1).

TYPE I SUTs
Type I SUTs were only found in eudicots. The 26 type I SUTs
analyzed here cluster into a single group with an average of 69%
(±5%) identity. The lack of type I SUTs in non-vascular land plants
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FIGURE 1 | Phylogenetic analysis of plant sucrose transporters and

homologs. Protein alignment was done using Clustal X. Sequences with
greater than 90% identity were not used in construction of the tree (they are
shown inTable 1). The variable length N- and C-terminal regions were

trimmed from the alignment. The maximum likelihood tree was generated
using PhyML 3.0. Numbers indicate percent of 100 bootstrap analyses.
Asterisk indicates the single charophyte SUT sequence, CaSUT1, from
Chlorokybus atmosphyticus.

www.frontiersin.org February 2012 | Volume 3 | Article 22 | 74

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Reinders et al. Evolution of plant sucrose transporters

Table 1 | Sucrose transporter homologs.

Type Organism Common name Gene Prot ID Length (aa) Reference

I Alonsoa meridionalis AmSUT1 AAF04295 502 Knop et al. (2001)

I Arabidopsis thaliana Thale cress AtSUC1

(At1g71880)

CAA53147 513 Sauer and Stolz (1994)

I Arabidopsis thaliana Thale cress AtSUC2

(At1g22710)

CAA53150 512 Sauer and Stolz (1994)

I Arabidopsis thaliana Thale cress AtSUC5

(At1g71890)

AAG52226 512 Theologis et al. (2000)

I Arabidopsis thaliana Thale cress AtSUC8

(At2g14670)

AAC69375 492 Lin et al. (1999)

I Arabidopsis thaliana Thale cress AtSUC9

(At5g06170)

BAB09682 491 Tabata et al. (2000)

I Asarina barclaiana

(Maurandya barclaiana)

Twining

snapdragon

AsSUT1 AAF04294 510 Knop et al. (2001)

I Beta vulgaris Sugar beet BvSUT1 CAA58730 523 Vaughn et al. (2002)

I Brassica oleracea Broccoli BoSUC1 AAL58071 513 Gapper et al. (2005)

I Citrus sinensis Sweet orange CsSUT1 AAM29150 528 Li et al. (2003)

I Daucus carota Carrot DcSUT2 CAA76369 515 Shakya and Sturm (1998)

I Euphorbia esula Leafy spurge EeSUT1 AAF65765 530

I Hevea brasiliensis Para rubber tree HbSUT3/

HbSUT1A

ABK60190 535 Tang et al. (2010)

I Juglans regia English walnut JrSUT1 AAU11810 516 Decourteix et al. (2006)

I Solanum lycopersicum

(Lycopersicon esculentum)

Tomato LeSUT1 CAA57726 512 Barker et al. (2000)

I Medicago truncatula Barrel medic MtSUT1 TC175182,

TC184317*

525 http://compbio.dfci.harvard.edu/tgi/

I Nicotiana tabacum Common tobacco NtSUT3 AAD34610 521 Lemoine et al. (1999)

I Phaseolus vulgaris Common bean PvSUF1 ABB30165 509 Zhou et al. (2007)

I Pisum sativum Pea PsSUT1 AAD41024 524 Tegeder et al. (1999)

I Pisum sativum Pea PsSUF1 ABB30163 511 Zhou et al. (2007)

I Plantago major Common plantain PmSUC1 CAA59113 503 Gahrtz et al. (1996)

I Plantago major Common plantain PmSUC2 CAA53390 510 Gahrtz et al. (1996)

I Populus trichocarpa Black poplar PtaSUT1/

PtSUT1.2

18221401
†

535 Tuskan et al. (2006)

I Ricinus communis Castor bean RcSCR1 CAA83436 533 Weig and Komor (1996)

I Spinacia oleracea Spinach SoSUT1 CAA47604 526 Riesmeier et al. (1992)

I Vitis vinifera Grape VvSUC27 AAF08331 505 Davies et al. (1999)

IIA Arabidopsis thaliana Thale cress AtSUT2/AtSUC3

(At2g02860)

CAB92307 595 Meyer et al. (2000), Schulze et al.

(2000)

IIA Eucommia ulmoides Gutta-percha tree EuSUT2 AAX49396 604 Pang et al. (2008)

IIA Hevea brasiliensis Para rubber tree HbSUT2C/

HbSUT2A

CAM33449 539 Dusotoit-Coucaud et al. (2009)

IIA Oryza sativa japonica Rice OsSUT4

(Os02g58080)

BAC67164 595 Aoki et al. (2003)

IIA Physcomitrella patens PpSUT2A 18051919
†

635 Rensing et al. (2008)

IIA Physcomitrella patens PpSUT2B 18064412
†

557 Rensing et al. (2008)

IIA Populus trichocarpa Black poplar PtaSUT2A 18241865
†

602 Tuskan et al. (2006)

IIA Selaginella moellendorffii SmSUT2 15412113
†

521 Banks et al. (2011)

IIA Solanum lycopersicum

(Lycopersicon esculentum)

Tomato LeSUT2 AAG12987 605 Barker et al. (2000)

IIA Vitis vinifera Grape VvSUC12 AAF08330 612 Davies et al. (1999)

(Continued)
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Table 1 | Continued

Type Organism Common name Gene Prot ID Length (aa) Reference

IIB Bambusa oldhamii

(Dendrocalamopsis

oldhamii )

Bamboo BooSUT1 AAY43226 525

IIB Hordeum vulgare Barley HvSUT1 CAB75882

CAJ20123

523 Weschke et al. (2000), Sivitz et al. (2005)

IIB Oryza sativa japonica Rice OsSUT1

(Os03g07480)

BAA24071 537 Hirose et al. (1997)

IIB Oryza sativa japonica Rice OsSUT3

(Os10g26740)

BAB68368 506 Aoki et al. (2003)

IIB Oryza sativa japonica Rice OsSUT5

(Os02g36700)

BAC67165 535 Aoki et al. (2003)

IIB Saccharum hybrid cultivar Sugarcane ShSUT1# AAV41028 517 Rae et al. (2005)

IIB Zea mays Corn ZmSUT1 BAA83501 521 Aoki et al. (1999)

III Arabidopsis thaliana Thale cress AtSUT4

(At1g09960)

AAL59915 510 Weise et al. (2000)

III Datisca glomerata Durango root DgSUT4 CAG70682 498 Schubert et al. (2010)

III Daucus carota Carrot DcSUT1a CAA76367 501 Shakya and Sturm (1998)

III Hevea brasiliensis Para rubber tree HbSUT4/

HbSUT4A

ABK60191 498 Tang et al. (2010)

III Hordeum vulgare Barley HvSUT2 CAB75881 506 Weschke et al. (2000)

III Lotus japonicus LjSUT4 CAD61275 511 Flemetakis et al. (2003)

III Malus x domestica Apple MdSUT1 AAR17700 499 Fan et al. (2009)

III Medicago truncatula Barrel medic MtSUT4 17466537
†

504

III Oryza sativa japonica Rice OsSUT2

(Os12g44380)

BAC67163 501 Aoki et al. (2003)

III Physcomitrella patens PpSUT4A 18040351
†

532 Rensing et al. (2008)

III Physcomitrella patens PpSUT4B# 18037160
†

500 Rensing et al. (2008)

III Physcomitrella patens PpSUT4C 18053343
†

524 Rensing et al. (2008)

III Pisum sativum Pea PsSUF4 ABB30162 507 Zhou et al. (2007)

III Ricinus communis Castor bean RcSUC4 AAU21439 509

III Selaginella moellendorffii SmSUT4A 15419655
†

514 Banks et al. (2011)

III Selaginella moellendorffii SmSUT4B 15407332
†

492 Banks et al. (2011)

III Selaginella moellendorffii SmSUT4C 15417411
†

493 Banks et al. (2011)

III Selaginella moellendorffii SmSUT4D 15402611
†

531 Banks et al. (2011)

III Solanum lycopersicum

(Lycopersicon esculentum)

Tomato LeSUT4 AAG09270 501 Weise et al. (2000)

III Vitis vinifera Grape VvSUC11 AAF08329 501 Davies et al. (1999)

III Zea mays Corn ZmSUT4 AAT35810 501

Chlorokybus

atmosphyticus

Soil alga CaSUT1

Cyanidioschyzon merolae CmSUT1 CMO328C
‡

502 Matsuzaki et al. (2004)

Galdieria sulphuraria GsSUT1 Gs18190§ 471 Weber et al. (2004), Barbier et al. (2005)

Galdieria sulphuraria GsSUT2 Gs34550§ 546 Weber et al. (2004), Barbier et al. (2005)

Galdieria sulphuraria GsSUT3 Gs56570§ 430 Weber et al. (2004), Barbier et al. (2005)

Galdieria sulphuraria GsSUT4 Gs29860§ 526 Weber et al. (2004), Barbier et al. (2005)

Galdieria sulphuraria GsSUT5 Gs08920§ 638 Weber et al. (2004), Barbier et al. (2005)

Schizosaccharomyces

pombe

Fission yeast SpSUT1 NP594387 553 Reinders and Ward (2001)

*sequence from DFCI (http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb = medicago).
† sequence from Phytozome v7.0 (http://www.phytozome.net/).
#not included in the phylogenetic analysis (>90% identical to another SUT).
‡ sequence from Cyanidioschyzon merolae genome project (http://merolae.biol.s.u-tokyo.ac.jp/).
§sequence from Galdieria sulphuraria genome project (http://genomics.msu.edu/galdieria/index.html).
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(Physcomitrella), vascular non-seed land plants (Selaginella), and
the monocot branch of angiosperms indicates that development of
type I SUTs occurred after divergence of monocots and eudicots,
around 150 MYR ago (Laroche et al., 1995). Genome sequence
representing early diverging eudicots such as Papaver sp. (poppy)
and Ranunculus sp. (buttercup; Soltis et al., 2003) would be useful
to more clearly determine the origins of type I SUTs. It is inter-
esting that type I SUT genes were amplified in Arabidopsis and
acquired specialized functions. Arabidopsis thaliana has five genes
in this group (Figure 1; Table 1) and an additional two that have
been identified as pseudogenes (Sauer et al., 2004) that were not
included in the analysis.

In Arabidopsis thaliana, type I SUTs display specialization in
both expression and transport function. AtSUC2 is necessary for
loading sucrose into the phloem (Gottwald et al., 2000). It has a K m

(affinity) for sucrose of 1.4 mM (Chandran et al., 2003) and a wide
substrate specificity for α and β glucosides that is shared with other
type I SUTs (Figure 2; Chandran et al., 2003). AtSUC1 transport
activity is very similar to AtSUC2 but its expression pattern is
quite different. AtSUC1 is expressed in trichomes, pollen and roots
(Sivitz et al., 2007). AtSUC1 is necessary for normal pollen func-
tion (Sivitz et al., 2008). Expression of AtSUC1 in the phloem,
under control of the AtSUC2 promoter, has been shown to revert
the growth defects of atsuc2 mutants (Wippel and Sauer, 2011).
There are also examples of type I SUTs with modified transport
activity. AtSUC9 has a much higher affinity for sucrose compared
to other type I SUTs (66 μM; Sivitz et al., 2007) while the substrate
specificity is typical of other type I SUTs (Figure 2; Sivitz et al.,
2007).

TYPE II SUTs
Type II SUT sequences were identified in eudicots, monocots, non-
vascular land plants (Physcomitrella), and vascular non-seed land
plants (Selaginella). A total of 16 SUT sequences clustered in the
type II group with an average of 62% (±9%) identity. The type

II group was divided into two subgroups IIA and IIB. These two
subgroups were identified previously (Braun and Slewinski, 2009).
There is also a structural difference between type IIA and IIB SUTs.
Type IIA proteins have a longer central cytoplasmic loop compared
to type IIB SUTs. This is reflected in the average length of proteins
in type IIA of 587 amino acids (aa) compared to 523 aa in type
IIB (Table 1). Each angiosperm genome appears to have one gene
in the IIA subgroup. Sequences from Physcomitrella (two) and
Selaginella (one) are also included in the IIA subgroup. PpSUT2A
and B from Physcomitrella and SmSUT2 contain longer central
loops with conserved sequence characteristic of angiosperm type
IIA transporters. Overall, this indicates that a type IIA transporter
with a longer central loop was an ancestral form of the type II
SUTs found in angiosperms.

The type IIB subgroup is monocot specific, rice encodes three
type IIB transporters. This group contains the monocot phloem
loading SUTs. ZmSUT1 has been shown to be expressed in vascular
tissue and to function in phloem loading (Slewinski et al., 2009).
Similar to the amplification of type I SUTs in Arabidopsis, type IIB
SUTs appear to have been amplified in rice. Transport activities of
OsSUT1 and OsSUT5 were analyzed by expression in oocytes and
electrophysiology. OsSUT5 was found to have a higher affinity for
sucrose (2.3 mM) compared to OsSUT1 (7.5 mM) and the activity
of OsSUT5 was found to be less pH dependent (Sun et al., 2010).

It is interesting to note that monocots and eudicots utilize
different SUTs to load sucrose into the phloem. Differences in
substrate specificity between type I SUTs such as AtSUC2 that
transport sucrose into the phloem in eudicots and type II SUTs
such as HvSUT1 that performs the same function in monocots
have been identified (Chandran et al., 2003; Sivitz et al., 2005,
2007; Reinders et al., 2006, 2008; Sun et al., 2008). Figure 2 shows
a summary of substrate specificity results for five sucrose trans-
porters. AtSUC2 and AtSUC9 are both type I sucrose transporters
and although AtSUC9 has approximately a 20-fold lower K 0.5 for
sucrose (Sivitz et al., 2007) compared to AtSUC2, they have almost

FIGURE 2 | Substrate specificities of type I (AtSUC2, AtSUC9), type II

(ShSUT1, HvSUT1), and type III (LjSUT4) plant sucrose transporters.

Transport activity was assayed by expression in Xenopus oocytes and
two-electrode voltage clamping. Oocytes were bathed in sodium Ringer
solution containing substrates at concentrations between 0.5 and 25 mM

(depending on the transporter affinity and substrate solubility). All currents
were normalized to sucrose-dependent currents and are presented as
mean ± SE with at least three oocytes per mean. ∗Indicates substrate not
tested. Modified with permission from Chandran et al. (2003), Sivitz et al.
(2005, 2007), Reinders et al. (2006, 2008).

Frontiers in Plant Science | Plant Physiology February 2012 | Volume 3 | Article 22 | 77

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Reinders et al. Evolution of plant sucrose transporters

identical substrate specificities. These type I SUTs transport the
plant β-glucosides salicin, arbutin, esculin, fraxin, and helicin.
Notably, arbutin, esculin, and fraxin are not transported by the
type II transporters ShSUT1 and HvSUT1 (Figure 2). Synthetic β

phenyl glucosides are also transported by type I and not by type II
SUTs (Figure 2).

The differences in substrate specificity between type I and type
II SUTs might suggest that the specificity of phloem loading in
eudicots is different from that in monocots. It is possible that
type I SUTs load other glucosides, in addition to sucrose, into
the phloem. To begin to address this question we used either
AtSUC2 or HvSUT1 to complement the Arabidopsis atsuc2-1
mutant (Gottwald et al., 2000). The homozygous atsuc2-1 mutant
has greatly reduced growth and accumulates starch in source leaves
due to its reduced ability for phloem loading (Figure 3A). By
comparison, growth of the atsuc2-1 heterozygous plants is indis-
tinguishable from wild-type (Figures 3A,B). As expected, the
atsuc2-1 mutant growth phenotype was complemented by expres-
sion of the AtSUC2 gene. Expression of the HvSUT1 coding region
driven by the AtSUC2 promoter also resulted in growth that was
indistinguishable from wild-type (Figure 3B). The type II SUT
HvSUT1 appears to revert the growth reduction caused by the
loss of AtSUC2 in Arabidopsis. This indicates that differences in

FIGURE 3 | Complementation of suc2-1 sucrose transporter mutant.

(A) Arabidopsis plants heterozygous for the suc2-1 insertion left, plants
homozygous for the suc2-1 insertion right. (B) Both AtSUC2 and HvSUT1
complemented the growth defect of the homozygous suc2-1 mutant. The
WS wild-type (left) is shown for comparison. All plants shown in (A) and (B)

are 8 weeks old.

substrate specificity between type I and II SUTs might not reflect
a significant difference in physiological function, although this
result is preliminary. Further work is necessary to determine if
HvSUT1 fully complements under different growth and stress
conditions.

Finally, the grouping of moss type II SUTs can give us a few
more clues about the evolution and function of these ancestral
type SUTs. The type II moss and spikemoss sequences cluster with
type IIA and contain longer central loops. Both Physcomitrella and
Selaginella lack type I and type IIB SUTs. If early vascular plants
such as Selaginella have SUTs that function in phloem loading,
those transporters are likely to be type IIA such as SmSUT2 and
are different from those used by monocots and eudicots. Also, type
IIA SUTs in angiosperms do not compensate for loss of the main
phloem loading SUT as evidenced by mutant phenotypes of atsuc2
(Gottwald et al., 2000) and zmsut1 (Slewinski et al., 2009) mutants.

TYPE III SUTs
The first type III SUTs were isolated from Arabidopsis, tomato,
potato, and barley and named AtSUT4, LeSUT4, StSUT4, and
HvSUT2, respectively (Weise et al., 2000; Weschke et al., 2000).
AtSUT4 from Arabidopsis and HvSUT2 from barley (Endler et al.,
2006), LjSUT4 from Lotus japonicus (Reinders et al., 2008), and
OsSUT2 from rice (Eom et al., 2011) were demonstrated to local-
ize to the vacuole membrane. Twenty type III SUT sequences were
included in this study (Figure 1; Table 1) and these have an average
of 65% (±8%) identity. Each angiosperm genome appears to con-
tain a single type III SUT gene. Both Selaginella and Physcomitrella
contain multiple type III SUT genes. No type III SUT homologs
have been identified in green algae.

Transport activity has been characterized in detail for type III
SUT LjSUT4 (Reinders et al., 2008). The substrate specificity of
LjSUT4 is intermediate between type I and II SUTs (Figure 2). Like
other type III SUTs (Weise et al., 2000; Weschke et al., 2000) LjSUT4
functions as a H+-coupled sucrose-uptake transporter. This indi-
cates that its physiological function in the vacuolar membrane is
sucrose-uptake into the cytoplasm from the vacuolar lumen. This
activity for AtSUT4 has been demonstrated in Arabidopsis vacuoles
(Schulz et al., 2011).

SUTS IN CHLOROKYBUS ATMOSPHYTICUS, GALDIERIA SULPHURARIA,
CYANIDIOSCHYZON MEROLAE, AND SCHIZOSACCHAROMYCES
POMBE
No SUT sequences were found in chlorophytes Chlamydomonas
reinhardtii and Volvox carteri. Charophyte green algae are con-
sidered to represent ancestors of land plants. A single SUT
sequence was found in the charophyte Chlorokybus atmosphyti-
cus (CaSUT1). It did not cluster with type I, II, or III SUTs from
land plants but appears to be basal to these clades (Figure 1). Since
a complete genome sequence of a charophyte is not yet available it
remains to be determined whether additional SUTs are present in
charophyte genomes. The central loop of CaSUT1 is not extended
as in type IIA SUTs. Also, the N-terminal sequence for CaSUT1
is not available so we could not determine if the putative vacuole
targeting sequence is present (see Discussion).

Galdieria sulphuraria and Cyanidioschyzon merolae are closely
related, unicellular red microalgae. While G. sulphuraria can grow
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on 27 different sugars and sugar alcohols (Gross and Schnarren-
berger, 1995), C. merolae can not grow heterotrophically (Mat-
suzaki et al., 2004). Five SUT homologs were identified in G.
sulphuraria (GsSUT1-5) and one, CmSUT1, was identified in the
C. merolae genome (Figure 1; Table 1). This is consistent with
the larger number of genes encoding transporters and enzymes
involved in carbohydrate metabolism identified in G. sulphuraria
compared to C. merolae (Barbier et al., 2005).

DISCUSSION
THE ORIGIN OF PLANT SUTs IN CHAROPHYTE ALGAE
SUTs function as H+-coupled cellular sucrose uptake transporters.
In angiosperms, type I and II SUTs are localized to the plasma
membrane while type III SUTs are localized to the vacuole mem-
brane. They are important for the long-distance transport of
sucrose in apoplastic phloem loaders (requiring transmembrane
transport). Another important function for SUTs in angiosperms
is in sucrose-uptake into sinks that are symplastically isolated such
as seeds and pollen. The availability of bryophyte (non-vascular),
lycophyte (early vascular), and algal genome sequences allows us
to begin to analyze the origins of SUTs in land plants. The presence
of CaSUT1 in the charophyte alga Chlorokybus atmosphyticus as
well as the absence of SUTs in chlorophyte algae (Chlamydomonas
reinhardtii and Volvox carterii) is consistent with the hypothesis
that charophyte algae are ancestral to land plants (McCourt et al.,
2004).

The physiological function of SUT homologs in Chlorokybus,
which exists as small clusters of cells and in the unicellular red
algae Galdieria and Cyanidioschyzon is currently unknown but
will depend on their membrane localization. They are likely to
function as H+-coupled symporters for glucoside uptake into the
cytosol whether they are localized to the plasma membrane or an
internal membrane. Interestingly, Cyanidioschyzon lacks a central
vacuole (Barbier et al., 2005), so it is more likely that CmSUT1
is a plasma membrane transporter. Bryophytes lack true vascu-
lar tissue yet Physcomitrella contains both type IIA and type III
SUTs. In angiosperms, type IIA SUTs are localized to the plasma
membrane (Barker et al., 2000; Meyer et al., 2000) while type
III SUTs are vacuolar (Endler et al., 2006; Reinders et al., 2008).
Therefore, it is likely that Physcomitrella contains both plasma
membrane and vacuolar SUTs but this will need to be deter-
mined experimentally. Long-distance transport of photosynthate
in mosses involves leptoid cells and the mechanism appears to be
symplasmic, involving plasmodesmata not transmembrane trans-
port (Raven, 2003). Therefore, if SUTs are localized to the plasma
membrane in bryophytes their function is not in phloem loading
but may be involved in recovery of sucrose that is released to the
apoplast. Although leptoid cells evolved independently of phloem,
many groups of angiosperms that utilize a similar passive mecha-
nism for phloem loading (Rennie and Turgeon, 2009) also encode
SUTs. The function of type III SUTs in bryophytes is likely to be
the same as in angiosperms. Sucrose is transiently stored in the
vacuole in angiosperms and type III SUTs function in the vac-
uole membrane to return sucrose from the vacuole lumen to the
cytoplasm (Reinders et al., 2008; Schulz et al., 2011). The more
recent development of type I SUTs in eudicots and type IIB SUTs

in monocots is likely to be linked to the evolution of active phloem
loading requiring energy and transmembrane transport.

PUTATIVE VACUOLAR TARGETING MOTIF IN TYPE III SUTs
Recently, a dileucine-like motif (LXXXLL) in the N-terminal cyto-
plasmic domain of the Arabidopsis monosaccharide transporter
ESL1was shown to be necessary for localization of the transporter
to the vacuole membrane (Yamada et al., 2010). Dileucine-like
motifs are recognized by a clathrin-associated, heterotetrameric
adaptor protein (AP-3) complex and function in sorting of vac-
uole membrane proteins in yeast (Vowels and Payne, 1998). Sim-
ilar dileucine motifs contain an acidic residue spaced several
residues prior to the leucine pair with a consensus of DXXLL or
[DE]XXXL[LI] (Braulke and Bonifacino, 2009). The AP-3 com-
plex has been shown to be necessary for normal vacuole function in
Arabidopsis (Zwiewka et al., 2011). An LXXLL motif is found in the
cytoplasmic N-terminus of type III SUTs (Figure 4) but is lacking
in type I and II SUTs. All of the angiosperm type III SUTs contain
a perfect LXXLL motif with the exception of AtSUT4 that has the
sequence KRVLL (Figure 4). AtSUT4 has been demonstrated to
localize to the vacuole membrane (Endler et al., 2006) so it is likely
that the first leucine of the motif is not strictly required. Recently,
localization of AtSUT4 to the vacuole membrane in Arabidopsis
was shown to be dependent on AP-3 (Wolfenstetter et al., 2012).
None of the Physcomitrella or Selaginella type III SUTs contain a

FIGURE 4 | Putative dileucine-like vacuolar targeting sequence in type

III SUTs. A part of the multiple protein alignment of sucrose transporters is
shown. All type III SUTs and selected type I and II SUTs are shown for
comparison. Numbers indicate the amino acid positions for each protein.
Amino acid positions that conform to the dileucine-like motif LXXLL are
shown in bold.
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complete LXXLL motif and it is unknown whether they localize to
the vacuole membrane.

THE ORIGIN OF TYPE I SUTs
Type I SUTs are localized to the plasma membrane in eudicots.
Based on phylogeny (Figure 1) and substrate specificity (Figure 2)
they are more similar to type III SUTs than to type II SUTs.
Since type III SUTs are present in bryophytes and lycophytes,
we suggest that type I SUTs are derived from vacuolar-type III
SUTs. This would likely involve mutation of the vacuolar targeting
information resulting in localization to the plasma membrane,
the default targeting pathway for membrane proteins in plants.
We hypothesize that the LXXLL motif found in type III SUTs
serves as the vacuolar targeting domain but this needs to be tested
directly.

CONCLUSION
Angiosperm SUTs clustered into three groups, type I, II, and
III. Type I SUTs, only found in eudicots appear to have evolved
from vacuolar-type III SUTs which were found in all land plants

from bryophytes to angiosperms. Type II SUTs were divided
into an ancestral form, type IIA, that exist in all land plants
and have an extended central loop. Type IIB SUTs only exist in
monocots and include the phloem loading transporters in those
species. Here we identify an algal SUT (CaSUT1) from the charo-
phyte Chlorokybus atmosphyticus. Based on phylogenetic analysis,
CaSUT1 appears basal to three types of land plant SUTs and this
is consistent with the hypothesis that charophytes are ancestral to
land plants.
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Nitrogen is an essential mineral nutrient and it is often transported within living organisms
in its reduced form, as amino acids. Transport of amino acids across cellular membranes
requires proteins, and here we report the phylogenetic analysis across taxa of two amino
acid transporter families, the amino acid permeases (AAPs) and the lysine–histidine-like
transporters (LHTs). We found that the two transporter families form two distinct groups
in plants supporting the concept that both are essential. AAP transporters seem to be
restricted to land plants. They were found in Selaginella moellendorffii and Physcomitrella
patens but not in Chlorophyte, Charophyte, or Rhodophyte algae. AAPs were strongly rep-
resented in vascular plants, consistent with their major function in phloem (vascular tissue)
loading of amino acids for sink nitrogen supply. LHTs on the other hand appeared prior to
land plants. LHTs were not found in chlorophyte algae Chlamydomonas reinhardtii and
Volvox carterii. However, the characean alga Klebsormidium flaccidum encodes KfLHT13
and phylogenetic analysis indicates that it is basal to land plant LHTs.This is consistent with
the hypothesis that characean algae are ancestral to land plants. LHTs were also found in
both S. moellendorffii and P. patens as well as in monocots and eudicots.To date, AAPs and
LHTs have mainly been characterized in Arabidopsis (eudicots) and these studies provide
clues to the functions of the newly identified homologs.

Keywords: amino acid, nitrogen, transporter, AAP, LHT, membrane, evolution

INTRODUCTION
Nitrogen is a critical mineral nutrient in all living organisms since
it is required for synthesis of a large number of compounds includ-
ing hormones, nucleotides, and amino acids. As the basic building
blocks of proteins, amino acids are needed for metabolism, cel-
lular structure, growth, and development. Amino acid uptake
into cells and cellular compartments depends on membrane-
integral transporter proteins, and amino acid transporters have
been identified in many organisms including bacteria, fungi, ani-
mals, and plants (Chang et al., 2004; Boudko, 2010). In plants,
amino acid transporters are found in two families within the
amino acid–polyamine–choline (APC) transporter superfamily,
the amino acid/auxin permease (AAAP), and the APC family. The
AAAP family includes transporters from plants, animals, and fungi
(Chang et al., 2004), and in plants contains the amino acid per-
meases (AAPs), lysine–histidine-like transporters (LHTs), proline
transporters (ProTs), γ-aminobutyric acid transporters (GATs),
ANT1-like aromatic, and neutral amino acid transporters and
auxin transporters (AUXs; Wipf et al., 2002; Rentsch et al., 2007).
Cationic amino acid transporters (CATs) belong to the APC family
and are present in both animals and plants1)

This study addresses the phylogeny of the plant AAP and LHT
transporters. These have been characterized in angiosperms (flow-
ering plants), and specifically in eudicots, and detailed overviews

1http://www.tcdb.org/superfamily.php

on their substrate specificity, localization, and biological functions
have recently been presented (see Fischer et al., 2002; Lee and
Tegeder, 2004; Rentsch et al., 2007; Tegeder and Rentsch, 2010;
Tegeder et al., 2011). In Arabidopsis the AAP family consists of
eight members (AtAAP1–8) that generally transport neutral and
acidic amino acids with moderate affinity, with the exception of
AtAAP3 and AtAAP5 that also transport basic amino acids (Fischer
et al., 1995, 2002; Rentsch et al., 2007; Svennerstam et al., 2008).
All Arabidopsis AtAAPs analyzed to date have been localized to the
plasma membrane and they function as H+-coupled amino acid
uptake systems (see Tegeder and Rentsch, 2010). AAPs have been
suggested to be involved in a number of physiological processes
in plants including amino acid uptake from the soil (Hirner et al.,
2006; Lee et al., 2007; Svennerstam et al., 2008), phloem loading or
xylem–phloem transfer (Schulze et al., 1999; Okumoto et al., 2002;
Koch et al., 2003; Tegeder et al., 2007; Tan et al., 2008; Hunt et al.,
2010; Zhang et al., 2010; see also Tegeder and Rentsch, 2010), and
seed loading (Schmidt et al., 2007; Tegeder et al., 2007; Tan et al.,
2008; Sanders et al., 2009).

Much less is known about the LHTs, a family of 10 members
(AtLHT1–10) in Arabidopsis. AtLHT1 was originally described as
a lysine and histidine selective transporter (Chen and Bush, 1997),
but other studies with AtLHT1 and AtLHT2 suggests that LHTs
preferentially transport neutral and acidic amino acids with high
affinity (Lee and Tegeder, 2004; Hirner et al., 2006; Svennerstam
et al., 2007, 2008). Like the AAPs, AtLHTs are localized to the
plasma membrane and transport a broad spectrum of amino acids
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from the cell wall space into the cell (Hirner et al., 2006; Foster
et al., 2008). Based on promoter–GUS studies, LHTs have been
suggested to be involved in import of organic nitrogen into root
and mesophyll cells (Hirner et al., 2006), as well as into pollen and
other cells of reproductive floral tissue (Lee and Tegeder, 2004;
Foster et al., 2008).

AAPs and LHTs have not yet been described in any organ-
isms other than angiosperms. With the recent progress in genome
sequencing we are however now in the excellent position to deter-
mine whether AAP and LHT amino acid transporters are present
in ancestors of seed plants and to examine the phylogenetic rela-
tionship of AAP and LHT proteins. Three major clades form
the large monophyletic plant kingdom. These include the green
plants (Viridiplantae), Rhodophytes (red algae), and Glaucophytes
(freshwater microscopic algae; Figure 1; Anderberg et al., 2011).
The green plants are grouped into the Chlorophytes that contain
algae such as Chlamydomonas reinhardtii, and the Streptophytes
with algal species (Charophytes) and land plants (Finet et al.,
2010; Banks et al., 2011). The land plants are divided in non-
vascular plants (Bryophytes; i.e., liverworts, mosses, and horn-
worts) and vascular plants that split into Lycophytes (non-seed
plants) and Euphyllophytes. The Lycophytes contain clubmosses,
quilworts, and spikemosses while Euphyllophytes consist of ferns
(Monilophytes) and seed-bearing plants (Spermatophytes), which
are often grouped into angiosperms (flowering plants) and gym-
nosperms (i.e., cycads, Ginkgo, conifers, and gnetophytes). How-
ever, the evolutionary relationships of Spermatophytes are not
clearly resolved (Magallon and Sanderson, 2002; Mathews, 2009).

FIGURE 1 | Simplified overview of the plant kingdom and analyzed

genera. Taxa containing AAPs and/or LHTs are marked. Note, that genomes
of gymnosperms and monilophytes have not been used for the analysis.

Here, sequences from red algae (Galdieria sulfuraria and
Cyanidioschyzon merolae), green algae (Chlorophytes: Chlamy-
domonas reinhardtii and Volvox carterii; Charophytes: Penium
marinum, Spirogyra praetensis, Coleochaete sp., Chaetosphaerid-
ium globosum, Mesostigma viride, Nitella hyalina, Klebsormidium
flaccidum, Chlorokybus atmosphyticus), and basal non-vascular
(Physcomitrella patens), non-seed vascular (Selaginella moellen-
dorffii), and vascular land plants (eudicots: Arabidopsis thaliana,
Medicago sativa; monocots: Oryza sativa) were analyzed for AAP
and LHT proteins (Figure 1). Phylogenetic reconstruction was
performed to determine diversification of the AAP and LHT amino
acid transporters as well as their lineage association.

RESULTS AND DISCUSSION
AAP AND LHT TRANSPORTERS FORM TWO DISTINCT GROUPS
Database searches for AAP and LHT proteins in red algae, green
algae, basal non-vascular and vascular land plants, and seed plants
resulted in 44 AAP and 39 LHT protein sequences (Figure 2;
Tables 1 and 2). Predicted protein sequences for the AAPs averaged
478 ± 14 amino acids (mean ± SD). The length of LHT sequences
was similar (463 ± 31 amino acids). The LHT sequence from
Klebsormidium flaccidum (KfLHT13) is an incomplete cDNA and
contains the C-terminal 388 amino acids. A maximum-likelihood

FIGURE 2 | Phylogenetic tree of AAP and LHT proteins found across

taxa. A total of 44 AAP and 39 LHT proteins were identified. AAPs and LHTs
form two distinct groups, each sub-divided in clusters or subclusters. The
clusters (numbers) and subclusters (letters) were labeled and color-coded.
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Table 1 | Amino acid permeases protein sequences sorted by subcluster.

Abbreviation Gene Organism Protein size (aa)

SUBCLUSTER 1

AtAAP7 At5g23810 Arabidopsis thaliana 467

MtAAP7A Medtr3g080570 Medicago truncatula 460

MtAAP7B Medtr5g104490 Medicago truncatula 462

OsAAP7A Os04g39489 Oryza sativa 466

OsAAP7B Os04g56470 Oryza sativa 469

OsAAP7C Os02g49060 Oryza sativa 469

SUBCLUSTER 2A

PpAAP9A Pp1s107_87V61 Physcomitrella patens 515

PpAAP9B Pp1s387_41V61 Physcomitrella patens 500

SmAAP9A 4426761 Selaginella moellendorffii 503

SmAAP9B 1669661 Selaginella moellendorffii 467

SmAAP9C 906611 Selaginella moellendorffii 479

SUBCLUSTER 2B

OsAAP10A Os06g12350 Oryza sativa 507

OsAAP10B Os12g09300 Oryza sativa 468

OsAAP10C Os01g65660 Oryza sativa 465

OsAAP10D Os01g65670 Oryza sativa 466

SmAAP10 4426771 Selaginella moellendorffii 495

SUBCLUSTER 3A

AtAAP2 At5g09220 Arabidopsis thaliana 493

AtAAP3 At1g77380 Arabidopsis thaliana 476

AtAAP4 At5g63850 Arabidopsis thaliana 466

AtAAP5 At1g44100 Arabidopsis thaliana 480

MtAAP2A Medtr4g143430 Medicago truncatula 475

MtAAP2B Medtr5g017170 Medicago truncatula 465

MtAAP2C Medtr3g142750 Medicago truncatula 466

MtAAP2D Medtr3g142780 Medicago truncatula 477

MtAAP2E Medtr3g142720 Medicago truncatula 465

OsAAP3 Os02g01210 Oryza sativa 518

SUBCLUSTER 3B

OsAAP11A Os12g08090 Oryza sativa 475

OsAAP11B Os12g08130 Oryza sativa 475

OsAAP11C Os11g09020 Oryza sativa 476

OsAAP11D Os12g09320 Oryza sativa 468

OsAAP11E Os01g66010 Oryza sativa 488

OsAAP11F Os05g34980 Oryza sativa 496

OsAAP11G Os04g41350 Oryza sativa 471

SUBCLUSTER 4A

OsAAP12A Os06g36180 Oryza sativa 487

OsAAP12B Os06g36210 Oryza sativa 474

OsAAP12C Os06g12330 Oryza sativa 484

MtAAP12A Medtr1g008290 Medicago truncatula 457

MtAAP12B Medtr1g008320 Medicago truncatula 473

SUBCLUSTER 4B

AtAAP1 At1g58360 Arabidopsis thaliana 485

AtAAP6 At5g49630 Arabidopsis thaliana 481

AtAAP8 At1g10010 Arabidopsis thaliana 475

MtAAP6A Medtr1g008410 Medicago truncatula 481

MtAAP6B Medtr3g127950 Medicago truncatula 491

OsAAP6 Os07g04180 Oryza sativa 487

1Phytozome gene identifier.
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Table 2 | Lysine–histidine-like transporters protein sequences sorted by subcluster.

Abbreviation Gene Organism Protein size (aa)1

SUBCLUSTER 1

AtLHT1 At5G40780 Arabidopsis thaliana 446

AtLHT2 At1G24400 Arabidopsis thaliana 441

AtLHT3 At1G61270 Arabidopsis thaliana 451

AtLHT5 At1G67640 Arabidopsis thaliana 441

AtLHT6 At3G01760 Arabidopsis thaliana 455

AtLHT8 At1G71680 Arabidopsis thaliana 448

AtLHT9 At1G25530 Arabidopsis thaliana 440

AtLHT10 At1G48640 Arabidopsis thaliana 453

MtLHT1A Medtr2g122930 Medicago truncatula 453

MtLHT1B Medtr6g025000 Medicago truncatula 484

MtLHT2A AC233656_24.1 Medicago truncatula 471

MtLHT2B Medtr3g103290 Medicago truncatula 436

MtLHT3 Medtr8g109640 Medicago truncatula 425

MtLHT8 Medtr3g013200 Medicago truncatula 469

MtLHT9A Medtr1g117410 Medicago truncatula 437

MtLHT9B Medtr1g117800 Medicago truncatula 437

MtLHT9C Medtr1g117420 Medicago truncatula 437

MtLHT9D Medtr1g117790 Medicago truncatula 437

OsLHT1 Os08g03350 Oryza sativa 447

OsLHT2 Os12g14100 Oryza sativa 446

OsLHT8 Os05g14820 Oryza sativa 456

OsLHT9 Os04g38860 Oryza sativa 444

PpLHT11A Pp1s79_71V6.12 Physcomitrella patens 480

PpLHT11B Pp1s105_62V6.12 Physcomitrella patens 465

PpLHT11C Pp1s5_176V6.12 Physcomitrella patens 453

SmLHT11A 2709792 Selaginella moellendorffii 473

SmLHT11B 1272602 Selaginella moellendorffii 430

SUBCLUSTER 2

PpLHT11A Pp1s79_71V6.12 Physcomitrella patens 480

PpLHT11B Pp1s105_62V6.12 Physcomitrella patens 465

PpLHT11C Pp1s5_176V6.12 Physcomitrella patens 453

SmLHT11A 2709792 Selaginella moellendorffii 473

SmLHT11B 1272602 Selaginella moellendorffii 430

SmLHT11C 754582 Selaginella moellendorffii 427

SmLHT11D 1734524 Selaginella moellendorffii 468

SmLHT11E 1272720 Selaginella moellendorffii 450

SUBCLUSTER 3

AtLHT4 At1G47670 Arabidopsis thaliana 519

AtLHT7 At4G35180 Arabidopsis thaliana 478

MtLHT4A Medtr2g014200 Medicago truncatula 520

MtLHT4B Medtr2g013940 Medicago truncatula 520

MtLHT7 Medtr5g023220 Medicago truncatula 534

OsLHT4A Os12g30040 Oryza sativa 508

OsLHT7 Os04g47420 Oryza sativa 512

PpLHT4 Pp1s77_57V6.12 Physcomitrella patens 559

SUBCLUSTER 4

KfLHT13 kfla_Contig1880 Klebsormidium flaccidum (388)

1Partial sequences are listed in parentheses.
2Phytozome gene identifier.

tree was constructed using PhyML 3.0 (Guindon et al., 2010) based
on the alignment of full-length AAP and LHT sequences and

the truncated KfLHT13 (Figure 2). In addition, trees were made
using alignments in which the variable-length N- and C-terminal
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regions of the alignment were removed (data not shown). These
trees did not differ from those based on full-length AAPs and LHTs,
and KfLHT13 (Figures 2–4). Both AAPs and LHTs were found in
eudicots, monocots, Selaginella and Physcomitrella, but AAPs and
LHTs form two distinct groups supporting functional differences
between the two transporter families in the analyzed organisms
(see also Figure 1). The absence of AAP or LHT genes in Chloro-
phytes is consistent with the hypothesis that chlorophyte algae are
not ancestors of land plants (Turmel et al., 1999; Karol et al., 2001;
Kapraun, 2007).

AAPs EVOLVED AT THE SAME TIME AS LAND PLANTS
When searching the databases, AAP proteins were found in non-
vascular land plants (Physcomitrella patens; 2 proteins), non-seed
vascular plants (Selaginella moellendorffii, 4 proteins), and seed
plants including Arabidopsis thaliana (8 proteins), Oryza sativa
(19 proteins), and Medicago truncatula (11 proteins). No AAPs
were found in algal sequences of Rhodophytes (Galdieria and
Cyanidioschyzon), Chlorophytes (Chlamydomonas and Volvox), or
Charophytes (Penium, Spirogyra, Coleochaete, Chaetosphaeridium,
Nitella, Klebsormidium, and Chlorokybus). However, the Charo-
phyte search was based on EST sequences, and until the whole
genome sequences are available we cannot rule out that AAPs are
present in Charophytes. The identified AAP proteins are grouped
into four main clusters (1, 2, 3, and 4), with cluster 2–4 being sub-
divided into two subclusters A and B (Table 1; Figure 3). Cluster
1, 3, and 4 only contain AAPs of seed plants while cluster 2 con-
tains non-vascular and non-seed vascular plant, and angiosperm
proteins.

Cluster 1 contains proteins from monocots and eudicots that
are related to Arabidopsis AtAAP7. It holds AtAAP7 and two Med-
icago proteins (MtAAP7A and 7B) consistent with a genome dupli-
cation in legumes relative to Arabidopsis (Cannon et al., 2006). In
addition, it includes three rice AAPs (OsAAP7A–7C) that likely
represent an amplification of AAP7 genes in monocots. While the
specific function of AtAAP7 and related proteins is still unknown,
the phylogenetic analysis supports that they are important for seed
plants since they are maintained in both monocot and eudicot
lineages.

Cluster 2 contains AAP proteins from non-vascular and non-
seed plants, and monocots, but lacks eudicot proteins. Sub-
cluster 2A includes proteins only from the moss Physcomitrella
patens (PpAAP9A and 9B) and spikemoss Selaginella moellen-
dorffii (SmAAP9A–9C), but no proteins from seed plants, sug-
gesting differences in amino acid transporter function between
early and higher land plants. Differences in function might be
based on (i) differences in phloem loading or source-sink trans-
port between Spermatophytes that have complex leaf venation and
the Bryophytes and Lycophytes with no vasculature or microphylls
with only a single vascular strands (Reinhart and Thomas, 1981;
Aldous, 2002; Beerling, 2005), or on (ii) differences in reproduc-
tion (flower versus spores and spore-bearing structures; Prigge
and Bezanilla, 2010). For example, specific transporters might be
needed for uptake of amino acids into moss sporophytes (Caussin
et al., 1983).

In contrast, subcluster 2B contains four proteins from rice
(OsAAP10A–10D) and one from S. moellendorffii. It is interesting

FIGURE 3 | Phylogenetic analysis of AAP proteins found in Arabidopsis

thaliana (At), Oryza sativa (Os), Medicago truncatula (Mt), Selaginella

moellendorffii (Sm), and Physcomitrella patens (Pp). Multiple protein
sequence alignment was done using CLUSTAL X (Thompson et al., 2007). A
maximum-likelihood tree was constructed using PhyML 3.0 (Guindon et al.,
2010). Numbers at the nodes indicate SH-like branch support (Shimodaira
and Hasegawa, 1999; Buckley et al., 2001). Values above 0.9 (in bold) show
significant phylogenetic support. Accession numbers of sequences (see
Table 1) are provided after the species transporter names. The clusters
(numbers) and subclusters (letters) are labeled.

that cluster 2 lacks eudicot representation, which indicates that
AAPs of this type were lost from eudicot genomes after divergence
from monocots. This also suggests that AAPs in cluster 2 represent
the earliest AAP sequences. No information is available concern-
ing the function of AAPs in cluster 2. However, the presence of
monocot AAPs indicates that an essential amino acid transport
activity, required for non-vascular and non-seed vascular plants,
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FIGURE 4 | Phylogenetic analysis of LHT proteins found in Arabidopsis

thaliana (At), Oryza sativa (Os), Medicago truncatula (Mt), Selaginella

moellendorffii (Sm), Physcomitrella patens (Pp), and Klebsormidium

flaccidum (Kf). Multiple protein sequence alignment was done using
CLUSTAL X (Thompson et al., 2007). A maximum-likelihood tree was

constructed using PhyML 3.0 (Guindon et al., 2010). Numbers at the nodes
indicate SH-like branch support (Shimodaira and Hasegawa, 1999; Buckley
et al., 2001). Values above 0.9 (in bold) show significant phylogenetic support.
Accession numbers of sequences (seeTable 2) are provided after the species
transporter names. The clusters are numbered.

was maintained in monocots and likely replaced in eudicots by
other AAPs or amino acid transporters in other families.

Cluster 3 contains only monocot and eudicot sequences. Sub-
cluster 3A includes Arabidopsis AtAAP3 and AtAAP5 and one
related rice protein (OsAAP3), as well as Arabidopsis AtAAP2 and
AtAAP4 and five legume/Medicago AAPs (MtAAP2A–2E). All of
the Arabidopsis AtAAPs in subcluster 3A appear to be involved in
loading of amino acids into the phloem. With the evolution of
vascular plants, two vascular tissues were established, the xylem
and the phloem. While the xylem functions in water and nutri-
ent transport from the root to the shoot, phloem is important
for long-distance transport of nutrients from source (e.g., mature
leaves or roots) to sinks such as developing roots, flowers and seeds.
In most herbaceous plants such as Arabidopsis, rice, or Medicago,
phloem loading follows the apoplasmic route, where nutrients are
loaded from the apoplast into the sieve element-companion cell
complex of the collection phloem (Rennie and Turgeon, 2009).
In addition, xylem to phloem amino acid transfer might occur

along the transport pathway from source to sink (Pate et al., 1975,
1977). These loading steps into the collection or transport phloem
require the activity of plasma membrane transporters.

In Arabidopsis, AtAAP3 function in the phloem seems to be
restricted to the root (Okumoto et al., 2004), while AtAAP5 prob-
ably functions in import of amino acids into the companion cells
(Brady et al., 2007; Zhang et al., 2008) of different organs including
roots and leaves (Fischer et al., 1995; Cartwright et al., 2009; see also
Tegeder and Rentsch, 2010). Preliminary results from the Tegeder
lab indicate that AtAAP4 also plays a role in leaf phloem loading
(Garneau and Tegeder, unpublished). AtAAP2 on the other hand is
essential for phloem loading along the transport path (Hirner et al.,
1998; Zhang et al., 2010). One rice and five Medicago proteins are
related to the Arabidopsis phloem loaders and we cautiously spec-
ulate that they are involved in amino acid import into the sieve ele-
ment/companion cells complex in legumes and monocot species.
This prediction however requires proof through cellular and sub-
cellular localization studies, and functional analysis in plants in
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future. Nevertheless, it receives some support from the fact that
other legume AAPs, specifically Phaseolus vulgaris PvAAP1 and
Pisum sativum PsAAP1, have also been localized to the phloem
and group within cluster 3A (Tegeder et al., 2007; Tan et al., 2008).

Cluster 3B only contains seven rice proteins (OAAP11A–11G);
eudicots are not represented. It is possible that this large group
of monocot AAPs all function in phloem loading of amino acids
in different tissues considering the similarity of subcluster 3B to
3A and the presence of only one rice AAP (and multiple eudicot
sequences) in 3A. Note that the placement of OsAAP3 in clus-
ter 3A only has weak phylogenetic support. Further, the lack of
Selaginella and Physcomitrella sequences in cluster 3B suggests that
AAPs developed independently in monocots, rather than the alter-
native, that AAPs of this group were lost in eudicots. None of the
currently known eudicot amino acid transporters including AAPs
from Arabidopsis (Figure 3), tomato (LeAAPs), potato (StAAPs),
pea (PsAAPs), faba bean (VfAAPs), canola (BnAAPs), and Rici-
nus (RcAAPs) falls into cluster 3B (see Tan et al., 2008), providing
further support for this hypothesis. Future research needs to deter-
mine if the monocot AAP proteins of cluster 3B differ in function
from eudicot AAP proteins.

Amino acid permeases in cluster 4 are also divided into two
subclusters. Cluster 4A holds three rice (OsAAP12A–12C) and
two Medicago AAPs (MtAAP12A and 12B) with unknown func-
tion. Subcluster 4B contains Arabidopsis AtAAP6 related proteins
and is branched into a group with AtAAP6 and two (duplicated)
Medicago proteins, a related single rice protein (OsAAP6), and
a group harboring Arabidopsis amino acid transporters AtAAP1
and AtAAP8. AtAAP6 is localized to the leaf xylem parenchyma
(Okumoto et al., 2002). Although not directly involved in phloem
loading, it is predicted to be important for xylem to phloem trans-
fer of amino acids in Arabidopsis (Okumoto et al., 2002; Hunt et al.,
2010),and the AAP6 relatives in legumes and monocots might have
similar functions. It is interesting that one group within cluster 4B
only contains two Arabidopsis transporters. It seems that Arabidop-
sis has gained two extra copies of AtAAP6: AtAAP1 and AtAAP8.
Both AtAAP1 and AtAAP8 proteins are involved in seed loading,
rather than phloem loading of amino acids (Schmidt et al., 2007;
Sanders et al., 2009), supporting that they are AAP6 paralogs. It
is tempting to hypothesize that monocot AAPs in group 4A func-
tion in seed loading as nothing is known to date concerning the
function of OsAAP12A, B, or C.

Nevertheless, it is important to point out that AAP expression is
generally not phloem or seed specific (see Ortiz-Lopez et al., 2000;
Rentsch et al., 2007; Tegeder and Rentsch, 2010). For example,
Arabidopsis AAPs (i.e., AtAAP1 and AtAAP5) are also expressed
in root epidermal and cortex cells suggesting that they fulfill addi-
tional functions in plants including amino acid uptake from the
soil (Lee et al., 2007; Svennerstam et al., 2008; Cartwright et al.,
2009). Further, the function of AAPs and other amino acid trans-
porters including LHTs seems to be influenced by the physiology
of the plant as nitrogen starvation and nitrate re-feeding affects
their expression patterns (Liu and Bush, 2006).

In angiosperm,analysis of the relatedness of the rice and legume
AAPs with Arabidopsis proteins might help with prediction of their
function. For example a placement of rice and/or Medicago pro-
teins with Arabidopsis AAP2, 3, 4, 5, and 6 might suggest a function

in phloem loading. Interestingly, rice lacks close relatives of AAP2
and AAP4, and Medicago has no AAP3 and AAP5 phloem load-
ers. Some of the duplicated Arabidopsis AAPs may be functionally
redundant. At least for AtAAP3 this appears to be the case, since
mutant analysis did not result in a functional phenotype (Oku-
moto et al., 2004). On the other hand, some of the evolved AAPs
in legumes (Medicago) and monocots seem not to be present in
Arabidopsis/non-legume dicots (see Figure 3, subcluster 2B, 3B,
and 4A) further supporting differences in AAP function among
angiosperms. This is also in agreement with the large variation
in the number of AAP proteins between Arabidopsis (8 proteins),
Medicago (11 proteins), and rice (19 proteins). For example mono-
cots might require additional or different amino acid transporters
than eudicots due to differences in morphology and physiology
between these distinct groups of seed plants. In legumes, addi-
tional AAP proteins might be needed for amino acid transport
processes related to N2 fixation and nodule function.

Taken together, AAPs are mainly found in euphyllophytes,
including monocots and eudicots/legumes, which is in agreement
with the main functions of AAPs in phloem and seed loading in
support of amino acid translocation from source to sink (seeds).
Non-vascular and non-seed vascular plants only have AAPs that
are more closely related to AAP7, a transporter that remains to be
characterized and might differ in function from the other AAPs.

LHTs EVOLVED PRIOR TO LAND PLANTS
Phylogenetic analysis revealed that LHTs are present in Charo-
phytes (Klebsormidium flaccidum, 1 protein), non-vascular land
plants (P. patens, 4 proteins), non-seed vascular plants (S. moel-
lendorffii, 5 proteins), and seed plants (A. thaliana, 10 proteins; O.
sativa, 6 proteins; M. truncatula, 13 proteins), demonstrating that
LHTs evolved before the occurrence of early land plants (Table 2).
The identified LHT proteins group into four clusters (Table 2;
Figure 4). Cluster 1 includes LHT proteins of euphyllophytes, clus-
ter 2 has five Selaginella and three Physcomitrella LHT proteins,
cluster 3 contains euphyllophyte sequences and one Physcomitrella
LHT and cluster 4 only contains one Klebsormidium protein.

Cluster 1 contains 8 of the 10 Arabidopsis AtLHTs, including
AtLHT1, 2, 3, 5, 6, 8, 9, and 10. It appears that a duplication event
has occurred in Arabidopsis and placement of the LHT proteins
suggests that AtLHT2 and AtLHT5, AtLHT1 and AtLHT10, and
AtLHT3 and AtLHT6, respectively are the result of such duplica-
tion. Relatives of AtLHTs are present in Medicago and 10 of the
13 MtLHTs are present in cluster 1. The presence of only four rice
LHT sequences in group 1 indicates that LHTs were not as exten-
sively duplicated in monocots as in eudicots. Recent studies have
shown that Arabidopsis LHT transporters of cluster 1 including
AtLHT1, 2, 4, 5, and 6 are expressed in male and female floral tis-
sue, such as anther tissue, tapetum, mature pollen, pollen tubes,
and pistil transmitting tissue (Hirner et al., 2006; Foster et al.,
2008; see also Tegeder and Rentsch, 2010), and it was suggested
that they might be essential for successful sexual plant reproduc-
tion. This is also in agreement with the observation that LHTs
of cluster 1 are only present in flowering plant species. However,
experimental proof for LHT function in reproduction is still miss-
ing, and AtLHTs of cluster 1 seem to have additional functions in
plants as they are expressed in other organs besides flowers (Hirner
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et al., 2006; see Arabidopsis eFP Browser, Winter et al., 2007). As
for example recently demonstrated for AtLHT1, the transporter
is important for amino acid uptake into root and mesophyll cells
(Hirner et al., 2006; Svennerstam et al., 2008). LHT8 and LHT9
proteins of cluster 1 form separate subgroups. One group includes
Arabidopsis AtLHT8 and an ortholog each in rice and Medicago,
and the second group contains Arabidopsis AtLHT9, rice OsLHT9,
and four closely related Medicago MtLHT9 transporters. Localiza-
tion of these transporters has not been resolved and similar to most
other LHTs, their physiological functions remain to be elucidated.

Cluster 2 includes three P. patens (PpLHT11A–C) and five S.
moellendorffii LHT11 proteins (SmLHT11A–E) but none from
Spermatophytes. LHT11 genes may have evolved independently
in Physcomitrella and Selaginella suggesting that in early land
plants these LHTs serve functions in cellular amino acid transport
processes that are not required in higher plants (see above). How-
ever, as in seed plants, Bryophytes and Lycophytes seem to need
both LHTs and AAPs for growth and development (Figures 1–4).

Cluster 3 contains LHT4 and LHT7 proteins from angiosperms
and Physcomitrella PpLHT4. Recent expression studies suggest
that Arabidopsis AtLHT4 and AtLHT7 might be involved in repro-
duction, specifically in anther and pollen development (Bock et al.,
2006; Foster et al., 2008). However, at least AtLHT4 has most cer-
tainly additional functions since it is also expressed in root and
stem (Winter et al., 2007). This might explain its phylogenetic
divergence from other LHTs and its placement with PpLHT4. In
early land plants, transporters may be critical for amino acid move-
ment over relatively short distances. As plants colonized dry land,
translocation of amino acids from source to sink cells occurred
probably by cell to cell transport (symplasmic) and between cells
(apoplasmic), especially in non-vascular mosses (Trachtenberg
and Zamski, 1978; Reinhart and Thomas, 1981). Uptake of the
apoplasmic amino acids required membrane proteins including
H+-coupled, high affinity LHT symporters, as indicated by the
phylogenetic analysis.

Cluster 4 only contains a LHT protein from green algae Kleb-
sormidium called KfLHT13, suggesting its evolutionary divergence
from LHTs of land plants and differences in function. While we
are not aware of amino acid transport studies in Charophytes,
research with Chlorophytes such a Chlamydomonas and Chlorella
spp. and marine microalgae demonstrate that in algae differ-
ent transport systems are present (Kirk and Kirk, 1978a; Cho
et al., 1981; Cho and Komor, 1985; Shehawy and Kleiner, 2001;
Kato et al., 2006; see also Flynn and Butler, 1986 and references
within). Although an LHT transporter was only found in Kleb-
sormidium, the screened charophyte sequences were obtained from
EST projects and we predict that LHTs are also present in other
charophytes besides Klebsormidium. Placement of KfLHT13 fur-
ther supports that LHTs have evolved before land plants and that
their function is important to green algae as well.

Gene function of lysine–histidine-like transporters was likely
important in ancestors of plants, as a gene is detected in a charo-
phyte, contributing to its high affinity and substrate selectivity for
neutral and acid amino acids. Localization and expression studies
of Arabidopsis AtLHTs suggest that, in addition to other func-
tions, LHTs have a major role in sexual plant reproduction in seed
plants. This also indicates a difference in LHT function between

angiosperms and non-seed/non-land plants. While LHT functions
still need to be demonstrated in planta, this is in agreement with
the phylogenetic analysis showing a grouping of angiosperm LHTs
while LHT proteins from non-vascular and non-seed plants, and
green algae are present in separate groups.

Based on the phylogeny, genes in the LHT family of land plants
likely arose from an ancestral gene similar to the charophyte LHT.
The ancestral gene diversified as plants colonized dry land, as seen
by the presence of multiple LHT in moss, a non-vascular plant. In
contrast, no algal genes encoding AAP transporters were detected
in our analysis of the Charophytes, but it may be too early to con-
clude whether genes belonging to the AAP family are present, as
the charophyte genome has not been sequenced completely. Algae
generally acquire amino acids from the environment for growth,
and some variation with respect of the kind and amount of amino
acids that are taken up has been observed between and within
species (Cho et al., 1981; Cho and Komor, 1983, 1985; Flynn and
Butler, 1986; Kato et al., 2006). In addition, leakage of amino acids
from the cells into the apoplast might occur and requires trans-
porters for retrieval. Physiological studies have demonstrated that
in algae active transport systems with varying specificity and affini-
ties (high and low) are present (Kirk and Kirk, 1978a,b; Sauer et al.,
1983; Cho and Komor, 1985; Shehawy and Kleiner, 2001; Kato
et al., 2006; see also Flynn and Butler, 1986), which might point
to the presence of both, LHT and AAP transporters, or additional
amino acid transporters in Charophyte algae.

CONCLUSION
Recent functional studies support that AAP and LHT proteins have
essential roles in transport of a broad range of amino acids in eudi-
cots (see Tegeder and Rentsch, 2010). Here, phylogenetic analysis
supports that AAPs, which generally present moderate and low
affinity systems for neutral and acidic amino acids, are important
to land plants with a main function in phloem loading and that
they are not required in red algae or green algae (Charophytes or
Chlorophytes). In contrast, LHTs are found in green algae, non-
seed plants and angiosperms suggesting the need for high affinity
amino acid transporters across the different organisms.

Both AAPs and LHTs were found in all land plants analyzed
consistent with essential and distinct functions for both trans-
porter families. To date, information on the role of AAP and LHT
transporters is almost exclusively based on studies in Arabidopsis
and in some cases in legumes, and suggests differences between
AAPs and LHTs in substrate selectivity, transport affinity and cel-
lular function (see Rentsch et al., 2007; Tegeder and Rentsch, 2010;
see also above). However, phylogenetic analyses indicates that
function of some AAP and LHT transporters diverged in mono-
cots, non-seed vascular plants, non-vascular plants and green
algae, and future studies need to address the role of the amino
acid transporters across land plants and in green algae.

MATERIALS AND METHODS
IDENTIFICATION AND ANNOTATION OF AAP AND LHT PROTEINS
Genome sequences are available for Arabidopsis thaliana, rice
(Oryza sativa), Medicago truncatula, Selaginella moellendorffii,
Physcomitrella patens, Chlamydomonas reinhardtii, and Volvox
carterii. AAP and LHT sequences were selected from rice, M.
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truncatula, S. moellendorffii, and P. patens predicted protein
sequences using BLAST searches with known Arabidopsis AAP
and LHT transporters (see Tables 1 and 2) on the Phytozome
website2. The same database was searched for AAP and LHT pro-
tein sequences from the Chlorophytes C. reinhardtii and V. carterii.
Dr. Charles F. Delwiche and Dr. James Thierer, University of Mary-
land provided support by screening their EST (Expressed Sequence
Tag) databases for AAP and LHT relatives in charophytes,
specifically in Penium marinum, Spirogyra praetensis, Coleochaete
sp., and Chaetosphaeridium globosum, Mesostigma viride, Nitella
hyalina, Klebsormidium flaccidum, Chlorokybus atmosphyticus3.
In addition, the genome (protein) sequences of the red algae
Galdieria sulfuraria available through http://genomics.msu.edu/
cgi-bin/galdieria/blast.cgi (Barbier et al., 2005) and Cyani-
dioschyzon merolae at http://merolae.biol.s.u-tokyo.ac.jp/and were
searched for the presence of AAPs and LHTs.

SEQUENCE ALIGNMENTS AND PHYLOGENETIC ANALYSIS
Multiple protein sequence alignments were generated with Clustal
X (Thompson et al., 2007) and, for comparison, with MUSCLE
(Edgar, 2004). Phylogenetic analysis was performed through the
iPlant Collaborative website4. Maximum-likelihood analysis was
done using PhyML 3.0 (Guindon and Gascuel, 2003; Guindon
et al., 2010) and statistical analysis of phylogenetic trees was
performed using a Shimodaira–Hasegawa-like test (SH-like test;

2http://phytozome.net
3http://www.clfs.umd.edu/labs/delwiche/Charophyte.html
4http://www.iplantcollaborative.org/

Shimodaira and Hasegawa, 1999; Buckley et al., 2001). The values
for SH-like branch support are presented at the nodes on the trees.
Values above 0.9 show significant phylogenetic support. Trees were
visualized using the FigTree program5

NAMING OF AAP AND LHT TRANSPORTERS
The identified AAP and LHT sequences were named based on clus-
tering with Arabidopsis AtAAP and AtLHT protein sequences. In
Arabidopsis 8 AAP (AtAAP1–8) and 10 LHT (AtLHT1–10) trans-
porters have been previously identified (see Rentsch et al., 2007).
Phylogenetic grouping was used to name the transporters from
other species. In cases where more than one Arabidopsis rela-
tive was found from a given species, letter labeling was chosen in
addition. For example, three rice relatives of AtAAP7 were named
OsAAP7A, 7B, and 7C. Transporters that did not group with Ara-
bidopsis proteins were given numbers not found for the Arabidopsis
transporters such as AAP9 or LHT11.
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For the past decade, our understanding of the plant purine uptake permease (PUP)
transporter family was primarily oriented on purine nucleobase substrates and their
tissue-specific expression patterns in Arabidopsis. However, a tobacco PUP-like homolog
demonstrating nicotine uptake permease activity was recently shown to affect both nico-
tine metabolism and root cell growth.These new findings expand the physiological role for
PUP-like transporters to include plant secondary metabolism. Molecular evolution anal-
yses of PUP-like transporters indicate they are distinct group within an ancient super
family of drug and metabolite transporters (DMTs). The PUP-like family originated dur-
ing terrestrial plant evolution sometime between the bryophytes and the lycophytes. A
phylogenetic analysis indicates that the PUP-like transporters were likely derived from a
pre-existing nucleotide-sugar transporter family within the DMT super family. Within the
lycophyte Selaginella, there are three paralogous groups of PUP-like transporters. One of
the three PUP-like paralogous groups showed an extensive pattern of gene duplication and
diversification within the angiosperm lineage, whereas the more ancestral PUP-like paralo-
gous groups did not. Biochemical characterization of four closely related PUP-like paralogs
together with model-based phylogenetic analyses indicate both subfunctionalization and
neofunctionalization during the molecular evolution of angiosperm PUP-like transporters.
These findings suggest that members of the PUP-like family of DMT transporters are likely
involved in diverse primary and secondary plant metabolic pathways.

Keywords: adenine, alkaloid, evolution, nicotine, transport

INTRODUCTION
The purpose of this mini review is to integrate recent molecu-
lar and phylogenetic findings about a tobacco nicotine uptake
permease (NUP) with prior knowledge about the closely related
plant-specific purine uptake permease (PUP) transporter fam-
ily. The founding member of the PUP-like transporter family
was Arabidopsis thaliana PUP1 (AtPUP1) that was identified
in a cDNA complementation screen of a yeast adenine uptake
mutant (Gillissen et al., 2000). Yeast expressing the AtPUP1 cDNA
show high affinity adenine uptake activity that is abrogated by
protonophore-inhibitors, indicating a proton-facilitated substrate
symport mechanism. This adenine uptake activity is also effi-
ciently competed by structurally-related purine ring-containing
cytokinins and caffeine. Nicotine also reduces AtPUP1-mediated
adenine uptake rates, though considerably less efficiently than the
above purine compounds.

In Arabidopsis, the PUP-like genes comprise a moderate size
gene family. There are 21 PUP-like genes in Arabidopsis, including
one pseudogene. PUP-like transporters typically have 10 predicted
transmembrane spanning domains. To date, only three Arabidop-
sis PUP-like genes have been the focus of detailed studies into
expression profiles and substrate specificity (Gillissen et al., 2000;
Burkle et al., 2003). This limited characterization of the Ara-
bidopsis PUP-like transporter family nevertheless demonstrates
evolutionary patterns of both subfunctionalization and neofunc-
tionalization. In a parsimony phylogenetic analysis comprised

of only Arabidopsis PUP-like proteins, AtPUP1 and AtPUP2
showed closest sequence identity (64%) and phylogenetic associ-
ation to each other, than to any other AtPUP transporter. Both
AtPUP1 and AtPUP2 transport adenine and cytokinins, albeit
with different kinetics. AtPUP1 gene expression localizes to leaf
hydathode tissue (specifically epithem cells) and the stigmatic
surface, whereas AtPUP2 localizes to vascular tissue, specifically
to the phloem. Therefore, AtPUP1 and AtPUP2 have diversi-
fied in terms of tissue specificity, but not in terms of ligand
specificity. Thus, AtPUP1 and AtPUP2 display a pattern of sub-
functionalization (Force et al., 1999). In contrast, AtPUP3 is
more distantly related to AtPUP1 (29% protein identity) and
AtPUP3 gene expression is restricted to pollen. Heterologously
expressed recombinant AtPUP3 does not transport adenine dur-
ing the same conditions as AtPUP1 and AtPUP2. AtPUP3 is
presumed to transport another, as yet to be determined, sub-
strate into pollen cells. Thus, in terms of both cell type-specific
expression and substrate recognition, AtPUP3 exhibits patterns
of neofunctionalization relative to AtPUP1 and AtPUP2. AtPUP1
is presumed to be involved in purine and/or cytokinin uptake
during leaf guttation and at the stigma, whereas AtPUP2 is pos-
tulated to be involved with uptake of these substrates into the
phloem. These predicted physiological roles await confirmation
using plants with altered AtPUP1 or AtPUP2 expression levels.
Given these patterns of both subfunctionalization and neofunc-
tionalization, together with the relatively low degree of sequenced

www.frontiersin.org May 2012 | Volume 3 | Article 78 | 95

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00078/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JohnJelesko&UID=28393
mailto:jelesko@vt.edu
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-03-00078” — 2012/5/9 — 22:12 — page 2 — #2

Jelesko PUP-like transports

identity between these Arabidopsis transporters, ranging from 16%
to 64% identity, it is likely that other PUP-like transporters recog-
nize different substrates involved in either primary or secondary
metabolism.

A PUP-LIKE TRANSPORTER NUP1 AFFECTS PYRIDINE
ALKALOID METABOLISM AND PHYSIOLOGY
The physiological impact of PUP-like transporters was recently
expanded to include plant secondary metabolism. Transcriptional
profiling of a tobacco mutant affecting total alkaloid accumulation
levels and nicotine biosynthetic gene expression levels identified
transcripts in roots that are coordinately regulated with several
nicotine biosynthetic genes (Kidd et al., 2006). One such cDNA
fragment encodes a predicted peptide with 56% identity and 67%
similarity to AtPUP1. The corresponding full-length Nicotiana
tabacum cDNA encodes a protein with nicotine uptake perme-
ase activity, called NUP1 (Hildreth et al., 2011). In contrast to
AtPUP1, NUP1-mediated nicotine uptake activity is not efficiently
competed by either purines or cytokinins, neither it is inhibited
by closely-related pyridine alkaloids nor less-related tropane alka-
loids. Therefore, NUP1 shows a high degree of substrate specificity
for nicotine and is not an ortholog of AtPUP1. A NUP1–GFP
fusion localizes primarily to the tobacco plasma membrane, sug-
gesting NUP1 transports apoplastic nicotine into the cytoplasm.
Steady state NUP1 mRNA levels accumulate to highest levels
at root tips, where nicotine biosynthesis is localized (Dawson,
1942a,b; Baldwin, 1988).

The association of NUP1 with nicotine metabolism was con-
firmed using tobacco lines with reduced steady state NUP1 mRNA
levels. Transgenic NUP1-RNAi tobacco plants have reduced foliar
nicotine levels (Hildreth et al., 2011). However, the lower foliar
nicotine accumulation levels are not due to altered nicotine trans-
port from roots to shoots per se, because NUP1-RNAi plants
are not compromised in their ability to proportionally transport
exogenous nicotine fed to roots into leaves. Rather, less foliar nico-
tine is correlated with lower nicotine levels in the roots. During
non-induced conditions NUP1-RNAi hairy root lines have lower
nicotine levels in the hairy roots. Thus, reduced NUP1 transcript
levels correlate with significant reductions in nicotine accumula-
tion levels in leaves, roots, and hairy roots. During non-inducing
culture conditions the NUP1-RNAi hairy root cultures showed
significantly more nicotine accumulation in the spent culture
media, compared to wild type. It was not determined whether the
increased nicotine in the culture media of NUP1-RNAi lines was
due to nicotine released from the open xylem vessels at the ends of
the hairy roots, nicotine release from the root epidermis, or dimin-
ished nicotine re-uptake from the rhizosphere. While there were
consistent patterns of decreased nicotine accumulation levels in
NUP1-RNAi roots, during several conditions examined there was
an overall poor correlation of reduced nicotine levels with cor-
responding reductions the steady state transcript levels of several
essential nicotine biosynthetic genes. Thus, while NUP1 expres-
sion levels clearly affect overall nicotine metabolism, the molecular
mechanism by which NUP1 affects nicotine accumulation levels
is currently poorly understood.

Nicotine biosynthesis is one of a few plant specialized metabolic
pathways that are integrated with ongoing root growth. On one

hand, root growth is essential for net nicotine accumulation
levels (Solt, 1957; Baldwin, 1988). On the other hand, tobacco
roots are not immune to the toxic effects of either exoge-
nous nicotine treatment (Baldwin and Callahan, 1993; Baldwin
and Ohnmeiss, 1994; Shoji et al., 2009) or the stimulation of
endogenous nicotine biosynthesis (Hildreth et al., 2011). Both
conditions result in reduced wild type root growth. This indi-
cates there are complex interactions between root growth and
nicotine metabolism/accumulation that could have homeostatic
properties. Another interesting phenotype of NUP1-RNAi lines
is they exhibit increased seedling root elongation rates during
both control conditions and several treatments that increase over-
all nicotine accumulation levels. This latter result highlights the
current lack of knowledge in the field about the molecular mech-
anisms of how nicotine accumulation levels are coordinated with
root growth. Therefore, it is noteworthy that NUP1 is the first
molecular component demonstrated to affect both root growth
and nicotine metabolism.

NUP1 may also have implications in nicotine physiology far
beyond the root tip. Whole plant nicotine levels are held at allo-
metric set points relative to total nicotine-free plant biomass
(Ohnmeiss and Baldwin, 1994; Baldwin and Karb, 1995). How
allometric control of whole plant nicotine levels is enforced, when
the site of nicotine biosynthesis is restricted to growing root tips
yet most nicotine is unequally distributed throughout the plant, is
currently an enigma. Clearly, simple models of metabolic control
based upon homeostatic apoplastic nicotine levels cannot account
for the observed whole plant nicotine allometry. Perhaps allomet-
ric control of nicotine biosynthesis is enforced by the integration
of nicotine biosynthesis with root tip growth. An appealing aspect
of this model for whole plant nicotine allometric control is that
growing root tips are a classic sink tissue whose growth is a func-
tion of shoot primary productivity that in turn is scaled to shoot
biomass. If this is the case, NUP1 has several properties that
make it a good candidate for participation in whole plant nico-
tine allometric set points. NUP1 presumably transports apoplastic
nicotine into cells near the root tip, reduced NUP1 expression
levels results in reduced root nicotine accumulation levels, and
concomitant increased root elongation rates. The remainder of
this article will focus on the molecular evolution of the PUP-like
transporter family.

PUP-LIKE TRANSPORTERS ORIGINATED EARLY DURING
TERRESTRIAL PLANT EVOLUTION, POSSIBLY FROM A
DMT UDP-SUGAR TRANSPORTER FAMILY
Two previous molecular evolution studies indicated that PUP-like
homologs were restricted to plant taxa (Gillissen et al., 2000; Hil-
dreth et al., 2011). Another study, based upon reciprocal BLASTP
searches, assigned the PUP transporters to an ancient drug and
metabolite transporter (DMT) super family (Jack et al., 2001).
The plant PUP-like transporters comprise a distinct family within
the DMT super family named the plant organocation perme-
ase (POP) family and were given the transporter classification
(TC) code designation 2.A.7.14. A NUP1 BLAST query on the
NCBI Conserved Domain Database (CDD) identified a conserved
pfam 03151 domain (BLASTP expectation value = 7.1 e−28).
On CDD the pfam 03151 domain is associated with the EamA
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super family, citing Jack et al. (2001) as the primary reference for
the EamA super family, despite the said article does not use the
EamA nomenclature. This highlights the considerable diversity
in nomenclature associated with PUP-like transporters, both in
the literature and promulgated in electronic databases. Hence-
forth, this mini review will use both the International Union of
Biochemistry and Molecular Biology-approved TC coding (Jack
et al., 2001; Saier Jr. et al., 2009) and the PUP terminology to
discuss the molecular evolution of the PUP/2.A.7.14 family of
transporters.

Published PUP and NUP similarity searches and phyloge-
nies are consistent with the PUP/2.A.7.14 family originating
in terrestrial plants after the bryophytes (Gillissen et al., 2000;
Hildreth et al., 2011). However, it is improbable that a pro-
genitor PUP/2.A.7.14 transporter formed entirely de novo in
plants. Rather, it is more likely that it was derived from a
different DMT family pre-existing in the plantae. Jack et al.
(2001) used the program GAP (Devereux et al., 1984) to assign
binary affinity of PUP/2.A.7.14 family to the DMT 2.A.7.3
family of prokaryotic DMT transporters. This binary associ-
ation barely met the minimum GAP score SD value cutoff
of 9, and this purported association has not been indepen-
dently corroborated by phylogenetic analyses. Since a BLASTP
e-value cutoff of e−4 identified only plant PUP/2.A.7.14 homologs
(Hildreth et al., 2011), a new PUP/2.A.7.14 phylogenetic anal-
ysis was performed that used the transitive nature of pro-
tein homology sensu stricto to identify distantly related DMT
homologs. Briefly, three PUP-like homologs representing three
well-supported clades in Selaginella were used as queries in the
SSEARCH program on a local NCBI RefSeq database. Pro-
teins returned by at least two searches established homology,
regardless of expectation value. A total of 185 proteins meet-
ing this criterion were aligned and subjected to four inde-
pendent Bayesian runs. The resulting joint Bayesian phylogeny
is displayed in Figure 1. Again, no PUP/2.A.7.14 homologs
were identified in bryophyte or algal taxa, further supporting
the hypothesis that the PUP/2.A.7.14 family originated dur-
ing terrestrial plant evolution. Plant PUP/2.A.7.14 transporters
formed a well-supported monophyletic group (posterior proba-
bility equal to 1.0). Because this phylogeny contained eukaryotic
taxa other than plants, it effectively rooted the monophyletic
PUP/2.A.7.14 clade and established PUP/2.A.7.14 paralogous rela-
tionships within the plantae. The most basal plant PUP/2.A.7.14
clade included both Selaginella and angiosperm homologs and
may represent the earliest PUP/2.A.7.14 orthologous group.
The large PUP/2.A.7.14 clade was rooted within a tritomy of
other eukaryotic DMT transporters, which precludes establishing
the relative branch order. Nevertheless, 78% of these eukary-
otic DMT transporters were most similar to 2.A.7.12 family
members that are presumed to transport nucleotide–sugar con-
jugates. The next more basal eukaryotic clade was likewise
comprised of 2.A.7.12 family members and it also defined the
bacteria – eukaryotic split with strong Bayesian support. Eighty-
six percent of the prokaryotic DMT transporters belonged to
the 2.A.7.3 family. This is the same family identified in the
binary association analysis reported in the initial characteriza-
tion of the DMT super family (Jack et al., 2001). Given the

abundance of 2.A.7.12 family members in both the basal and
sister groups to the monophyletic plant PUP/2.A.7.14 trans-
porters, it is likely that the PUP/2.A.7.14 family arose from
a pre-existing 2.A.7.12 family of nucleotide-sugar transporters
sometime after the bryophytes, and was well established by the
lycophytes.

There is asymmetry in the pattern of PUP/2.A.7.14 trans-
porter evolution within the plantae. Of the three paralogous
PUP/2.A.7.14 groups in Selaginella: one group is restricted only
to Selaginella, one group has just one or two homologs in
diverse taxa, whereas the third paralogous group comprises a
sister group to an extensive pattern of gene duplication dur-
ing angiosperm evolution. The widespread diversification of the
PUP/2.A.7.14 gene family in the angiosperms likely promoted
increased complexity in both plant development and plant chem-
ical diversity. It follows that the phylogenetically more derived
homologs may be involved with correspondingly more derived
plant traits/characters. Consistent with this idea, the phyloge-
netically more derived AtPUP1, AtPUP2, APUP3 transporters
show a pattern of subfunctionalization with respect to their
restricted cell-type expression patterns in Arabidopsis, whereas
AtPUP3 also shows neofunctionalization in substrate specificity.
Similarly, tobacco NUP1 shows neofunctionalization with respect
to both tissue localization and substrate specificity. These evo-
lutionary patterns suggests that PUP/2.A.7.14 transporters were
important for the evolution of highly specialized plant tis-
sue/cell types. Assuming the patterns of subfunctionalization
and neofunctionalization observed with these four characterized
PUP/2.A.7.14 members are typical for this transporter family, then
the other phylogenetically highly-derived PUP/2.A.7.14 family
members shown in Figure 1 are expected to show consider-
able diversity in both tissue-specific expression and/or ligand
specificity/selectivity.

The discovery that NUP1 affects pyridine alkaloid metabolism
has implications for other plant alkaloid biosynthetic path-
ways. Both tropane and monoterpenoid indole alkaloid (MIA)
biosynthetic pathways are cell non-autonomous processes, in
which specific biosynthetic enzymes are expressed in non-
adjacent specialized cell types (reviewed in Ziegler and Fac-
chini, 2008). This means that alkaloid intermediates must be
transported both out of and into dispersed cells. Despite the
recognized importance of these inferred transport processes
during tropane and MIA biosynthesis, specific transporters
mediating these processes are a conspicuous gap in current
knowledge. While it is currently uncertain if nicotine biosyn-
thesis is a cell autonomous process, NUP1 nevertheless provides
an important precedent that a member of the PUP/2.A.7.14
transporter family can impact the metabolism of at least one
plant alkaloid. This may have important implications for the
biosynthesis other plant alkaloids for which intercellular trans-
port of alkaloid intermediates is believed to be an essential
process.

OUTLOOK FOR PUP-LIKE TRANSPORTER RESEARCH
The discovery that NUP1 is involved in secondary metabolism
significantly broadens the scope of the under-investigated
PUP/2.A.7.14 family of DMT transporters. The molecular
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FIGURE 1 | Plant PUP-like transporters are closely related to the DMT

2.A.7.12 family of nucleotide-sugar transporters. Bayesian phylogram of
DMT homologs related to the PUP/2.A.7.14 family. Taxonomic coding was as
follows: black, bacteria; pink, archaea; red, diverse eukaryota; green, plantae;
and blue, fungi. Orange indicates three Selaginella homolog queries used in
SSEARCH. Arabidopsis and tobacco PUP-like transporters were labeled by
their published protein names, whereas other PUP-like homologs were
identified by a three letter abbreviated Genus_species_serial
number|GenBank accession|TC code. TC codes were assigned to each
transporter based upon the TC code of the optimal BLASTP homolog
identified at http://www.tcdb.org. Biochemically characterized PUP-like
transporters were highlighted in gray. The tree was rooted on the node
separating prokaryotes from eukaryotes. Methods: Homology
was defined by three Selaginella query sequences (orange) using
SSEARCH (Pearson, 1996) with the BLOSUM 50 matrix on a local copy

of the NCBI RefSeq database. Proteins identified in any two of the three
queries defined homology sensu stricto. These were combined into a
non-redundant dataset that was aligned using MAFFT (Katoh et al., 2005)
and analyzed using MrBayes ver. 3.1.2 (Ronquist and Huelsenbeck, 2003)
implementing a LG + G + F model (determined by ProtTest; Darriba et al.,
2011) with four independent runs each with eight heated chains (temp 0.1)
for 10 million generations, and a 2.5 million generation burn-in.
Convergence diagnostics were evaluated using Tracer (Rambaut and
Drummond, 2003). Skyline plots of all parameters showed stable distributions
of posterior parameter estimates. The effective sample sizes (ESS) of the
LnL values ranged from 837 to 948, and the ESS values for the TL
parameter ranged from 450 to 626. Therefore, the four runs did not show
evidence of non-convergence, so a joint analysis was performed. The
resulting consensus tree was displayed and annotated using Figtree
(Rambaut, 2009).

Frontiers in Plant Science | Plant Physiology May 2012 | Volume 3 | Article 78 | 98

http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-03-00078” — 2012/5/9 — 22:12 — page 5 — #5

Jelesko PUP-like transports

evolution of the PUP/2.A.7.14 family in angiosperms com-
bined with the narrow substrate specificity/selectivity profiles
of the few biochemically characterized homologs support the
hypothesis that other PUP-like transporters are likely involved
in other highly specialized metabolic pathways. Characteriza-
tion of additional PUP/2.A.7.14 homologs will be required to
determine if this hypothesis is well-supported or not. Toward
that end, there are many PUP/2.A.7.14 transporters that await
investigation.
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Auxin is a key regulator of plant development and its differential distribution in plant tissues,
established by a polar cell to cell transport, can trigger a wide range of developmental
processes. A few members of the two families of auxin efflux transport proteins, PIN-
formed (PIN) and P-glycoprotein (ABCB/PGP), have so far been characterized in maize. Nine
new Zea mays auxin efflux carriers PIN family members and two maize PIN-like genes have
now been identified. Four members of PIN1 (named ZmPIN1a–d ) cluster, one gene homol-
ogous to AtPIN2 (ZmPIN2), three orthologs of PIN5 (ZmPIN5a–c), one gene paired with
AtPIN8 (ZmPIN8 ), and three monocot-specific PINs (ZmPIN9, ZmPIN10a, and ZmPIN10b)
were cloned and the phylogenetic relationships between early-land plants, monocots, and
eudicots PIN proteins investigated, including the new maize PIN proteins. Tissue-specific
expression patterns of the 12 maize PIN genes, 2 PIN-like genes and ZmABCB1, an ABCB
auxin efflux carrier, were analyzed together with protein localization and auxin accumulation
patterns in normal conditions and in response to drug applications. ZmPIN gene transcripts
have overlapping expression domains in the root apex, during male and female inflores-
cence differentiation and kernel development. However, some PIN family members have
specific tissue localization: ZmPIN1d transcript marks the L1 layer of the shoot apical meris-
tem and inflorescence meristem during the flowering transition and the monocot-specific
ZmPIN9 is expressed in the root endodermis and pericycle. The phylogenetic and gene
structure analyses together with the expression pattern of the ZmPIN gene family indicate
that subfunctionalization of some maize PINs can be associated to the differentiation and
development of monocot-specific organs and tissues and might have occurred after the
divergence between dicots and monocots.

Keywords: PIN-formed, auxin efflux carriers, kernel development, inflorescences, monocots, polar auxin transport,

Zea mays

INTRODUCTION
Auxin is a key regulator of plant development: its differential dis-
tribution in plant tissues, established by a polar transport (polar
auxin transport, PAT) in response to internal and external stimuli
can trigger a wide range of developmental processes, such as organ
initiation at the shoot apex (Reinhardt et al., 2000, 2003; Benkova
et al., 2003; Heisler et al., 2005), leaf venation (Scarpella et al., 2006,
2010), apical dominance (Leyser, 2005), tropisms (Blakeslee et al.,
2004; Kimura and Kagawa, 2006; Palme et al., 2006), embryo axis
formation (Friml et al., 2003; Weijers et al., 2005; De Smet and
Jurgens, 2007), root architecture (Blilou et al., 2005; Dubrovsky
et al., 2008), and fruit ripening (Ellis et al., 2005). Both meta-
bolic changes and transport of auxin have been demonstrated
to play a major role in plant organogenesis and differentiation
(Petrasek and Friml, 2009). Auxin is synthesized in many plant
tissues throughout several different pathways (Normanly, 2010;
Zhao, 2010) and subjected to long-range transport via the vascu-
lar system by mass flow. Together with this long-range transport a
cell to cell transport is present in the tissues, which covers both
long and short distance and is mostly polar according to the
chemiostatic theory (reviewed in Zazimalova et al., 2010). Several
experimental evidences indicate that the control of auxin trans-
port by carrier proteins is fundamental to patterning processes
involving auxin (reviewed in Petrasek and Friml, 2009). Three

main types of membrane auxin transporters have been character-
ized in vascular plants and are responsible for cell to cell auxin
movement: the auxin permease 1 (AUX1)/LAX influx carriers
(reviewed in Kerr and Bennett, 2007), the ATP-BINDING cassette
subfamily B [ABCB; previously known as multidrug resistance
(MDR)/Phosphoglycoprotein (PGP)] transporters (reviewed by
Geisler and Murphy, 2006; Verrier et al., 2008; Yang and Mur-
phy, 2009) and the PIN-formed (PIN) efflux carriers (reviewed
by Tanaka et al., 2006; Vieten et al., 2007; Zazimalova et al., 2007;
Krecek et al., 2009; Petrasek and Friml, 2009).

The two families of auxin efflux carriers are characterized by
specific features. ABC is one of the largest and most ubiquitous
of the transporter families and its ATP-driven transport is asso-
ciated with the movements of a wide variety of small molecules,
nutrients, and xenobiotics (Verrier et al., 2008). A small group
of the ABCB subclass of ABC transporters, comprising ABCB1
and ABCB19 in Arabidopsis thaliana (Blakeslee et al., 2005), func-
tion in long-distance auxin transport and localized loading of
auxin into the transport system across plant species, while they
do not appear to be involved in setting vectorial auxin flows that
control organogenesis (reviewed in Titapiwatanakun and Mur-
phy, 2008). The best characterized ABCB auxin transporters in
A. thaliana, ABCB1, ABCB4, and ABCB19, have a stable and
non-polar plasma membrane localization in the cell. Particularly,
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Arabidopsis ABCB1/PGP1 has been shown to function in exporting
IAA from shoot and root meristematic cells into the long-distance
polar auxin stream, and its homologs in maize Brachytic2 (BR2)
and sorghum Dwarf3 (DW3) have also been characterized (Mul-
tani et al., 2003; Knoller et al., 2010; McLamore et al., 2010).
Mutations in BR2 and DW3 genes determine several plant defects,
such as altered seedling auxin transport, altered vasculature of the
stalk, and reduced stalk height due to shortened lower internodes
(Multani et al., 2003; Pilu et al., 2007), confirming the ABCB role
in long-range auxin transport. BR2 is also expressed in epidermal
and hypodermal tissues at the root apex, where it is involved on
shootward auxin transport from the apex to the elongation zone
(McLamore et al., 2010). Although some differences exist between
Arabidopsis abcb1 and maize br2 phenotypes and these differences
are likely to reflect differences in developmental patterns, a com-
bination of phylogenetic, phenotypic, and physiological analyses
recently showed that ABCB1/BR2 function is conserved between
dicots and monocots (Knoller et al., 2010).

The plant specific PIN family of efflux carriers comprises inte-
gral membrane proteins (belonging to the “mem_trans” group of
the PFAM database) and has been associated to PAT (Petrasek
et al., 2006; Zazimalova et al., 2007; Krecek et al., 2009; Yang
and Murphy, 2009). In A. thaliana there are eight PIN genes
(AtPIN1–AtPIN8) codifying for proteins that differ in the length
of hydrophilic loop in the middle of their polypeptide chain (Kre-
cek et al., 2009; Zazimalova et al., 2010; Peer et al., 2011). The long
PIN proteins of Arabidopsis (PIN1–4 and 7) show mostly PM-
localization and their polar localization determines the direction
of auxin flux. PIN-mediated PAT regulates many differentiation
and developmental processes that have been extensively character-
ized. Furthermore, long AtPINs do not reside statically in plasma
membrane but constitutively cycle between the PM and endo-
somal compartments and their re-location can be triggered by
environmental stimuli (Friml, 2010; Richter et al., 2010). Three
PIN proteins of A. thaliana, namely PIN5, 6, and 8, have a shorter
central hydrophilic domain and both PIN5 and PIN8, in which
this domain is particularly short, have been shown to localize in
endoplasmic reticulum, suggesting a possible role in regulating
intracellular auxin homeostasis (Mravec et al., 2009; Wabnik et al.,
2011). The classification of AtPIN6 in long or short PINs is rather
more controversial since the hydrophilic loop is only partially
reduced while the transmembrane regions show high sequence
similarity with long PINs (Krecek et al., 2009; Mravec et al., 2009).
In addition to the eight AtPIN proteins, the Arabidopsis genome
encodes for seven further PIN-like genes. Phylogenetic analysis
revealed that the two families form distinct clusters and the role of
these PIN-like proteins has not yet been demonstrated (Paponov
et al., 2005).

Many homologous PIN genes were cloned in monocot species
and some members of the rice (Oryza sativa; Xu et al., 2005;
Wang et al., 2009) and maize (Zea mays; Carraro et al., 2006;
Forestan et al., 2010; Forestan and Varotto, in press) families
have been characterized. Both specific features and homologies
between monocots and Arabidopsis (a eudicot) PIN families have
been shown. Monocot-specific features comprise both sequence
clustering in phylogenetic analyses and expression pattern at tran-
script and protein level. In rice, the sequence analysis of the 12

PIN genes present in the genome showed that rice has four PIN1
genes and one OsPIN2, while no OsPIN protein was grouped into
the AtPIN3, AtPIN4, AtPIN7 cluster. Four OsPIN genes encode for
rice PIN proteins with a short central hydrophilic domain: three
OsPIN5 and one OsPIN8. Furthermore, three OsPIN proteins
appear monocot-specific: OsPIN9, OsPIN10a, and OsPIN10b.
OsPIN9 has a central hydrophilic domain intermediate in length
between long and short PINs of Arabidopsis and its expression
analysis at transcription level suggests a possible function in adven-
titious root differentiation. OsPIN10a and OsPIN10b have a long
central hydrophilic domain and based on their expression pat-
tern they could be involved in rice tillering (Wang et al., 2009).
Until now, three PIN1 genes were identified in maize (ZmPIN1a,
ZmPIN1b, and ZmPIN1c) and their transcript and protein local-
ized in different tissues (Carraro et al., 2006; Forestan et al., 2010).
Using an antibody raised against the AtPIN1 protein, ZmPIN1
proteins were shown to localize in both a polar and apolar way
in the cell plasma membrane in some tissues or to accumulate
in the endomembranes inside the cell in a specialized tissue of
the endosperm (Forestan and Varotto, 2010; Forestan et al., 2010).
Finally, 11 genes belonging to the PIN family have been identified
in Sorghum bicolor, confirming that also in this monocot species
at least three members of the family are grouped in the AtPIN1
cluster and another three in AtPIN5 cluster (Shen et al., 2010).

In this work we report the identification and characterization
of nine new Z. mays PIN family members and two maize PIN-like
genes. The phylogenetic and gene structure analyses together with
the expression pattern of the members of PIN gene family indicate
that subfunctionalization of some maize PINs can be associated to
the differentiation and development of specific monocot organs
and tissues and might have occurred after the divergence between
dicots and monocots.

MATERIALS AND METHODS
MAIZE AUXIN EFFLUX CARRIERS IDENTIFICATION AND SEQUENCE
ANALYSIS
The B73 maize genome sequence has recently been completed and
published (Schnable et al., 2009), and annotated CDS and filtered
protein have also become available (release 5b.60). Two genome
browsers are available at MaizeGDB1 and MaizeSequence2 web-
sites. Putative maize auxin efflux carriers were initially identified
by Blast searches against the reference genome using A. thaliana
and O. sativa PIN transcript and protein sequences as queries (see
Table S1 in Supplementary Material, for accession numbers of all
the sequences used in this study). Following this approach, we
retrieved the sequences of nine new maize PIN-related genes with
their relative annotations (see Table S1 in Supplementary Material,
for accessions). Additional Blast searches were performed to iden-
tify genomic survey sequences (GSSs), transcripts, and transcript
assemblies (TAs) from PlantGDB3, from J. Craig Venter Institute4,
from NCBI5, and from DFCI/TIGR database6. A large amount

1www.maizegdb.org
2www.maizesequence.org
3http://www.plantgdb.org/cgi-bin/blast/PlantGDBblast
4http://blast.jcvi.org/tgi_maize/index.cgi
5www.ncbi.nlm.nih.gov
6http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb = maize
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of genomic and expressed sequences was retrieved and univo-
cally assigned to each corresponding primary identified sequence
by alignment and consensus generation using ClustalX (Thomp-
son et al., 2002), Geneious, and Lasergene DNAStar tools. In
addition, GeneSeqer software7 was used to assign each TA to
its corresponding genomic sequence and indirectly validate the
splicing models of genome sequencing derived sequences. Redun-
dant sequences were immediately discarded, while three PlantGDB
GSSs without matching sequences in the genome database were
further analyzed (AZM5_3988,AZM5_105354, and ZmGSStuc11-
12-04.463.1). Two of these GSS (AZM5_105354 and AZM5_3988)
resulted partial: the first corresponding to the 5′ end and the
other to the 3′ end of a putative maize PIN gene and both show-
ing high sequence similarity with a single PIN sequence of S.
bicolor and, to a lesser extent, with Arabidopsis PIN2. Based on
maize/sorghum alignment the two maize GSSs resulted as not
overlapping and so the construction of a contig was not possible.
However, using primer pairs designed on the putative 5′UTR and
3′UTR it was possible to amplify a single genomic and cDNA
sequence from B73 and close the gap. This sequence and the
third GSS (ZmGSStuc11-12-04.463.1) are not included in the B73
genome databases.

As described for the two partial GSS, several primers (Table
S2 in Supplementary Material) were designed on the retrieved
full-length sequences and were then used in PCR experiments
using B73 inbreed genomic DNA and cDNA as template to directly
amplify ZmPIN genes and further validate them. Cloning of the
PCR amplification products was performed with the pCR®II-
TOPO® TA-Cloning kit (Invitrogen) or with the pGEM®-T Easy
Vector Systems (Promega). E. coli competent cells were trans-
formed by heat-shock and selected on plates containing LB
medium, plus ampicillin, and X-Gal (IPTG was added when
necessary). Plasmids were then purified using the Plasmid Mini
Kit (QiAgen), following the manufacturer’s instructions. After
sequencing on both strands, cloned sequences were edited,
aligned against the reference genome, and translated to puta-
tive protein sequences using Geneious and Lasergene DNAStar
softwares.

Despite many attempts, the ZmPIN10b full-length cDNA
sequences resulted as being un-amplifiable from any of the tis-
sues used in our study, while the genomic sequence was easily
amplified and cloned. Curiously no ESTs or TAs corresponding
to this gene were found in public databases, suggesting that this
gene could be expressed at very low levels or in extremely spe-
cific and restricted domains/cell-types (see also the genome-wide
atlas of gene expression data reported in Figure S5 in Supplemen-
tary Material; Sekhon et al., 2011). A similar situation concerns
the ZmPIN5b locus. Annotation on genome browser shows a stop
codon soon after the junction between the first and second exon,
resulting in a truncated protein. Anyway the alignment between
ZmPIN5b genomic sequence and sorghum ortholog CDS seems
to indicate that the CDS predicted in the maize annotation could
be wrong: a single base change in the first exon/intron results in
the skipping of stop codon and in the “in silico” translation of a

7http://www.plantgdb.org/cgi-bin/GeneSeqer/PlantGDBgs.cgi

functional protein homolog to PIN5 of different species. Unfor-
tunately just the first exon was successfully amplified from cDNA,
while several primers designed from the second to the fifth exon
sequences did not work in PCR amplifications. As for ZmPIN10b,
no EST corresponding to ZmPIN5b were retried from databases
and no expression has been detected by a genome-wide transcrip-
tome analysis (Figure S5 in Supplementary Material; Sekhon et al.,
2011), making it impossible to verify the actual CDS sequence
of this gene. Studies described below (phylogenetic and protein
profiles analyses) were done using the full-length protein sequence.

PHYLOGENETIC ANALYSIS
The phylogenetic relationships between newly identified maize
PIN proteins and PINs of eudicots and monocots were determined
through a robust phylogenetic analysis which also allowed deter-
mination of the evolution of the PIN auxin efflux carriers family
from early-land plants (mosses) to monocots and eudicots. PIN
protein sequences of A. thaliana and Medicago truncatula (two
herbaceous eudicots), Populus trichocarpa and Vitis vinifera (two
arboreal eudicots), Z. mays, O. sativa, S. bicolor, Brachypodium dis-
tachyon, and Setaria italica (five monocots), and Physcomitrella
patens and Selaginella moellendorffii (a bryophyte and lycophyte,
respectively) were retrieved by family blast searches in the Phyto-
zome v7.0 database8. All the accessions of the sequences employed
in this study are reported in Table S1 in Supplementary Material.
Given the large amount of sequences, a subset of “pocket” trees was
generated excluding PIN proteins of M. truncatula, V. vinifera, S.
bicolor, and S. italica (Figure 1; Figures S2 and S3 in Supplemen-
tary Material), while a poster tree with all the sequences is reported
in Figure S1 in Supplementary Material.

Evolutionary models of PIN proteins were performed using
three different approaches and the results compared. First PIN pro-
teins were aligned with ClustalX 1.81 (Blosum Weight Matrix; Gap
Opening Penalty: 5; Gap Extension Penalty: 0.20; Thompson et al.,
2002), and a neighbor-joining phylogenetic tree was prepared with
Phylip package (Felsenstein, 1989) using 100 bootstraps. In this
case the yeast PIN-like protein AEL1 (NP_593365 from Schizosac-
charomyces pombe) was included in the analysis as outgroup (Yang
and Murphy, 2009; Zazimalova et al., 2010). The phylograms were
drawn using Tree-View 1.6.69 and reported in Figure 1 and Figure
S1 in Supplementary Material. In addition, PIN protein sequences
were aligned with MAFFT algorithm (Katoh et al., 2002, 2009)
available at the EMBL-EBI website10. Phylogeny reported in Figure
S3 in Supplementary Material was inferred with the Molecular
Evolutionary Genetic Analysis 5 (MEGA5; Tamura et al., 2011)
program using the Maximum Likelihood method (10,000 boot-
straps, Jones–Taylor–Thornton model). Finally the same align-
ment was also used to construct a NeighborNet Network (Figure
S2 in Supplementary Material) with SplitsTree4 software (Huson
and Bryant, 2006).

Based on these phylogenetic analyses, newly identified ZmPIN
genes are named according to the cluster of the Arabidopsis and
rice PIN family to which they belong.

8www.phytozome.net/
9http://darwin.zoology.gla.ac.uk/wrpage/treeviewx
10http://www.ebi.ac.uk/Tools/msa/mafft/
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FIGURE 1 | Phylogenetic analysis of PIN auxin efflux carriers from Zea

mays, Arabidopsis thaliana, Oryza sativa, Brachypodium distachyon,

Populus trichocarpa, Physcomitrella patens, and Selaginella

moellendorffii. The phylogenetic analysis between newly identified maize
PIN proteins and PINs of eudicots and monocots, summarizes the
evolutionary relationships among the 70 members of the PIN protein
family. PIN protein sequences of Z. mays (Zm), A. thaliana (At ), P.
trichocarpa (Ptri ), O. sativa (Os), B. distachyon (Bdist ), P. patens (Pp), and
S. moellendorffii (Sm) were retrieved by family blast searches in the

Phytozome v7.0 database (www.phytozome.net/). Accession numbers are
reported in Table S1 in Supplementary Material. PIN proteins were aligned
with ClustalX 1.81 (Blosum Weight Matrix; Gap Opening Penalty: 5; Gap
Extension Penalty: 0.20), and a neighbor-joining phylogenetic tree was
prepared with Phylip package using 100 bootstraps. The yeast PIN-like
protein AEL1 (NP_593365 from Schizosaccharomyces pombe) was
included in the analysis as outgroup. Newly identified ZmPIN proteins are
named according to the cluster of the Arabidopsis and rice PIN family to
which they belong.

GENE STRUCTURES, MAP POSITIONS, DUPLICATION ANALYSIS, AND
PROTEIN PROFILE ANALYSIS
Exon/intron structures of maize PIN genes were obtained from
the MaizeGDB Genome browser11, except for ZmPIN2 and ZmP-
INX that are not present in the genome database and for which
exon/intron profiles have been drawn with GSDS, Gene Structure

11http://gbrowse.maizegdb.org/cgi-bin/gbrowse/maize_v2/

Display Server (Guo et al., 2007)12 based on the alignment between
the previously amplified and sequenced genomic and cDNA
sequences.

ZmPIN map positions were identified by searching the
www.maizesequence.org database and are manually depicted in
Figure 2 and Figure S4 in Supplementary Material; the exact

12http://gsds.cbi.pku.edu.cn/index.php
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FIGURE 2 | ZmPINs gene structure, map position, and duplication

analysis. (A) Exon/intron structures of maize PIN genes were obtained
from the MaizeGDB Genome browser (http://gbrowse.maizegdb.org/
cgi-bin/gbrowse/maize_v2/), except for ZmPIN2 and ZmPINX, for which
exon/intron profiles were drawn with GSDS, Gene Structure Display
Server (Guo et al., 2007; http://gsds.cbi.pku.edu.cn/
index.php) based on the alignment between the previously amplified and
sequenced genomic and cDNA sequences. (B) Schematic

representation of maize chromosomes showing the location of ZmPIN
loci identified by searching the www.maizesequence.org database. The
exact physical position is instead reported in Table S3 in Supplementary
Material. (C) Circular representation of the 10 maize chromosomes
showing duplicated blocks. ZmPIN1a, ZmPIN1b, and ZmPIN1c position
in duplicated region has been displayed with Synteny Mapping
and Analysis Program (SyMAP) v3.4 (Soderlund et al., 2011;
http://www.symapdb.org/).

physical position is instead reported in Table S3 in Supplementary
Material.

Duplication analysis of maize PIN genes and synteny between
maize and rice chromosomes were identified and displayed by

Synteny Mapping and Analysis Program (SyMAP) v3.4 (Soderlund
et al., 2011)13

13http://www.symapdb.org/.
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Finally, ZmPIN proteins transmembrane helices were predicted
using TMHMM2 (Krogh et al., 2001)14: the red peaks in Figure 3
show the predicted transmembrane domains of proteins.

PLANT MATERIAL
Zea mays B73 line was used for DNA and RNA extraction, for
expression analysis, immunolocalization, and in situ hybridiza-
tion. Plants were grown in the field or greenhouse, with sup-
plemental lighting when necessary during winter/spring. Kernels
were harvested and analyzed at different days after pollination
(DAP) after manual self-pollination of plants in the field trials.
Roots were collected 2–3 days after kernel germination in rolled
adsorbent paper towels soaked with water in a growth chamber at
26˚C with a photoperiod of 16 h light and 8 h dark as described
in Woll et al., 2005. Kernels were previously surface sterilized with
70% ethanol for 10 min and then rinsed three times with water.

The maize mutant line br2 (Multani et al., 2003; Pilu
et al., 2007) was kindly supplied by Dr. Roberto Pilu (Uni-
versità di Milano) after introgression for six generations
in B73 background. Homozygous br2 mutant plants were
grown as previously described. Furthermore, the reporter lines
pZmPIN1a::ZmPIN1a:YFP and DR5::mRFP (Gallavotti et al.,
2008)15, kindly provided by Prof. Dave Jackson, were introgressed
for three additional generations in B73 keeping the transgene in a
hemizygous state.

NUCLEIC ACID EXTRACTION
Genomic DNA was extracted from maize leaves with the DNeasy
Plant Mini Kit (QiAgen) according to the manufacturer’s instruc-
tions. Total RNA was extracted from maize tissues (seedlings,
roots, leaves, tassels, ears, and kernels) using to the RNeasy Plant
Mini Kit (QiAgen) and subjected to on-column DNase treatment
(QiAgen). Before retrotranscription, total RNA was quantified by
spectrophotometer analysis.

EXPRESSION ANALYSES BY RT-PCR, REAL-TIME PCR, AND IN SITU
HYBRIDIZATION ASSAYS
For the semi-quantitative RT-PCR expression analysis, ZmPIN
and ZmABCB1/BR2 gene transcriptions were investigated in veg-
etative and reproductive tissues and kernels. Vegetative tissues
included 3 days-old seedlings, young leaves, the apex (from 0 to
1.5 cm) and the elongation/mature zone (from 1.5 to 3 cm) of
primary roots, and the seventh and fifth node, while for the repro-
ductive tissues ear and tassel at the stage of 1 and 3 cm were
considered. Kernels collected at different DAP (0, 3, 5, 6, 7, 8,
9, 10, 12) were also taken into account for the ZmPIN expression
analysis.

For the detailed quantitative PINs expression analysis in B73
line and br2 mutant, young roots were collected from seedlings
vertically grown in a growth chamber for 3 days as previously
described. These roots were divided into specific segments, which
were labeled from A to E indicating the segment from 0 to 0.2 cm
(A), from 0.2 to 0.5 cm (B), from 0.5 to 1 cm (C), from 1 to 1.5 cm

14http://www.cbs.dtu.dk/services/TMHMM-2.0/
15http://maize.jcvi.org/cgi-bin/maize/cellgenomics/geneDB_list.pl

(D), and from 1.5 to 2 cm (E; Figure 6A). In these root seg-
ments the expression of ZmPIN genes and ZmABCB1/BR2 was
investigated by Real-Time PCR.

For both expression analyses, cDNA synthesis was performed
with the SuperScript III reverse transcriptase kit (Invitrogen),
according to the manufacturer’s instructions. One microgram of
total RNA was used as a template together with 1 μl oligo (dT)
12–18 (0.5 μg/μl – Invitrogen). In the semi-quantitative RT-PCR
expression analysis, each cDNA was then diluted 1:10 and 1 μl was
used for PCR amplification in a volume of 25 μl. The constitutively
expressed GAPC2 gene was used as housekeeping internal control
of the cDNA/RNA quantity. Expression analyses were performed
with at least two primer combinations for each gene. Primer
sequences are reported in Table S2 in Supplementary Material.
In order to obtain semi-quantitative results, the number of cycles
of the PCR was adjusted for each gene to obtain barely visible
bands in agarose gels (see Table S2 in Supplementary Material for
the number of amplification cycles for each gene). Aliquots of the
PCR were loaded on 1.2% agarose gels and stained with Sybr-Safe
(Invitrogen). For all PINs the different primer combinations tested
gave comparable amplification results. ZmABCB1/BR2 amplifica-
tion products (see Pilu et al., 2007 for primers used in RT-PCR
amplification) were checked on 2% agarose gel. Images were cap-
tured with Gel Logic 100 Imaging System and Molecular Imaging
software (Kodak).

Quantitative Real-Time PCR expression analysis was per-
formed using an ABI 7500 Real-Time PCR System (Applied Biosys-
tems) and the POWER SYBR® GREEN PCR Master Mix (Applied
Biosystems), following the manufacturer’s guidelines. Real-time
conditions were: 2 min at 50˚C, 10 min at 95˚C, 40 cycles of: 15 s at
95˚C and 1 min at 60˚C. For each reaction, we observed product
melting curves by heating from 60 to 95˚C at 0.2˚C/s. For all tran-
scripts, this procedure allowed identification of a single product,
which we confirmed by analysis on 2% agarose gel. Two different
biological samples, obtained by different RNA preparations from
separate root pools, were processed; three replicates were carried
out for each primer combination and for each biological sample.
The absolute quantification was carried out by the generation of
standard curves for each gene. Expression levels of each auxin
transporter gene were normalized to GAPC2 transcript quanti-
ties. Primer sequences are reported in Table S2 in Supplementary
Material.

In situ hybridization experiments were conducted as described
by Varotto et al., 2003. Plant material (kernels, vegetative apexes,
roots, and inflorescences) was fixed in 4% paraformaldehyde
(Sigma) in 0.1 M phosphate buffer (pH 7.2) for 16 h at 4˚C,
then dehydrated by ethanol series and embedded in Paraplast
Plus (Sigma). Sections (7–10 μm) were cut using a Leica RM
2135 microtome (Leica, Germany) and collected on xylane-
coated SuperFrost Plus slides (Menzel-Glazer). Slides were then
deparaffinized and treated with 10 μg/ml proteinase K.

In vitro transcription of the DIG-UTP (Roche) labeled RNA
sense and antisense probes was obtained using T7 and SP6 poly-
merases. More information on primer sequences used to amplify
the probes for each PIN gene can be found in Table S2 in
Supplementary Material. The hybridization was performed in a
50% formamide buffer at 48˚C overnight. DIG detection and
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FIGURE 3 |The predicted protein profiles of the maize PIN transporters.

The transmembrane helices of PIN proteins were predicted using TMHMM2
(Krogh et al., 2001; http://www.cbs.dtu.dk/services/TMHMM-2.0/): the red
peaks show the predicted transmembrane domains of proteins.
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signal visualization were done using Anti-Digoxigenin-AP anti-
body (Roche) and NBT plus BCIP (Roche), following the man-
ufacturer’s instructions. Slides were air-dried and mounted with
DPX mounting medium (Fluka Biochemika). Negative controls
obtained with sense riboprobes are reported in Figures S6A–D in
Supplementary Material.

MOLECULAR ANALYSES UNDER NPA AND NAA TREATMENTS
Zea mays B73 line and br2 mutant seeds were surface steril-
ized with 70% ethanol for 10 min and then rinsed three times
with sterile water. Kernels were placed on soaked 3MM paper
in horizontal position for 1 day. After imbibition, the seeds were
transferred in rolled adsorbent paper towels in vertical position
for successive treatments. Seedlings were treated with 50 μM NPA
(1-naphthylphthalamic acid, a PAT inhibitor), 50 μM NAA (2-
naphthalen-1-ylacetic acid, a synthetic auxin), and water as control
growth condition for 2 days. Roots were collected and divided in
two specific segments indicated with A (from 0 to 0.2 cm) and B
(from 0.2 to 0.5 cm).

The expression profiles of ZmPIN genes and ZmABCB1/BR2
in untreated, NPA- and NAA-treated roots were investigated by
Real-Time PCR using the standard curve method, as reported
above.

The reporter lines pZmPIN1a::ZmPIN1a:YFP and DR5::mRFP
were treated with NPA and NAA at the same concentrations and
observed at the confocal microscope.

IMMUNOLOCALIZATION ASSAYS
PIN1 immunostaining was performed on wax-embedded (9:1 –
PEG400 distearate:1-hexadecanol 99%, Sigma) roots collected on
2–3 days-old plants vertically grown on rolled paper. Roots were
fixed in 4% paraformaldehyde in PBS 1× solution for 1 h under
vacuum conditions at room temperature, embedded, and cut (10–
12 μm) with a Leica RM 2135 microtome (Leica, Germany). After
dewaxing sections were blocked for 2 h in 1% BSA in 1× PBS
buffer and stained overnight with the anti-AtPIN1 antibody (aP20
sc-27163, Santa Cruz Biotechnology) at a 1:250 dilution in PBS
1× and 1% BSA. The next day, the sections were washed twice
for 10 min in PBS 1× and stained for 1 h with the secondary
antibody (anti-goat IgG conjugated with Alexa568, Molecular
Probes) diluted 1:400 in PBS 1×. Sections were washed twice for
10 min with PBS 1× and mounted with VECTASHIELD® with
DAPI Mounting Medium (Vector Laboratories, USA). For the neg-
ative controls of immunostaining experiments hybridization was
performed with the secondary antibody only.

A monoclonal anti-IAA antibody (Biofords – Agdia –
PMD09346/0096) was used for IAA immunolocalization in
maize roots. Tissues were prefixed in 3% (w/v) N -Ethyl-N′-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC,
Sigma) 0.1 M in PBS 1×, post-fixed in 4% paraformaldehyde
in the same buffer and embedded in Paraplast Plus (Sigma).
Sections (7–10 μm) were cut using a Leica RM 2135 microtome
(Leica, Germany), collected on polysine slides (Menzel-Glazer)
and processed as previously reported by Avsian-Kretchmer et al.,
2002. The anti-IAA primary antibody was used at a concentration
of 0.05 mg/ml. The secondary antibody, an anti-mouse IgG-AP

(Santa Cruz Biotechnology), was used at a 1:250 dilution. Sig-
nal visualization was done using SIGMAFAST™Fast Red Tablets
(Sigma) and when purple was observed, the colorimetric reaction
was stopped in water. Negative controls of IAA immunostaining
experiments were performed on samples no pre-fixed with EDAC
or hybridizing slides with the IgG-AP secondary antibody only
and are reported in Figures S6E–G in Supplementary Material.

MICROSCOPY AND REPORTER LINES OBSERVATIONS
pZmPIN1a::ZmPIN1a:YFP and DR5::mRFP reporter lines roots
were hand sectioned, mounted with 50% glycerol in water and
observed with a Leica TCS SP2 laser confocal microscope (Leica
Microsystems, Heidelberg, Germany) using the follow settings: (i)
ZmPIN1a–YFP excitation at 514 nm and signal collection between
530 and 580 nm; (ii) DR5 excitation at 543 nm and signal collec-
tion between 580 and 640 nm. Images were coded red for RFP and
yellow for the YPF reporter line.

Immunolocalization and in situ hybridization images were
taken with a Leica DM4000B Digital microscope, equipped with
a Leica DC300F Camera, and Leica Image Manager 50 soft-
ware (Leica Microsystems, England). Images were coded red for
Alexa568 and blue for DAPI.

RESULTS
THE MAIZE PIN FAMILY OF AUXIN EFFLUX CARRIERS: IDENTIFICATION,
PHYLOGENETIC ANALYSIS, GENE STRUCTURES, AND PROTEIN
PROFILES
Members of the maize PIN family were initially identified by a
comprehensive Blast search in public databases using A. thaliana
and O. sativa PIN transcript and protein sequences as queries.
MaizeGDB and MaizeSequence were used as primary databases
to obtain the genomic sequences coming from the B73 Maize
Genome Sequencing project, release 5b.60, and their relative anno-
tations, while GSSs from PlantGDB and from J. Craig Venter Insti-
tute, transcript sequences from NCBI and TAs from DFCI/TIGR
were used to initially confirm and integrate the previously iden-
tified sequences and splicing models. In addition to the three
ZmPIN1 genes previously characterized (Carraro et al., 2006;
Forestan et al., 2010), nine full-length sequences were found in
the genomic release 5b.60 and a tenth sequence was identified in a
GSS from PlantGDB. Furthermore, two partial, not overlapping,
GSSs were assembled together using a sorghum PIN sequence
to fill the gap, for a total of 11 new putative auxin efflux carrier
genes. A preliminary in silico characterization was performed to
identify putative ORFs and amino acid sequences. All the full-
length sequences were later amplified from genomic DNA and
cDNA (except ZmPIN5b and ZmPIN10b for which the amplifica-
tion of the cDNA full-length proved unsuccessful), to validate the
sequences of the 11 maize PINs that were named according to the
cluster of Arabidopsis and rice PIN family to which they belonged.

The phylogenetic relationships between early-land plants,
monocots and eudicots PIN proteins were investigated including
the new maize PIN proteins in a phylogenetic analysis (Figure 1;
Figures S2 and S3 in Supplementary Material), together with PIN
proteins of A. thaliana, P. trichocarpa, O. sativa, B. distachyon, P.
patens, and S. moellendorffii. A wider evolutionary study was per-
formed by also including PIN proteins of M. truncatula,V. vinifera,
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S. bicolor, and S. italica (Figure S1 in Supplementary Material).
PIN protein sequences of different species were retrieved from
Phytozome v7.0 and analyzed with different sequence alignment
and phylogenetic analysis tools, to develop a robust evolutionary
model of transporters. Auxin efflux carrier family members were
aligned with ClustalX 1.81 (Blosum Weight Matrix; Gap Opening
Penalty: 5; Gap Extension Penalty: 0.20; Thompson et al., 2002)
and a neighbor-joining phylogenetic tree was prepared with the
Phylip package (Felsenstein, 1989) using 100 bootstraps (Figure 1;
Figure S1 in Supplementary Material). In addition, PIN proteins
were aligned with MAFFT algorithm (Katoh et al., 2002, 2009)
and phylogeny inferred using MEGA5 program (Maximum Likeli-
hood method; 10,000 bootstraps; Jones–Taylor–Thornton model;
Tamura et al., 2011; Figure S3 in Supplementary Material) or
constructing a NeighborNet Network with SplitsTree4 software
(Huson and Bryant, 2006; Figure S2 in Supplementary Mater-
ial). The three different approaches showed comparable results on
the evolutionary history of auxin efflux carrier proteins in early-
land plants, monocots and dicots, also suggesting the evolutionary
relationships between the 11 newly identified maize proteins,
Arabidopsis, and rice PIN proteins (Figure 1; Figures S1–S3 in Sup-
plementary Material). Indeed, the four different phylogenetic trees
show the same clustering of newly identified maize PIN proteins
with Arabidopsis and rice orthologs, while differences in few nodes
with low support can be observed for V. vinifera and P. trichocarpa
proteins (Figure 1; Figures S1–S3 in Supplementary Material).

In addition to the previously characterized ZmPIN1a,
ZmPIN1b, and ZmPIN1c, a fourth gene phylogenetically close
to AtPIN1 was identified. We named this gene, which cluster-
izes together with rice OsPIN1c and OsPIN1d genes, ZmPIN1d.
The PlantGDB database search and the phylogenetic analysis also
allowed identification of a putative ZmPIN2 gene; indeed the two
available partial GSSs codify for a protein closely related to AtPIN2
and OsPIN2.

The gene structure analysis showed that also the fourth ZmPIN1
gene, ZmPIN1d, has six exons, whose distribution is similar to
that of AtPIN1 and the four OsPIN1 genes (Figure 2A). Like the
Arabidopsis and rice orthologs, ZmPIN2 gene presents a complex
exon/intron structure, with seven exons and six introns. We also
identified four genes that encode for proteins lacking the central
hydrophilic domain that normally characterizes long PIN proteins.
This peculiar hydropathic profile is typical of the Arabidopsis PIN5
and PIN8 proteins and our phylogenetic analysis confirmed that
three of the maize proteins clusterize with Arabidopsis and rice
PIN5 (ZmPIN5a, ZmPIN5b, and ZmPIN5c), while the remaining
one represents the maize PIN8 ortholog (ZmPIN8). So, as recently
reported in rice, three duplicated PIN5 genes and a PIN8 gene
are also present in the maize genome. ZmPIN5a and ZmPIN5b
have four introns, while ZmPIN5c has three with the first of about
2 kb in length (Figure 2A). As described in the Section “Mater-
ial and Methods,” genome annotation of PIN5b gene showed the
presence of a stop codon soon after the first splicing site, resulting
in a truncated protein (Figure 2A). Anyway, the alignment with
the sorghum ortholog CDS showed that the splicing model anno-
tated could be wrong and a shift of a single base pair resulted in
a full-length PIN5 protein. Unfortunately RT-PCR using several
primer combinations proved unsuccessful in the amplification of

the complete CDS. Moreover no ESTs or TAs corresponding to
ZmPIN5b were found on public databases and a recent Genome-
Wide Expression Atlas revealed that ZmPIN5b is not expressed in
the 60 distinct analyzed tissues representing 11 major organ sys-
tems of inbred line B73 (Figure S5 in Supplementary Material; see
text footnote 1; Sekhon et al., 2011). ZmPIN8 has a very similar
exon/intron structure to that of OsPIN8 (Figure 2A).

Finally, we identified three proteins that do not clusterize with
any Arabidopsis PIN proteins, confirming, as suggested for rice, the
existence of monocot-specific PIN genes. Based on the phyloge-
netic analysis, these maize genes were named ZmPIN9, ZmPIN10a,
and ZmPIN10b. These monocot-specific PIN genes have a con-
served structure when compared to their rice counterparts. Phylo-
genetic analyses also revealed that ZmPINX and ZmPINY proteins
clusterize together with the Arabidopsis PIN-like proteins (Figure
S1 in Supplementary Material).

Chromosome map positions of maize PINs have been identi-
fied by genome browser searches and are reported in Figure 2B
and Figure S4 in Supplementary Material. Duplication analy-
sis revealed that ZmPIN1a, ZmPIN1b, and ZmPIN1c are located
in duplicated blocks on chromosomes 9, 5, and 6, respectively
(Figure 2C; Figure S4 in Supplementary Material). Interestingly,
both maize and rice PIN5a, PIN8, PIN9, and PIN10a map on highly
syntenic regions of chromosomes 3 and 1, respectively (Figure S4
in Supplementary Material, Wang et al., 2009).

The predicted transmembrane architecture of the ZmPIN pro-
teins showed the typical structure with a conserved N-terminal
region of transmembrane motifs, a variable middle domain rep-
resenting the cytoplasmic domain of transmembrane and a C-
terminal domain of transmembrane segments (Figure 3). Inter-
estingly, ZmPIN9 putative protein presents a hydropathic profile in
between that of long PINs (AtPIN1 and AtPIN2, which are plasma
membrane localized) and that of short PINs (the ER-localized
AtPIN5 and AtPIN8).

EXPRESSION ANALYSIS OF MAIZE AUXIN TRANSPORTERS
The tissue-specific expression pattern of 12 ZmPIN genes
(ZmPIN1a, ZmPIN1b, ZmPIN1c, ZmPIN1d, ZmPIN2, ZmPIN5a,
ZmPIN5b, ZmPIN5c, ZmPIN8, ZmPIN9, ZmPIN10a, and
ZmPIN10b), two ZmPIN-like genes (ZmPINX and ZmPINY ) and
BR2, a maize MDR/PGP/ABCB efflux transporter were analyzed by
semi-quantitative RT-PCR and the results are reported in Figure 4.
These results are in agreement with those obtained by the genome-
wide transcriptome analysis previously mentioned and reported
in Figure S5 in Supplementary Material (Sekhon et al., 2011).

ZmPIN1a, ZmPIN1b, and ZmPIN1c expression analysis con-
firmed that these genes are ubiquitously expressed but differ-
entially modulated in maize vegetative and reproductive tissues
and during kernel development (see also Carraro et al., 2006;
Forestan et al., 2010). A different expression pattern was observed
for ZmPIN1d that is specifically expressed in tassels, ears and in
the fifth node of adult plants and not detectable in caryopses after
pollination. ZmPIN2 is expressed in root tip, male and female
inflorescences and its expression is modulated during the early
stages of kernel development. ZmPIN5a is mainly expressed in
the elongation/mature zone of the primary root, in nodes and
in the young seed till 10 DAP. ZmPIN5b is up-regulated in the
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FIGURE 4 | Expression analysis of maize auxin transporters.

Semi-quantitative RT-PCR analysis of 12 ZmPIN genes, two maize PIN-like
genes and BR2, a maize MDR/PGP/ABCB efflux transporter in vegetative and
reproductive tissues and in kernels from 0 to 12 days after pollination (DAP).
The constitutively expressed GAPC2 gene was used as housekeeping internal
control of the RNA/cDNA quantity. To get semi-quantitative results, the
number of cycles of the PCR was adjusted for each gene to obtain barely
visible bands in agarose gels (see Table S2 in Supplementary Material for the

number of amplification cycles for each gene). ZmPIN1a, ZmPIN1b, and
ZmPIN1c are expressed ubiquitously and differentially up-regulated in the
tissues. ZmPIN1d is expressed in tassels, ears, and in the 5th node of adult
plants. ZmPIN2 is expressed in root apex (R), in male and female
inflorescences and during maize kernel development. ZmPIN5a is expressed
in seedlings (S), in the root elongation/mature zone, in nodes and in the young
seed till 10 DAP. ZmPIN5b is expressed in male and female inflorescences,

(Continued)
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FIGURE 4 | Continued

in nodes and at a low level during kernel development. ZmPIN5c is highly
expressed during kernel development. ZmPIN8 is expressed in male and
female inflorescences during kernel development. ZmPIN9 is expressed in
roots and nodes. ZmPIN10a is expressed in seedlings and leaf (L), in male and

female inflorescences and at low level during kernel development. ZmPIN10b
is expressed in ears and tassels. ZmPINX and ZmPINY are both expressed
ubiquitously and differentially up-regulated in the tissues. BR2 shows a
constitutive expression but it appeared down-regulated in the root elongation
zone in comparison with root apexes.

fifth node, and has a weak expression in male and female inflo-
rescences and during kernel development (note that the amplified
fragment corresponds to the first exon while no amplifications
were obtained with downstream located primers). ZmPIN5c is
highly expressed during kernel development from 3 to 12 DAP.
ZmPIN8 is expressed in all the tissues analyzed with the excep-
tion of the root and is detectable during kernel development,
where it appeared up-regulated between 6 and 9 DAP. Of the
monocot-specific genes, ZmPIN9 is exclusively expressed in roots
and nodes while ZmPIN10a is expressed during male and female
inflorescence development and at very low level during kernel
development. Finally a very weak expression of ZmPIN10b is
detectable in young ears and tassels.

The expression analyses of the two maize PIN-like genes
showed that they are ubiquitously expressed and differentially
up-regulated in all the analyzed tissues. In detail, ZmPINX is up-
regulated in root apex and male and female inflorescences, while
ZmPINY is highly expressed during kernel development.

Finally, BR2 transcript is detectable in all the tested tissues with
a lower expression level in the root elongation zone compared to
other vegetative and reproductive tissues. Moreover, the BR2 tran-
script amount is detectable at a very low level during tested kernel
development stages.

LOCALIZATION OF PIN TRANSPORTERS AND AUXIN MAXIMUM IN
MAIZE PRIMARY ROOTS
The longitudinal structure of the maize root includes the root cap
at the terminal end, the root apical meristem, and the elongation
and root hair zones. In cross section, the root is organized in a series
of concentric cell layers: the outermost epidermic layer and exoder-
mis, the pluristratified cortex, the endodermis, and the pericycle
that surrounds the central vascular cylinder (see Hochholdinger
et al., 2004 for a review on root development in maize). Six
ZmPIN genes are expressed in maize root: indeed, quantitative
RT-PCR data showed that ZmPIN1a, ZmPIN1b, and ZmPIN1c
and the monocot-specific ZmPIN9 are expressed both in root api-
cal and distal zones (Figure 4). In addition, ZmPIN2 appeared
up-regulated in root apex, while ZmPIN5a is up-regulated in the
root elongation/mature zone (Figure 4). The expression pattern
of ZmPIN genes expressed in the root apex was determined at
tissue level using in situ hybridization (Figures 5A–O). In root
apex longitudinal sections, comprising the root cap and meris-
tematic area, a ZmPIN1 probe, which recognized the three gene
transcripts expressed in the root showed the hybridization sig-
nal in the root cap with a clear up-regulation in calyptrogen, in
the root meristematic area, in the epidermis and in the differen-
tiating vascular tissues of the central cylinder (data not shown).
Specific probes for ZmPIN1a, ZmPIN1b, and ZmPIN1c were also
transcribed in vitro DIG-labeled and hybridized on root apex lon-
gitudinal sections. The results showed that ZmPIN1a is the only

PIN1 transcript localized in the calyptrogen and in the meristem
region of the root (Figure 5A), while ZmPIN1b is mainly expressed
in epidermis, root cap, and vasculature (Figures 5B–D). Finally a
specific ZmPIN1c probe showed that ZmPIN1c is localized in the
epidermis and vasculature of the central cylinder (Figures 5E–G).

The localization pattern of the three ZmPIN1 genes was also
confirmed by immunolocalization experiments, using an anti-
AtPIN1 antibody, which was shown to recognize the proteins of
the three maize PIN1 genes expressed in the root. PIN1 proteins
are polarly localized in the epidermis, meristem region, and cen-
tral cylinder, where they are inserted in the basal cell membrane
(Figure 5P) while they are detectable in the cytoplasm of the calyp-
trogens and proliferating cap (Figure 5Q). At protein level, the
localization pattern of ZmPIN1a protein was observed using a
ZmPIN1a–YFP reporter line (Gallavotti et al., 2008). At the con-
focal microscope the YFP signal was evident in the basal cell mem-
branes of the central cylinder cells and in the cytoplasm of root
cap cells and meristematic region of the root apex (Figures 5T–V
and 7H).

ZmPIN2 transcripts were localized in root epidermis, exoder-
mis, and multiple layers of cortex in cross section of the root apex
(Figures 5H–M). Finally, ZmPIN9 the monocot-specific PIN gene
is mainly expressed in endodermis, pericycle, and in phloem of the
central cylinder (Figures 5N,O).

To correlate the localization pattern of the PIN genes expressed
in maize root with auxin distribution and maximum in the same
tissues, observations at the confocal microscope of a DR5::mRFP
reporter line (Gallavotti et al., 2008) and immunolocalizations
with an anti-IAA antibody on root longitudinal sections were
both performed. Auxin response was observed in the root cap and
vasculature in the DR5-RFP reporter line fresh root dissected at the
confocal microscope (Figures 5W–Y and 7A,B). Auxin accumula-
tion was evident in the root cap, in particular in the calyptrogen,
in the epidermis at the level of root meristem and vasculature
in longitudinal root sections labeled with the anti-IAA antibody
(Figures 5R–S).

ZmPIN GENES EXPRESSION ANALYSIS IN ROOTS OF B73 LINE AND br 2
MUTANT
The br2 maize mutant exhibits reduced shootward auxin transport
at the root apex and reduced root gravitropic growth (McLamore
et al., 2010). To investigate whether this alteration in auxin fluxes
influenced the expression of ZmPIN transporters, the mRNA
levels of ZmPIN1a, ZmPIN1b, ZmPIN1c, ZmPIN2, and ZmPIN9
genes, the PIN members expressed in root apex, were analyzed
by Real-Time PCR in different segments of B73 and br2 young
primary roots.

As shown in Figure 6B, in br2 mutant the expression level of
ZmABCB1/BR2 transcript was drastically reduced in all root seg-
ments (from A to E) compared to the levels observed in B73 line.
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FIGURE 5 | Continued
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FIGURE 5 | Continued

Localization of PIN transporters and auxin maximum in maize root.

In situ hybridization on maize root sections with DIG-labeled antisense
probes of maize PIN transporters expressed in the root (A–P). The
hybridization signal is represented by the blue staining. Images were
acquired with a Leica DC300F camera. ZmPIN1 protein immunolocalization
(Q,R) and ZmPIN1a::YFP reporter line observation at the confocal
microscope (U,V) in maize primary root can be correlated with auxin
accumulation revealed by DR5 activity (W,X) or IAA immunolocalization
textbf(S–T). (A) Longitudinal section of primary root hybridized with the
ZmPIN1a antisense transcript; the hybridization signal is localized in the
root cap, particularly in the calyptrogen and root meristematic region.
(B–D) Longitudinal sections through a primary maize root hybridized with
ZmPIN1b antisense transcript showing the hybridization signal in root cap,
epidermis, endodermis, and vasculature of the central cylinder. In (B) the
signal is visible in root cap, epidermis, and vasculature. (C) portrays a
magnification of the root cap and (D) is a higher magnification of (B)

showing the blue staining in the phloem cells. (E–G) Longitudinal sections
of a maize primary root hybridized with a ZmPIN1c antisense probe: the
signal is detectable in root cap, epidermis, and vasculature. (H–M) In situ
hybridization on maize primary root sections with a ZmPIN2 DIG-labeled
antisense RNA probe. (H,I) are longitudinal sections of a primary root
showing the hybridization signal of ZmPIN2 in root cortex and central
cylinder. (J–M) depict cross sections through a maize primary root
hybridized with the ZmPIN2 antisense probe. (J) The picture portrays a
cross section of a root tip at the level of proximal root meristem in which
the signal is visible in the proliferating cells of the root cap, cortex, and
differentiating central cylinder. (K–M) Cross sections showing the
concentric tissues composing the maize primary root: epidermis,

exodermis, cortex, endodermis, xylem elements, phloem, and pericycle. In
(K) the hybridization signal of ZmPIN2 is detectable in exodermis, cortex,
and phloem. (L,M) show the hybridization signal in the cortex and phloem.
(M) is higher magnifications of (L). (N,O) Cross sections of a maize
primary root hybridized with ZmPIN9 antisense riboprobe. The signal is
localized in epidermis, exodermis, endodermis, and pericycle that surround
the central cylinder. (P,Q) Anti-PIN1 immunolocalization on longitudinal
sections root apexes. The anti-AtPIN1 primary antibody shows protein
localization on basal cell membranes of root meristematic region (P) and in
proliferating root cap (P,Q). DAPI was used to counterstain the nuclei in
(Q). Both panels represent epifluorescence images acquired with a Leica
DC300F camera. (R,S) Auxin immunolocalization in maize primary roots. In
these longitudinal sections an anti-IAA monoclonal antibody shows a
gradient of auxin toward the root tip, with the concentration maximum in
the lateral root cap and in calyptrogens cells. (T–V) Confocal images of the
pZmPIN1a::ZmPIN1a:YFP transgenic line root apex. ZmPIN1a–YFP is
localized in proliferating root cap (U), in calyptrogens (U), in the quiescent
center (T), in the proximal root meristem (T) and in the basal membranes
of central cylinder cells (T). The single root cap cell in (V) shows the
cytosolic localization of YFP signal in the root cap cells. (W–Y) Confocal
images of a DR5::mRFP maize reporter line. Auxin accumulation is
indirectly visualized in the tip of the root cap (W,Y) and in the vasculature
of the central cylinder (W). The inset (X) represents a single xilematic cell
showing DR5 activity while (Y) depicts details of (W). ca, calyptrogen; cc,
central cylinder; co, cortex; ep, epidermis, end, endodermis; ex,
exodermis; me, root meristem; p, pericycle; ph, phloem; q, quiescent
center; rc, root cap; v, vasculature; x, xylem. Scale Bars: 200 μm in (H,R);
150 μm in (W); 100 μm in (A–C,E–G,I–P,S,T,Y); 75 μm in (U); 50 μm in
(D,Q,X); and 20 μm in (V).

ZmPIN1a transcript showed a slight higher expression in the root
segments A–C and lower levels in segments D–E of br2 mutant
when compared with the same segments of B73. On the contrary,
the mRNA level of ZmPIN1b was higher in A–B–C root segments
of br2 mutant, while in the D–E segments its level was compa-
rable to that observed in wt. Also ZmPIN1c showed a different
expression pattern in br2 compared to B73 line: in particular, an
up-regulation was observed in segment A,while a down-regulation
occurs in segment D.

The transcript level of ZmPIN2 was slightly higher in all tested
segment of br2 mutant, in particular in the distal region of the
root (segments D and E) where PIN2 is not detectable in B73.
Finally, ZmPIN9 transcript was up-regulated in segments C–D of
br2 mutant.

Taken all together these results highlight that the expression
profile of PIN transporters is altered in br2 mutant primary roots.

GENE EXPRESSION ANALYSIS IN ROOTS OF B73 LINE AND br 2 MUTANT
UNDER DRUG TREATMENTS
The expression profile of ZmPIN genes and ZmABCB1/BR2 was
investigated by Real-Time PCR in root apex of B73 and br2 mutant
line grown in water (control), in presence of exogenous auxin
(NAA), and of a PAT inhibitor (NPA; Figure 6C). Due to the
strong reduction of root elongation caused by NAA application,
the analysis was done just on the first two root segments indicated
with A (from 0 to 0.2 cm) and B (from 0.2 to 0.5 cm).

In both lines the addition of NAA and NPA affected the expres-
sion of ZmPIN genes and ZmABCB1/BR2 in both root segments.
In particular in B73, NPA strongly inhibited ZmABCB1/BR2
expression in segment A, while NAA application doubled its
expression levels in segment B. The same NAA effect was observed

in br2 mutant roots. Both NAA and NPA treatments increased
ZmPINa and ZmPIN1c transcript levels in segment B in both
genotypes; on the contrary NAA application strongly reduced
ZmPIN1c levels in the segment A of br2 root. Similarly, ZmPIN1b
transcript levels were strongly reduced after NAA application in
br2 mutant roots (segments A and B), while NPA affected its
expression exclusively in the B segment. NAA treatment increased
ZmPIN9 transcript levels in the segment B of mutant roots, while
ZmPIN2 expression was affected in a lower extent by the drug
applications.

Experimental evidences showed that auxin transporter expres-
sion is altered by exogenous auxin or PAT inhibitor applica-
tions and these alterations are more dramatic in the br2 mutant
background.

DRUG TREATMENTS ALTER MORPHOLOGY, AUXIN DISTRIBUTION, AND
ZmPIN1a–YFP LOCALIZATION IN PRIMARY ROOTS
The effects of NAA and NPA applications were investigated
at cellular level by microscope observation of DR5::mRFP and
ZmPIN1a–YFP reporter lines (Figure 7). NAA applications caused
the main effects on root anatomy, auxin responses, and PIN1a
localization (Figures 7B,E,F,I,K). Exogenous auxin application
indeed resulted in a size reduction of both root cap and meristem
(compare Figures 7B,D) and in the formation of a pluristratified
epidermis (Figures 7E,F). After the treatment, DR5 activity is dif-
fused in the lateral root cap cells (Figure 7B) and not limited to
the root cap tip as in the control (Figure 7D). Auxin response
was detectable in the vasculature that differentiates very close to
the root meristem (Figures 7B,E) and also the pluristratified epi-
dermis showed DR5 activity (Figure 7F). Although PIN1a–YFP
always localized in the stele cells in both NAA-treated and control
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FIGURE 6 | br2/abcb1 mutation and drug applications alter auxin

transporter expression levels. Quantitative RT-PCR analysis of
ZmABCB1/BR2, ZmPIN1a, ZmPIN1b, ZmPIN1c, ZmPIN2, and ZmPIN9 was
performed in root segments (from A–E) of B73 line and br2 mutant under
different treatments. The average value from three replicates and two
biological samples was estimated by the generation of standard curves for
each gene. Expression levels of each auxin transporter gene were
normalized to GAPC2 transcript quantities. Standard deviation bars are
indicated in the diagram. (A) Schematic representation of a maize root
indicating the different segments used in expression analysis. (B)

Quantitative RT-PCR expression analysis of auxin transporters in B73 and
br2 mutant roots. The altered auxin shootward transport in the mutant root
results in different expression levels of PIN mRNAs. (C) Quantitative
RT-PCR expression analysis of auxin transporters after NAA and NPA
application in B73 and br2 mutant roots. Applications of 50 μM NAA and
50 μM NPA to young seedlings result in a tissue-specific modulation of PIN
transcripts. The most dramatic effects are observable in the mutant roots.

roots, some observed differences in protein localization reflected
the changes in root morphology, particularly at the level of the
vasculature and meristem (Figures 7H,I,K).

Following NPA applications, auxin signal was detectable in
root cap as in the control (data not shown) while a diffuse DR5
activity marked the whole central cylinder and the cortex cells
(Figures 7C,G). This suggests that NPA caused a failure in cre-
ating the auxin maximum detectable in the vascular cell in the
control roots (Figure 7A). Similarly, the ZmPIN1a–YFP reporter
line showed a more diffuse localization of the PIN1a protein that
marked also the cortex cells (Figures 7J,L).

ZmPIN LOCALIZATION PATTERN IN MAIZE INFLORESCENCES
In maize, at the transition from vegetative to reproductive develop-
ment the shoot apical meristem (SAM) becomes an inflorescence
meristem (IM) which starts to produce lateral meristems called
branch meristems (BMs). BMs develop spikelet-pair meristems
(SPMs), each bearing two spikelet meristems (SMs). SMs form
two floral meristems (FMs), the upper FM and lower FM, which
produce the floral organ of the tassel. In each flower of the tas-
sel, after gynoecial development, the gynoecium degenerates, and
an imperfect staminate flower results. Within a few weeks after
the SAM transition, a lateral shoot meristem in the axil of a leaf
becomes an ear IM and produces multiple rows of SPMs, which
follow the same step as in the tassel until the lower floret aborts
as do the stamens of the upper floret. Indeed, in the mature ear a
pistillate flower is present per spikelet (see McSteen et al., 2000 for
a review on maize inflorescence development). Since ZmPIN1d
transcript is specifically up-regulated in both male and female
inflorescences, in situ hybridizations were performed in the SAM,
starting from the transition stage to SPMs and spikelet differen-
tiation, in male inflorescences, and during female inflorescence
development (Figures 8A–H). During flowering transition, which
is characterized by the elongation of the SAM and the adoption of
an inflorescence identity to form a tassel primordium, ZmPIN1d
hybridization signal is detectable in the L1 layer of the IM api-
cal meristem (Figure 8A); later on, ZmPIN1d is localized in the L1
layer of the developing tassel SPMs primordium (data not shown).
In the ear, ZmPIN1d showed the same localization patterns as in
the tassel, being localized in the L1 layer of the IM during the
transition phase and maintaining its localization in the L1 cell
layer during SPM differentiation (Figures 8B,C). During SMs dif-
ferentiation and growth, ZmPIN1d is localized in the tips of the
developing glumes (Figure 8D). Later on in ear development, dur-
ing the pistillate flower differentiation, ZmPIN1d hybridization
signal is detectable in the outer cell layers of the gynoecium, till
the differentiation of the gynoecium ridge that will encircle the
ovule region giving rise to the stylar canal (Figures 8E–G) and
in the nucellus surrounding the mother cells of the megaspore
(Figure 8H). The same localization pattern was observed in the
pistillate flowers of female inflorescence sections hybridized with
ZmPIN1a (Figures 8I–K), ZmPIN1b (Figure 8L), and ZmPIN2
(Figures 8M,N) antisense DIG-labeled mRNA probes.

ZmPIN LOCALIZATION PATTERN IN MAIZE KERNEL
RT-PCR showed that ZmPIN2, ZmPIN5c, ZmPIN8, and
ZmPIN10a are up-regulated during the early phases of kernel
development, from 3 to 12 DAP. To precisely determine the local-
ization of these genes at tissue level, in situ hybridization experi-
ments were done on longitudinal sections of maize kernels from 5
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FIGURE 7 | Continued

NAA and NPA applications alter root anatomy. auxin response and

PIN1a–YFP localization. The effects of NAA and NPA treatments on root
anatomy, auxin gradients, and PIN1a protein localization are visualized by
DR5:mRFP (A–G) and ZmPIN1a::YFP reporter lines observation at the
confocal microscope (H–L). (A,D) Confocal images of a DR5::mRFP reporter
line root grown in water. DR5 activity is visualized in the tip of the root cap (D)

and in the vasculature of the central cylinder (A). (B,E,F) Exogenous auxin
application results in root anatomic alteration (B,F) and in a diffused DR5
signal in the lateral root cap cells (B), in the central cylinder (B,E) and in the
pluristratified epidermis (F). (C,G) Following NPA applications a diffuse DR5

activity marks the whole central cylinder and the cortex cells. In particular
high DR5 signal is visible in the endodermis cells [arrow in (G)]. (H) Confocal
image of the pZmPIN1a::ZmPIN1a:YFP transgenic line root apex.
ZmPIN1a–YFP is localized in the quiescent center, in the proximal root
meristem and in the basal membranes of central cylinder cells. (I,K)

PIN1a–YFP localization alteration in NAA-treated primary roots reflects the
modified root anatomy at the level of the meristem and vascular tissues. (J,L)

After NPA treatment ZmPIN1a–YFP reporter line shows a more diffuse signal
of the PIN1a protein that marks also the cortex cells. cc, central cylinder; co,
cortex; ep, epidermis, me, root meristem; rc, root cap; x, xylem. Scale Bars:
150 μm in (H); 100 μm in (E,I–L); 50 μm in (A–D and F) and 10 μm in (G).

to 12 DAP (Figure 9). During this early stage of maize kernel devel-
opment the main cellular domains of the endosperm, the Basal
Transfer Layer (BETL), the embryo surrounding region (ESR), the
aleurone, and sub-aleurone differentiate, before the accumulation
of reserves occurs. At 5 DAP ZmPIN2 is expressed in the differenti-
ating endosperm ESR and in the embryo proper (Figure 9B); at 12
DAP later on during kernel development when the main cellular
domains of the endosperm are completely differentiated, ZmPIN2
transcript is localized in the BETL, ESR, aleurone, and develop-
ing embryo at the transition stage (Figures 9A,C,K). ZmPIN5c
transcripts are localized in ESR, BETL, and maternal chalazal
cells of the kernel and in the embryo at both 5 and 12 DAP
(Figures 9D–G); at 12 DAP its hybridization signal appears partic-
ularly evident in the outer epidermic layer of the embryo scutellum
(Figure 9F), in the transition zone between BETL and aleurone
(Figure 9G), while transcripts are not detectable in the aleurone
layer (Figure 9L). ZmPIN10a transcript is also localized in both
BETL and ESR endosperm cellular domains and embryo starting
at 5 DAP (Figures 9H–I), and are also detectable in the chalazal
and pedicel kernel tissues at 12 DAP (Figure 9H). Finally, ZmPIN8
is expressed in BETL cells, maternal chalazal tissues (Figure 9J),
and aleurone layer (Figure 9M).

DISCUSSION
This work reports the identification and characterization of the
PIN auxin efflux carrier family members in Z. mays. In addition to
the previously characterized ZmPIN1a, ZmPIN1b, and ZmPIN1c
(Carraro et al., 2006; Forestan et al., 2010) we identified nine
new members of the family, that is lastly made up by four genes
homologous to Arabidopsis PIN1, three to AtPIN5, a PIN2, and
a PIN8 ortholog and by three monocot-specific PINs (ZmPIN9,
ZmPIN10a, and ZmPIN10b). Anyway, more efforts are necessary
to amplify and characterize the full-length CDSs of ZmPIN5b
and ZmPIN10b, excluding (or confirming) the possibility they
represent two pseudogenes.

Genes homologous to the Arabidopsis PINs are present in
genomes throughout the plant kingdom, from the model moss P.
patens to all vascular plants, and the relatively high amino acid
identity between PIN proteins suggests that all the PIN genes
diverged from a single ancestral sequence. At least four indepen-
dent phylogenetic studies of PIN sequences from different plant
species, including early-land plants,monocots, and dicots, revealed
that the monocot PIN family is wider and more divergent than
the dicots one, with two or three genes homologous to one single
Arabidopsis PIN gene and also with the presence of at least one

monocot-specific PIN gene (Paponov et al., 2005; Xu et al., 2005;
Zazimalova et al., 2007; Krecek et al., 2009; Wang et al., 2009).

Our results strongly confirmed this hypothesis, showing a
widening of PIN auxin efflux carriers family in maize, and more
in general in monocots. By now it is largely accepted that maize
genome undergoes a whole genome duplication (Helentjaris et al.,
1988; Gaut and Doebley, 1997; Schnable et al., 2009) and sev-
eral maize genes were found in duplicated chromosomic regions
(Bomblies et al., 2003; Nardmann et al., 2004; Nardmann and Werr,
2006). Anyway, the widening of the monocots PIN family can-
not be explained only by whole genome duplication, since in the
diploid B. distachyon only two PINs (a PIN1 and a PIN5 ortholog)
are missing compared to maize and rice. On the contrary, a whole
genome duplication event could explain the widening of PIN
members belonging to the P. trichocarpa family (Tuskan et al.,
2006).

In detail, of the four PIN1 maize orthologs, chromoso-
mal duplication analysis revealed that ZmPIN1a, ZmPIN1b, and
ZmPIN1c are located on duplicated regions on chromosomes 9, 5,
and 4, respectively (Figures 2B,C and Figure S4 in Supplemen-
tary Material), and, together with ZmPIN1d share a common
exon/intron structure (six exons and five introns, Figure 2A).
These four genes encode for canonical long PIN proteins, with
two conserved hydrophobic domains at the N- and C-termini and
a long variable hydrophilic central region. Four PIN1 genes have
also been found in rice (Wang et al., 2009): subfunctionalization
of monocots PIN1 genes is confirmed by the expression analysis
in different maize and rice plant tissues. ZmPIN1a and ZmPIN1b
are ubiquitously expressed, ZmPIN1c is preferentially expressed in
the post-embryonic root and stem while ZmPIN1d shows a high
expression specificity, marking the transition from the vegetative
to the reproductive development in SAM and IMs. Similarly in rice,
OsPIN1a and OsPIN1b showed a constitutive expression, OsPIN1c
is mainly expressed in root and stem while the expression pattern
of OsPIN1d is still awaiting characterization (Wang et al., 2009).

A certain degree of expression specificity can be observed also
analyzing maize PIN1 gene localization in the post-embryonic
root: ZmPIN1a, ZmPIN1b, and ZmPIN1c are expressed in root cap,
epidermis, and central cylinder. However ZmPIN1b is expressed
in the lateral root cap and in the epidermis, ZmPIN1c is mainly
detectable in the root cap tip and in the differentiating vasculature
and ZmPIN1a in the calyptrogens and in the root meristem. The
specific ZmPIN1a transcript localization in root calyptrogen was
confirmed at protein level by both immunolocalization experi-
ments and observations of a ZmPIN1a:YFP reporter line. Both
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FIGURE 8 | Continued

PIN transcripts localization pattern in maize inflorescences.

Longitudinal sections through maize developing inflorescences

hybridized with a ZmPIN DIG-labeled antisense riboprobes. The
hybridization signal is visualized by the blue staining. The images were
acquired with a Leica DC300F camera. (A–H) Inflorescence longitudinal
sections hybridized with ZmPIN1d antisense probe. (A) Tassel
inflorescence meristem (IM) showing an up-regulation of ZmPIN1d
expression at its L1 cell layer. (B,C) Ear IM forming its spikelet meristems
(SMs): both IM L1 layer and SMs show ZmPIN1 expression. (C) is a higher
magnification of (B). (D) shows a strong signal from the newly formed

glume primordia of ear SMs. (E–H) Longitudinal sections of developing
pistillate flowers. ZmPIN1d hybridization signal is detectable in the outer
cell layers of the gynoecium till the differentiation of the gynoecium ridge
that will encircle the ovule region giving rise to the stylar canal and in the
nucellus surrounding the mother cells of the megaspore. (I–N) ZmPIN1a
(I–K), ZmPIN1b (L), and ZmPIN2 (M–N) expression domains during the
development of pistillate flowers overlap that of ZmPIN1d. IM,
inflorescence meristem; SM, spikelet meristem; SPM, spikelet-pair
meristem; ig, inner glume; og, outer glume; st, stylar canal; gr, gynoecium
ridge; mmc, megaspore mother cell. Scale Bars: 100 μm in
(A–B,D,G,I–J,L); 50 μm in (C,E,F,H,K,M,N).

localization procedures showed that PIN1 proteins are localized
in the proximal root meristem. The anti-AtPIN1 antibody also
shows the polarization of ZmPIN1 proteins in the cortex and
central cylinder cells, suggesting that the proteins are involved
in auxin transport toward root apex, as modeled for Arabidopsis
root. Interestingly, in calyptrogen ZmPIN1a is not inserted in cell
plasma membrane but is accumulated in the cytoplasm. The same
ZmPIN1 accumulation pattern was previously observed in the
ESR during maize endosperm development (Forestan et al., 2010)
and ZmPIN1a has been observed to accumulate in intracellular
compartments also by the transformation of tobacco protoplast
with a ZmPIN1a::GFP fusion construct (Forestan and Varotto,
2010). Interestingly, in maize endosperm ESR the accumulation
of PIN1 proteins in the cell endomembranes is coupled with an
auxin maximum in the same cells. Similarly in maize root, both
anti-IAA immunolocalization and observation of a DR5-reporter
line showed the presence of an auxin maximum in the root cap.

An auxin accumulation also characterizes the Arabidopsis root
cap and columella cells (Sabatini et al., 1999): auxin is supplied to
the root cap by the PIN1- and PIN4-dependent acropetal route and
then laterally redistributed by PIN3- and PIN7-mediated efflux
from columella cells (reviewed in Peer et al., 2011). The simul-
taneous and coordinated expression of ZmPIN1a, ZmPIN1b, and
ZmPIN1c in the maize root apex could suggest that these three
proteins play the role of the Arabidopsis PIN3, PIN4, and PIN7
efflux carriers. Indeed, as in rice, no ZmPIN genes were grouped
into the AtPIN3, AtPIN4, or AtPIN7 cluster (Wang et al., 2009). A
previous phylogenetic analysis suggested a close evolutionary rela-
tionship between these three Arabidopsis transporters: AtPIN3 and
AtPIN7 are located on two copies of a duplicated block of 285 genes
on chromosome 1 and the rate of synonymous substitution analy-
sis indicates that these blocks are the result of a recent duplication.
Similarly, AtPIN3 and AtPIN4 share the same relative position in
duplicated blocks of genes. However, these blocks are too small to
be considered as statistically significant (Paponov et al., 2005).
Our Phylip-phylogenetic study seems to suggest an evolution-
ary relationship between the AtPIN3/AtPIN4/AtPIN7 cluster and
PIN10a/PIN10b monocots proteins that belong to a monophyletic
group. However, this hypothesis is not confirmed by the evolu-
tionary analysis based on Maximum Likelihood method, making
any speculation weak. Nor can the expression analysis of the two
maize PIN10 genes support this evidence: ZmPIN10a is expressed
in leaves and kernels and both ZmPIN10a and ZmPIN10b are
expressed in male inflorescence at the limit of detection, as con-
firmed by a search in Genome-Wide Expression Atlas (Figure S5 in

Supplementary Material; Sekhon et al., 2011), with an expression
pattern totally different from AtPIN3, AtPIN4, and AtPIN7.

Although the diploid monocot B. distachyon has only two PIN5
genes (the transporters lacking the central hydrophilic domain),
rice, sorghum, and maize have three PIN5 sequences in their
genome. In maize there is no evidence of duplication events involv-
ing regions in which PIN5 genes map; anyway both the divergent
expression pattern of the three genes and the putative pseudo-
gene nature of ZmPIN5b suggest that the tracks of any poten-
tial duplication event might have been lost during chromosomal
rearrangements and the subfunctionalization of these sequences.

In addition to PIN5s, a fourth short PIN transporter has been
identified as the AtPIN8 ortholog and named ZmPIN8. All the
short PIN transporters, the three PIN5 and PIN8 proteins, have a
conserved hydrophobic profile with their orthologs in Arabidopsis
that are localized in ER. However, this peculiar subcellular localiza-
tion, which has been suggested as having an important implication
from an evolutionary point of view (Wabnik et al., 2011), is still
awaiting confirmation in monocots.

The monocot-specific ZmPIN9 and OsPIN9 proteins do not
correspond to the traditional classification in long and short
PINs, based on the length of hydrophilic domain. Their tran-
scripts are specifically localized in the root and their proteins
show an intermediate length of the hydrophilic domain. Further-
more, they grouped (together with sorghum and Brachypodium
orthologs) in the same cluster with the P. patens PIND, whose
intron sequences analysis suggested the possibility of its horizontal
transfer from monocots (Krecek et al., 2009; Mravec et al., 2009).
Unlike PpPINA, PpPINB, and PpPINC, the three closely related
Physcomitrella PINs, which were localized in ER in transient
transformation assays using tobacco protoplasts, PpPIND protein
showed a non-specific cytosolic localization pattern (Mravec et al.,
2009). All these observations make the investigation on subcellular
localization of monocot PIN9 proteins particularly interesting.

Although ZmPIN2 gene was expressed in vegetative and repro-
ductive tissues and during kernel development, its locus was not
identified in the maize genome 5b.60 release. ZmPIN2 has a con-
served intron/exon structure with AtPIN2 but, similarly to its
ortholog in rice (Wang et al., 2009) it does not have the same spe-
cific expression pattern at the root level. ZmPINX gene is a second
missing gene in the maize genome database and together with
ZmPINY represents the first PIN-like sequences characterized in
maize so far. As for Arabidopsis, phylogenetic analysis revealed
that PIN and PIN-like families form distinct clusters (Figure S1 in
Supplementary Material; Paponov et al., 2005).
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FIGURE 9 | Continued

Localization pattern of PINs transporters in maize kernel. Longitudinal
sections through maize kernels at different DAP, hybridized with antisense
mRNA DIG-labeled probes corresponding to the PIN transporters expressed
in maize caryopses. The hybridization signal is visualized by the blue staining.
(A–C) ZmPIN2 mRNA localization during kernel development. (A) In 12 DAP
endosperm section ZmPIN2 transcripts localize in the basal endosperm
transfer layers facing the maternal placenta of the seed. (B,C) Depict
longitudinal section through two maize kernels at 6 and 12 DAP, respectively:
in both sections, the hybridization signal is detectable in the endosperm
embryo surrounding region (ESR) and in the embryo where it marks the outer
cell layers. (D–G) ZmPIN5c transcript in situ hybridization in embryos and
endosperm. (D,G) Show longitudinal sections through a 12 DAP kernel;
ZmPIN5c hybridization signal is localized in the completely differentiated
transfer cells facing the placenta in (D) and also in the differentiating cells at
the flanks of the kernel, where the aleurone starts in (G). (E,F) Are
longitudinal sections of maize kernel at 9 and 14 DAP, respectively, showing

ZmPIN5c hybridization signal in the embryo. In transition stage embryos
ZmPIN5c marks the embryo proper, while no signal is detectable in the
suspensor (E); later on development, in L1-stage embryo the transcripts
localize in the scutellum and Root Apical Meristem (F). (H,I) ZmPIN10a
antisense hybridizations in longitudinal sections of kernels and embryos. In 12
DAP kernels the hybridization signal is visible in both the BETL layer and
maternal tissues (placenta and pedicel) of the seed (H), while at 5 DAP the
ESR and the embryo proper are labeled (I). (J) ZmPIN8 mRNA localization in
longitudinal section of a maize kernel at 12 DAP. The blue staining is
detectable in the outer cell layers of the endosperm comprising the BETL and
the aleurone. (K–M) ZmPIN2, ZmPIN5c, and ZmPIN8 expression in the
aleurone layer at 12 DAP. Both ZmPIN2 and ZmPIN8 are highly expressed in
the single cell layer of the aleurone (K,M), while no expression of ZmPIN5c is
detectable in this domain (L). BETL, basal endosperm transfer layer; ESR,
embryo surrounding region; cha, maternal chalazal region; pe, pedicel; se,
starchy endosperm; al, aleurone; ep, embryo proper; su, suspensor; scu,
scutellum. Scale bars: 200 μm in (J); 100 μm in (A–I); 50 μm in (K–M).

Together with ZmPIN1a, ZmPIN1b, ZmPIN1c, ZmPIN2, and
ZmPIN9, ZmABCB1/BR2 is expressed in maize root apexes, par-
ticularly in root epidermis as previously reported (Knoller et al.,
2010; McLamore et al., 2010). In br2 mutant root segments the
expression levels of ZmPIN transcript are differentially altered,
depending on the gene and segment. These observed fluctua-
tions at transcript level can be correlated to the reduced auxin
transport that characterizes br2 root (McLamore et al., 2010).
This statement is confirmed by the expression analysis of ZmPIN
genes in wt and br2 root treated with NAA and NPA. Indeed,
also in B73 and br2 treated-root the expression levels of ZmPIN
transcript were differentially altered, depending on the gene and
segment. However, observing the ZmPIN1a and DR5-reporter
lines, it became evident that both NAA and NPA treatments
had a strong effect not only on auxin distribution but also
on root tissues differentiation and ZmPIN1a protein localiza-
tion. All together these evidences indicate that the NAA and
NPA treatment (and may be also the br2 mutation), affect the
root tissue differentiation indirectly changing the localization
of the PIN transcripts and proteins, which appear to have a
highly tissue-specific expression in maize root. Interestingly, the
combination of br2 mutation and NAA or NPA treatment has
additional effect on the alteration of ZmPIN gene expression
levels.

This high tissue-specific regulation of PIN genes is a further
indication that, in spite of a partial overlapping in their tran-
script localization in the root tissues, maize PIN genes might have
acquired subfunctionalization during evolution.

Unlike in Arabidopsis, where each PIN has a specific expres-
sion domain, expression analysis revealed that many ZmPIN genes
are simultaneously expressed in the same organ or tissue. Indeed
ZmPIN1a, ZmPIN1b, ZmPIN1d, and ZmPIN2 mark the develop-
ment of the gynoecium and the formation of the silk in the female
inflorescence, ZmPIN2, ZmPIN5c, and ZmPIN8 are expressed,
together with ZmPIN1a, ZmPIN1b, and ZmPIN1c, in the basal
endosperm transfer layer (BETL) cells. These overlapping expres-
sion domains in different tissues and at different developmental
stages indicate a great degree of functional redundancy among the
members of maize PIN family. To understand the biological mean-
ing behind this redundancy it is necessary to further investigate the

different endogenous and exogenous stimuli able to regulate PIN
gene expression and determine auxin gradients in the different
plant tissues.

Another open point concerns auxin distribution in maize root
apex: anti-IAA immunolocalization experiments and confocal
images of a DR5-reporter line showed contrasting auxin distri-
bution and accumulation patterns. It is well known that these
two experimental approaches visualize free-auxin distribution and
activity of auxin responsive promoter, respectively (Schlicht et al.,
2006). Our results suggest that these approaches might be used
together to better analyze auxin distribution and accumulation
pattern in plant tissues.

In maize root apex auxin distribution and accumulation pat-
terns differ from that reported for Arabidopsis, pointing out the
importance of the root cap tip and epidermis in the creation of
auxin gradients. Further investigations are needed to elucidate
whether these differences in the localization of auxin gradients
reflect the different anatomical organization between monocot
and dicot roots or vice-versa.
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Figure S1 | Neighbor-joining phylogenetic analysis of PIN auxin

efflux carriers from Zea mays, Arabidopsis thaliana, Medicago truncatula,

Oryza sativa, Brachypodium distachyon, Sorghum bicolor, Setaria italica,

Populus trichocarpa,Vitis vinifera, Physcomitrella patens, and Selaginella

moellendorffii. The phylogenetic analysis between newly identified maize PIN
proteins, PIN and PIN-like proteins of eudicots and monocots, summarizes the
evolutionary relationships among the 120 members of the PIN protein family.
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PIN protein sequences from two herbaceous eudicots (A. thaliana, At, and
M. truncatula, Medtr ), two arboreal eudicots (P. trichocarpa, Ptri, and V. vinifera,
Vvinifera), four monocots (O. sativa, Os; S. bicolor, Sb; B. distachyon, Bdist, and
S. italica, Sitalica), a bryophyte (P. patens, Pp), and a lycophyte (S. moellendorffii,)
were retrieved by family blast searches in the Phytozome v7.0 database
(www.phytozome.net/) and were aligned together with newly identified ZmPIN
and PIN-like proteins of maize. Alignment were performed with ClustalX 1.81
(Blosum Weight Matrix; Gap Opening Penalty: 5; Gap Extension Penalty: 0.20),
and a neighbor-joining phylogenetic tree was prepared with Phylip package
using 100 bootstraps. The yeast PIN-like protein AEL1 (NP_593365 from
Schizosaccharomyces pombe) was included in the analysis as outgroup. Newly
identified ZmPIN proteins are named according to the cluster of the Arabidopsis
and rice PIN family to which they belong. Accession numbers are reported in
Table S1.

Figure S2 | Phylogenetic network of PIN auxin efflux carriers from Zea

mays, Arabidopsis thaliana, Oryza sativa, Brachypodium distachyon,

Populus trichocarpa, Physcomitrella patens, and Selaginella moellendorffii.

PIN protein sequences of Z. mays (Zm), A. thaliana (At ), P. trichocarpa (Ptri ), O.
sativa (Os), B. distachyon (Bdist ), P. patens (Pp), and S. moellendorffii (Sm)
were retrieved by family blast searches in the Phytozome v7.0 database
(www.phytozome.net/) and aligned with MAFFT algorithm available at the
EMBL-EBI website (http://www.ebi.ac.uk/Tools/msa/mafft/). A NeighborNet
Network was constructed with SplitsTree4 software. In comparison with the
classical phylogenetic tree, this network-based approach allows a richer
visualization of the data, taking in account that many events such as
hybridization, horizontal gene transfer, recombination, or gene duplication and
loss might be involved in evolution of the PIN family across plant species.

Figure S3 | Maximum Likelihood phylogenetic analysis of PIN auxin efflux

carriers from Zea mays, Arabidopsis thaliana, Oryza sativa, Brachypodium

distachyon, Populus trichocarpa, Physcomitrella patens, and Selaginella

moellendorffii. PIN protein sequences of Z. mays (Zm), A. thaliana (At ), P.
trichocarpa (Ptri ), O. sativa (Os), B. distachyon (Bdist ), P. patens (Pp), and S.
moellendorffii (Sm) were retrieved by family blast searches in the Phytozome
v7.0 database (www.phytozome.net/) and aligned with MAFFT algorithm
available at the EMBL-EBI website (http://www.ebi.ac.uk/Tools/msa/mafft/). PIN
proteins were aligned with MAFFT algorithm available at the EMBL-EBI website
(http://www.ebi.ac.uk/Tools/msa/mafft/). Phylogeny was inferred with the
Molecular Evolutionary Genetic Analysis 5 (MEGA5) program using the
Maximum Likelihood method (10,000 bootstraps, Jones–Taylor–Thornton
model).

Figure S4 | ZmPINs duplication analysis. The upper panel shows the
duplicated regions between the 10 maize chromosomes. The map positions of
the maize PIN genes have been manually reported in the scheme. In the bottom
panel the duplications of ZmPIN1a–ZmPIN1b (on chromosomes 9 and 5,

respectively) and ZmPIN1b–ZmPIN1c (on chromosomes 5 and 4, respectively)
blocks is depicted. Finally, ZmPIN5a, ZmPIN9, ZmPIN8, and ZmPIN10a map on
long arm of chromosome 3, in a region highly syntenic to the rice chromosome
1, where OsPIN5a, OsPIN9, OsPIN8, and OsPIN10a map too. Duplicated and
syntenic blocks have displayed with Synteny Mapping and Analysis Program
(SyMAP) v3.4 (Soderlund et al., 2011; http://www.symapdb.org/).

Figure S5 | Maize auxin transporter expression analysis from the

Genome-wide atlas of transcription during maize development. ZmPINs,
ZmPIN-like and BR2/ZmABCB1 expression levels analyzed in 60 distinct tissues
representing 11 major organ systems of inbred line B73 (Sekhon et al., 2011).
Expression graphs have been download from www.maizegdb.org: the green
bars indicate tissues in which the gene is expressed.

Figure S6 | In situ hybridization and anti-IAA negative controls. Specific
sense RNA probes for each PIN genes were used as negative controls in every
in situ hybridization experiment (A–D) while two different negative controls, no
EDAC pre-fixation and without anti-IAA primary antibody were used. (A)

Longitudinal section of a primary root hybridized with a ZmPIN1a sense probe.
(B) Longitudinal section of a primary root apex hybridized with a ZmPIN1b
sense probe. (C) Cross section of primary root hybridized with a ZmPIN9 sense
probe. (D) Longitudinal section of a female inflorescences showing the mother
cell of the megaspore inside the ovule hybridized with a ZmPIN1d sense probe.
(E) Anti-IAA negative control on longitudinal section of a primary root not
pre-fixed with EDAC. (F,G) Anti-IAA negative control on longitudinal sections of a
primary root hybridized with the secondary antibody only. cc, central cylinder;
co, cortex; ep, epidermis, end, endodermis; me, root meristem; p, pericycle; ph,
phloem; rc, root cap; x, xylem; st, stylar canal; mmc, megaspore mother cell.
Scale Bars: 200 μm in (A); 100 μm in (B–G).

Table S1 | PIN sequences accession numbers. Accession numbers list,
common name (where available) and respectively protein sequences of auxin
efflux carriers considered in this work for phylogenetic analysis are reported for
each species. While Arabidopsis thaliana and Zea mays PIN and PIN-like
sequences were retrieved from TAIR (www.arabidopsis.org) and MaizeGDB
(www.maizegdb.org) databases, respectively, PIN protein sequences of the
other species were identified by a family blast search in the Phytozome v7.0
database (www.phytozome.net/).

Table S2 | Primer list. Primers used for cDNA and genomic full-length
amplification, amplification of probes for in situ hybridization and expression
analysis in vegetative and reproductive tissues (with relative number of circles
considered in each PCR) are listed for each maize PIN and PIN-like gene.

Table S3 | Maize PIN and PIN-like map position. Chromosomal position
(obtained from www.maize.sequence.org database) of the newly identified
maize PIN and PIN-like sequences.
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Intercellular transport of the plant hormone auxin is mediated by three families of
membrane-bound protein carriers, with the PIN and ABCB families coding primarily for
efflux proteins and the AUX/LAX family coding for influx proteins. In the last decade
our understanding of gene and protein function for these transporters in Arabidopsis has
expanded rapidly but very little is known about their role in woody plant development. Here
we present a comprehensive account of all three families in the model woody species Pop-
ulus, including chromosome distribution, protein structure, quantitative gene expression,
and evolutionary relationships. The PIN and AUX/LAX gene families in Populus comprise
16 and 8 members respectively and show evidence for the retention of paralogs following
a relatively recent whole genome duplication. There is also differential expression across
tissues within many gene pairs.The ABCB family is previously undescribed in Populus and
includes 20 members, showing a much deeper evolutionary history, including both tandem
and whole genome duplication as well as probable gene loss. A striking number of these
transporters are expressed in developing Populus stems and we suggest that evolutionary
and structural relationships with known auxin transporters in Arabidopsis can point toward
candidate genes for further study in Populus. This is especially important for the ABCBs,
which is a large family and includes members in Arabidopsis that are able to transport other
substrates in addition to auxin. Protein modeling, sequence alignment and expression data
all point to ABCB1.1 as a likely auxin transport protein in Populus. Given that basipetal auxin
flow through the cambial zone shapes the development of woody stems, it is important
that we identify the full complement of genes involved in this process. This work should
lay the foundation for studies targeting specific proteins for functional characterization and
in situ localization.

Keywords: auxin, PIN, AUX/LAX, ABCB, Populus

INTRODUCTION
Plant development is highly plastic owing to growth via meris-
tems, and this plasticity is fundamental to the ability of plants, as
sessile organisms, to adapt to changing environments. Develop-
mental flexibility is particularly important for trees, which can live
for thousands of years in the same place, growing massive bod-
ies that must face a multitude of environmental challenges. The
plant hormone auxin is well established as a key regulator of plant
morphogenesis and in recent years the molecular mechanisms of
transport and action have been elucidated. With the publication
of the Populus trichocarpa genome (Tuskan et al., 2006), new tools
to improve our understanding of secondary growth − the type
of vascular growth that defines woody plants − became available.
Populus is not only the dominant model species for woody plant
growth, but also a valuable crop for pulp, bioenergy production,
and carbon sequestration. Thus, understanding the mechanisms
that underlie auxin transport in Populus is of interest both in the

context of the evolution of plant development and as a means
to manipulate plant architecture, biomass production, and fiber
quality.

The auxins as a group include several molecules, with the
most abundant natural form in plants being indole-3-acetic acid
(IAA). Auxin synthesis occurs in young, actively growing tissues
including shoot tips, young leaves, and germinating seeds (Ljung
et al., 2001a,b), and increasing evidence suggests that synthesis
takes place in the roots as well (Ljung et al., 2005). Auxin moves
from the sites of production throughout the plant via two routes:
long distance transport of conjugated forms in the phloem and
short distance transport of “free”(non-conjugated) auxin via polar
auxin transport (PAT). By far the better studied route, PAT is a
form of active intercellular transport mediated by proteins inserted
in the plasma membrane that belong to three distinct families.
The PIN and ABCB families encode efflux proteins (i.e., proteins
that facilitate movement out of cells), whereas members of the
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AUX/LAX family facilitate auxin entry into cells, along with pas-
sive diffusion. PAT is relatively slow (5–20 mm/h; Lomax et al.,
1995), saturable and can be impaired by the application of both
competitive inhibitors and inhibitors of protein synthesis (Katekar
and Geissler, 1980; Sussman and Goldsmith, 1981). This form
of transport is considered polar because the protein carriers are
often asymmetrically positioned in the plasma membrane such
that transport is directional. Transport directionality can then be
altered on relatively short timescales in response to reposition-
ing of the protein carriers. Feedback mechanisms also exist such
that PAT is often self-reinforcing, with multiple transport pro-
teins themselves being upregulated by auxin (Sauer et al., 2006;
Titapiwatanakun and Murphy, 2009).

The PIN proteins have been studied extensively in Arabidopsis
thaliana (Chen et al., 1998; Luschnig et al., 1998; Müller et al.,
1998; Utsuno et al., 1998; Friml et al., 2002a,b, 2003) and show
dynamic polar localization at the plasma membrane (PIN1, PIN2,
PIN3, PIN7) or in the endoplasmic reticulum (ER) (PIN5, PIN6,
PIN8; Mravec et al., 2009; Friml and Jones, 2010). PIN1 was first
described as mediating PAT and determining organ outgrowth
at the inflorescence (Okada et al., 1991; Gälweiler et al., 1998;
Vernoux et al., 2011). Subsequently its role in embryogenesis,
vein patterning, vascular development, and root development were
established (Friml et al., 2003; Vieten et al., 2005; Scarpella et al.,
2006; Petrásek and Friml, 2009). The characterization of PIN genes
has been expanded to include the monocotyledons Zea mays and
Oryza sativa, both of which express several PINs thought to be spe-
cific to the monocots. In maize, ZmPIN1a, b, and c are responsible
for directing auxin transport in the male and female inflores-
cences and in the floret meristems (Carraro et al., 2006; Wu and
McSteen, 2007). They are also involved in endosperm and embry-
onic development (Forestan et al., 2010) and in the maintenance
of phyllotaxy (Lee et al., 2009). The monocot-specific PINs from
rice (OsPIN9, OsPIN10a, and OsPIN10b) are highly expressed in
adventitious root primordia and pericycle cells at the stem-base,
suggesting that they may have evolved to promote adventitious
root development (Wang et al., 2009).

Members of the AUXIN/LIKE AUXIN (AUX/LAX) family in
Arabidopsis (Bennett et al., 1996; Yemm et al., 2004) are largely
responsible for auxin influx, although the protonated form of
auxin (IAAH) is able to passively diffuse into cells. The founder
member AUX1 encodes a plasma membrane protein that belongs
to the amino acid permease family of proton-driven transporters
and functions as an anionic symporter (Swarup et al., 2005; Yang
et al., 2006). AUX1-mediated IAA uptake is implicated in gravit-
ropic response, as the agravitropic phenotype of the aux1 mutant
can be phenocopied in wild-type seedlings by applying the auxin
influx carrier inhibitor 1-naphthoxyaceticacids (1-NOA) and res-
cued using the membrane-permeable auxin 1-naphthaleneacetic
acid (NAA; Swarup et al., 2001; Yemm et al., 2004). The paralogs
of AUX1, LAX1, LAX2, and LAX3 encode proteins that maintain a
correct phyllotactic pattern at the shoot apical meristem (SAM),
as they act together with PIN1-mediated auxin efflux (Bainbridge
et al., 2008). LAX3 is also involved in the development of lateral
root primordia (Swarup et al., 2008).

The involvement of ABCB [ATP-binding cassette (ABC) trans-
porters of the B class, previously known as multidrug resistance

(MDR)/Phosphoglycoprotein (PGP)] proteins in auxin transport
was first hypothesized when expression of ABCB1/PGP1 in Ara-
bidopsis was found to regulate hypocotyl elongation in a light-
dependent fashion (Sidler et al., 1998). Subsequently, ABCB1 was
shown to function with ABCB19/PGP19/MDR1 in mediating PAT
(Noh et al., 2001). ABCB1 and ABCB19 are the closest Arabidop-
sis orthologs of mammalian ABCB1-type MDR transporters and
although specificity for auxin is not assured (Lee et al., 2008),
some appear to transport auxin with relatively high substrate
specificity (Titapiwatanakun and Murphy, 2009; Yang and Mur-
phy, 2009). ABCB14 and ABCB15 promote auxin transport along
the inflorescence of Arabidopsis, where they are expressed in vas-
cular tissue and interfascicular fibers. Inflorescence stems in both
knockout mutants show a reduction in PAT (Kaneda et al., 2011).
ABCB4 from Arabidopsis is involved in basipetal PAT in the root
(Terasaka et al., 2005; Wu et al., 2007; Kubeš et al., 2011) and,
although most ABCBs studied to date function as efflux carriers,
heterologous expression of ABCB4 suggests that it functions as an
auxin influx carrier under low concentrations of IAA and reverses
to efflux when IAA concentrations increase (Yang and Murphy,
2009). The ABCB1/PGP1 ortholog has been cloned in maize
(Brachytic2/ZmPGP1) and in Sorghum bicolor (dwarf3/SbPGP1)
and shown to be responsible for IAA transport along the stem
(Multani et al., 2003; Knöller et al., 2010).

Our understanding of PAT and its role in development has
advanced considerably in Arabidopsis and to a lesser extent in
monocots, but the functional significance of these transport pro-
teins − particularly the ABCBs − remain largely unknown in
woody plants. Woody plants are defined by the production of sec-
ondary vascular tissue, specifically secondary xylem and phloem.
These vascular tissues are derived from a lateral meristem called
the vascular cambium that encircles the stem, adding new cells
that will ultimately differentiate into xylem toward the inside of
the stem and phloem toward the outside. Given the demonstrated
role of PAT in vascular development in herbaceous plants it seems
logical to expect a role in secondary growth. Indeed, the vascular
cambium contains high levels of IAA in both Pinus and Populus,
with a peak concentration occurring either in the cambial initials
themselves, or perhaps more likely, in the earliest differentiating
xylem elements (Uggla et al., 1996, 1998; Tuominen et al., 1997;
Hellgren et al., 2004). Concentrations rapidly decline through the
regions of cell differentiation to near zero in mature secondary
xylem and phloem. Auxin transport in the cambium is basipetal
(Lachaud and Bonnemain, 1984; Uggla et al., 1998; Kramer et al.,
2008) and several members of the PIN and AUX/LAX gene fam-
ilies are expressed in developing Populus stems (Schrader et al.,
2003, 2004; Nilsson et al., 2008). Furthermore, expression of one or
more PIN and AUX/LAX genes is downregulated with the onset of
dormancy (Schrader et al., 2003, 2004) and upregulated following
exogenous application of IAA and/or gibberellins (Schrader et al.,
2003; Björklund et al., 2007). Despite several excellent studies in
Populus, our knowledge of the molecular mechanisms that regu-
late PAT in woody plants is essentially restricted to the expression
patterns of just three PIN and AUX/LAX genes. A more com-
prehensive understanding of PAT gene and protein function in
Populus will help to clarify the molecular mechanisms controlling
vascular pattering in woody plants and explain the link(s) between
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short and long distance auxin transport in species with extensive
stem development.

Here we present the first comprehensive account of the PIN,
AUX/LAX, and ABCB gene families in Populus, which contain 16,
8, and 20 members respectively. We investigate the history of gene
family members relative to each other within Populus and rela-
tive to proposed orthologs in Arabidopsis. Through phylogenetic
analysis we describe the timing of the diversification of the PIN,
AUX/LAX, and ABCB gene families relative to when plants colo-
nized land. Because the transport function of the ABCB proteins is
less understood and their specificity for auxin has not been com-
pletely elucidated, we model the protein structures for Populus
ABCBs and compare these to known Arabidopsis ABCB trans-
porters. We then provide expression data for all putative auxin
transporters in Populus, including presence or absence data for
each gene in the cortex, phloem, cambial zone, and xylem of
mature stems. We present quantitative RT-PCR expression levels
for whole plantlets, internodes just beginning to form secondary
vascular tissue, roots and developing xylem from mature stems.
Lastly, in order to determine the most likely contributors to the
positive feedback mechanism driving “canalization” of auxin flow
during vascular development, we test the response of PIN, ABCB,
and AUX/LAX genes to exogenous IAA application. These find-
ings should lay the foundation for the functional characterization
of members of each family and suggest which proteins are likely
to be important regulators of secondary growth.

MATERIALS AND METHODS
PLANT MATERIAL
Populus tremula × alba hybrid clone INRA 717-1B4 was cho-
sen for all experimental procedures. In vitro plants were grown
on half-strength Murashige and Skoog (MS) supplemented
with 2% sucrose, 0.25 mg ml−1MES, 0.04 mg ml−1 glycine, and
0.2 mg ml−1 myo-inositol at 25 ± 2˚C under 16 h day length
conditions using GE 20W F20T12 growth lamps. Greenhouse
plants were grown in 2:1:1 promix HP: perlite:vermiculite supple-
mented with 19–6–12 N–P–K slow release fertilizer. Greenhouse
temperatures were maintained around 22 ± 5˚C and day light
supplemented to achieve a 16 h day length using metal halide
lamps.

IDENTIFICATION OF PIN, AUX/LAX, AND ABCB GENE AND PROTEIN
FAMILIES
Populus trichocarpa gene and protein sequences were retrieved
from the Joint Genome Institute’s (JGI) P. trichocarpa v.1.1 data-
base1. Henceforth we refer to these genes and gene families as
PtrPIN, PtrAUX, and PtrABCB. When reporting expression data,
we will refer to the same genes from P. tremula × alba (abbreviated
as Pta, i.e., PtaPIN1). The PIN and AUX/LAX sequences had been
previously annotated and we maintained the original nomencla-
ture including the AUX and LAX names for every member of
the AUX/LAX family from P. trichocarpa (i.e., PtrAUX1–LAX5).
Every sequence was used as query with the BLASTn algorithm to
search the National Centre for Biotechnology Information (NCBI)

1 http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html

nucleotide collection database to confirm sequence identity. Puta-
tive ABCB genes in the P. trichocarpa genome were identified in
the same database using 22 Arabidopsis ABCB gene sequences
retrieved from the Arabidopsis Genome Initiative Research data-
base (TAIR)2. The JGI P. trichocarpa v.1.1 database was also
searched using the terms “MDR” and “ATP” as queries. A third
search was conducted using the retrieved sequences to interro-
gate the Populus DataBase (PopulusDB)3. Finally all retrieved
sequences were confirmed as encoding putative auxin transporters
by searching the phytozome v.7.0 database4. All the remaining PIN,
AUX/LAX and ABCB sequences from other species were retrieved
from phytozome v.7.0, TAIR10, The Rice Genome Annotation
Project5, and MaizeGDB6. The complete list of retrieved genes
is provided in Table A4 in Appendix. All sequences were inspected
for redundancy and presence of pseudogenes and invalid gene
models were discarded. ABCB protein sequences were used as
queries to search the PROSITE database7 to confirm the pres-
ence of the TMD–NBD–TMD–NBD (transmembrane domain,
nucleotide-binding domain) structure and the ABC C-motif. This
allowed to rule out the presence of ABC half transporters and
other ABC proteins not belonging to class B (Sanchez-Fernandez
et al., 2001) and to classify the genes according to their full length
structure, conserved motifs, sequence similarity, and EST support.
Intron–exon structures of P. trichocarpa PIN,AUX/LAX, and ABCB
genes were produced using the online tool GSDS, Gene Structure
Display Server (Guo et al., 2007)8. The genome representation for
Populus was created using the online tool SyMAP v.3.59

PtrABCB, PIN, AND AUX/LAX STRUCTURE ANALYSIS AND PtrABCB
MODELING
Transmembrane domains were predicted using the online tools
TMHMM Server v.2.010 and Aramemnon11. The protein structure
of Sav1866 and MDR1 were obtained from the PDB (Protein Data
Bank) database12. The predicted protein structures of AtABCB1
and 4 have been previously generated by Yang and Murphy (2009).
Arabidopsis templates (ABCB1 or 4) were chosen based on clos-
est sequence identity. To generate the alignment files of Populus
ABCB protein sequences and Arabidopsis ABCB sequences, Multi-
alin13 was used with default settings. The output file was manually
edited to meet Modeller 9v5 requirements14. The predicted 3D
protein structure was generated using the python script Modeller
9v5. Three structures were generated and the quality was deter-
mined according to the manual (Wiederstein and Sippl, 2007).
The best model was used for substrate docking. Furthermore, the

2 www.arabidopsis.org
3 http://www.populus.db.umu.se
4 http://www.phytozome.org
5 http://rice.plantbiology.msu.edu/
6 http://www.maizegdb.org/
7 http://ca.expasy.org/prosite/
8 http://gsds.cbi.pku.edu.cn/index.php
9 http://www.symapdb.org/.
10 http://www.cbs.dtu.dk/services/TMHMM/
11 http://aramemnon.uni-koeln.de/
12 http://www.rcsb.org/pdb/home/home.do
13 http://bioinfo.genotoul.fr/multalin/multalin.html
14 http://salilab.org/modeller/release.html
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quality of the protein model was tested using the program ProSA15.
Substrate docking was performed using MEDOCK16. PDB files of
all proteins were translated into pdbq files using the PDB2PQR
server17. For substrate docking prediction, the nucleotide-binding
folds (NBFs) were removed. All loops connecting the TMDs were
removed to reduce the size of the file. Finally, the pdbq file of
IAA was produced with the Dundee PRODRG2 Server (Dolinsky
et al., 2004, 2007)18. Each run had a docking repeat of five times
and four runs were performed, resulting in a total of 20 molecules
docked to the protein structure. Protein models were displayed
using PyMol19.

PHYLOGENETIC ANALYSIS
Phylogenic reconstruction was conducted using the coding
sequences of 18 species, including 3 monocotyledonous and 10
dicotyledonous plants. Sequences from the green algae Chlamy-
domonas reinhardtii (Merchant et al., 2007) and Volvox carteri
(Prochnik et al., 2010), the moss Physcomitrella patens (Rens-
ing et al., 2008) and the lycopod Selaginella moellendorffii (Banks
et al., 2011) were also included. For each coding sequence, three
types of trees were retrieved from two different alignments. The
first alignment was generated in concert with the tree search, a
method called “dynamic homology” (Wheeler, 1996). 149, 68,
and 245 unaligned coding sequences from the PIN, AUX/LAX,
and ABCB families (Table A4 in Appendix) were read into the
phylogenetic program POY v.4.1.2 (Varón et al., 2009) and trees
and alignments were searched simultaneously for the least costly
sequence alignment and tree topology combination under the
parsimony criterion. A second alignment was generated in the
program MAFFT (Katoh et al., 2009), where the same sequences
were aligned under a gap opening cost of 4 and a gap exten-
sion cost of 0.05. This alignment was then input to the pro-
gram Gblocks v.0.91b (Castresana, 2000; Talavera and Castresana,
2007), which removes regions with multiple gaps and of dubi-
ous homology. Gblocks was run with default settings, except that
gaps were allowed in all parts of the resulting alignment (such
as in cases where one or a few sequences have a clear inser-
tion or deletion). The alignment output by Gblocks was then
used for tree searching in POY, where it was read as pre-aligned.
Both unaligned and aligned POY tree searches were immedi-
ately followed by bootstrap searches, where 100 pseudoreplicates
were searched starting with one Wagner tree each. Tree searches
were conducted on a parallel computing cluster, using 24 proces-
sors searching for a maximum of 6 h of automated searching (in
which POY decides on the best combination of builds, swapping,
ratchet, and fusing) with dynamic homology and 16 proces-
sors for the pre-aligned data. For dynamic homology, in both
the tree searches and the bootstrap calculations, the data were
divided by the program into seemingly homologous blocks before
searching using the command “auto_sequence_partition,” which
greatly increases search speed. For all POY searches, the costs of

15 http://www.came.sbg.ac.at/typo3/index.php?id = prosa
16 http://medock.csbb.ntu.edu.tw
17 http://pdb2pqr.sourceforge.net
18 http://davapc1.bioch.dundee.ac.uk/prodrg,
19 http://pymol.sourceforge.net

transitions, transversions, and insertion/deletion events were the
same.

The alignment from Gblocks was also used for a maximum like-
lihood search in RaxML (Stamatakis et al., 2008) on the CIPRES
Science Gateway (Miller et al., 2010)20. The alignment was first
uploaded and converted to relaxed Phylip format and then tree
searches were performed with likelihood bootstrap in which the
best tree is reported along with the results of a 100-pseudoreplicate
bootstrap calculation. The program was allowed to determine the
best model (the GAMMA Model was chosen) and other parame-
ters automatically before tree searching. All trees were visualized
and edited using FigTree v.1.3.121

DNA AND RNA ISOLATION AND cDNA SYNTHESIS
Total RNA from whole in vitro-grown plantlets, internodes, roots,
and developing xylem was extracted using the Spectrum Plant
Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) according
to manufacturer’s instructions. Aliquots of approximately 100 mg
developing xylem tissue were homogenized with a Mini Bead
Beater (BioSpec Products Inc., Bartlesville, OK, USA) and stain-
less steel beads. mRNA from 20 μm-thick frozen sections from
the cortex, secondary phloem, cambium, and secondary xylem
was extracted using the DynaBeads mRNA Direct Kit (Invitro-
gen, Carlsbad, CA, USA) according to manufacturer’s instructions.
DNA was extracted using the DNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA) according to manufacturer’s instructions using
approximately 100 mg fresh leaf tissue. DNA and RNA concentra-
tions were measured with a NanoDrop 2000™(Thermo Scientific,
Waltham, MA, USA). Total RNA was treated with TURBO DNA-
free™(Ambion, Austin, TX, USA) according to manufacturer’s
instructions. cDNA was synthesized from 1.5 μg of total RNA
using SuperscriptII reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) with the oligodt20 primer. RT-PCR reaction cycles were
carried out according to manufacturer’s instructions including a
final 20 min incubation step with RNAseH (Invitrogen, Carlsbad,
CA, USA). cDNA concentration was measured with a Nanodrop
2000™and the cDNA was diluted to 170 ng μl−1.

AMPLIFICATION, CLONING AND SEQUENCING OF 3′ END PCR
PRODUCTS
In order to amplify the 3′ end untranslated region (UTR) of
transcripts that could not be detected in quantitative real time
PCR (qRT-PCR) reactions with at least three different primer
pairs, reverse transcription reactions were carried out using the
Adp1-dt17 primer (Kramer et al., 1998) and SuperscriptII reverse
transcriptase according to manufacturer’s instructions. cDNA was
amplified using the Adp1 primer coupled to the correspond-
ing forward primer specifically designed to amplify the 3′ end
of the transcript (the complete list of primers is provided in
Table A5 in Appendix). The PCR amplifications were carried
out with Taq DNA polymerase (SIGMA, St. Louis, MO, USA)
or Amplitaq® Gold DNA polymerase (Applied Biosystems™, Fos-
ter City, CA, USA) according to manufacturer’s instructions. PCR

20http://www.phylo.org/news/raxml.php
21 http://tree.bio.ed.ac.uk/software/figtree/.
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products were run on 1% agarose gels, gel purified using the Zymo-
clean™Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA)
and cloned into the pGEM ®-T Easy Vector Systems (Promega,
Madison, WI, USA). Colonies were grown on LB plates contain-
ing 100 mg/ml ampicillin. Following PCR amplification, positive
colonies were grown in 4 ml of LB medium containing 100 mg/ml
ampicillin, at 37˚C, over night. Plasmid DNA was extracted using
the Qiagen Plasmid Mini Kit (Qiagen, Valencia, CA, USA) accord-
ing to manufacturer’s instructions. Plasmids were sequenced by
Eurofins MWG Operon (Huntsville, AL, USA). Sequences were
aligned using the Vector NTI Advance™10.3.0 AlignX module
(Invitrogen, Carlsbad, CA, USA).

QUANTITATIVE RT-PCR
Quantitative real time PCR was carried out on the MX3000P
and MX3005P systems (Stratagene, La Jolla, CA, USA) using
Brilliant™SYBR® Green QPCR Master Mix (Stratagene, La Jolla,
CA, USA) according to manufacturer’s instructions. The SYBR®

Green (with dissociation curve) experimental setup was used.
Plates were manually loaded and reactions were carried out in a
total volume of 20 μl, using 75 ng of cDNA per reaction. Reac-
tions were run in triplicate. Primer pairs were designed using
Primer3 software22, analyzed with OlygoAnalyzer 3.1 software23

for melting temperature, oligo-, hetero-dimer, and hairpin struc-
ture formation, synthesized by Integrated DNA Technologies (IDT,
IA) and tested with conventional PCR to verify amplification of a
single product. Following primer titration, a final concentration of
250 nM for each primer was chosen. In qRT-PCR experiments the
following thermal cycling conditions were used: activation step of
10 min at 95˚C; 40 cycles of 30 s at 95˚C, 25 s at 57˚C, 25 s at 72˚C;
fluorescence was collected at the end of each extension step. A
melting curve analysis was performed.

Efficiency-corrected expression values were calculated based
on standard curves for all genes (Livak and Schmittgen, 2001;
Pfaffl, 2001). Standard curves were run in triplicate for every
gene in every cDNA batch and amplification efficiencies were
calculated from the standard curve slopes. Baseline-subtracted
and ROX-normalized fluorescence readings were collected with
the MX3005P software v.4.01. Expression values were normalized
to the geometric mean of four housekeeping genes (PtaPD-E1,
PtaUBQ1, PtaTUA2, PtaACT2) that were found, in our hands, to
have the highest amplification efficiency and most stable expres-
sion across different tissues (Vandesompele et al., 2002; Brunner
et al., 2004; Gutierrez et al., 2008). For expression following exoge-
nous IAA application, the same set of normalizers was used in
a comparative quantitation experiment comparing treated and
untreated control tissues.

IAA TREATMENTS
Two-month-old P. tremula × alba was grown in the greenhouse.
Approximately 1-cm-long segments of internodes between four
and eight nodes beneath the shoot apex and actively growing root
tips were collected and incubated at room temperature in 30 μM
IAA in liquid growth media (half-strength MS salts, 2% sucrose,

22 http://frodo.wi.mit.edu/primer3
23 http://www.idtdna.com/analyzer/Applications/OligoAnalyzer

0.25 mg ml−1 MES, 0.04 mg/ml glycine, and 0.2 mg ml−1 myo-
inositol) for 6 h in the dark following a 15 min vacuum infiltration.
The same conditions were used for negative controls (no IAA).
Tissues were frozen in liquid N2 and ground for RNA extraction.

RESULTS
CHROMOSOMAL DISTRIBUTION AND GENE DUPLICATION IN THE PIN,
AUX/LAX, AND ABCB FAMILIES OF POPULUS
Nearly every locus coding for a PIN, AUX/LAX, or ABCB pro-
tein has a corresponding paralogous locus in another chromo-
somal block (Figure 1). Populus has exactly twice the number
of PIN (16) and AUX/LAX (8) genes as Arabidopsis (eight and
four, respectively) and these genes form pairs with highly sim-
ilar coding sequences, which may be the consequence of the
relatively recent genome duplication (Figures 1, 2, and 3). Nei-
ther the PIN loci nor the AUX/LAX loci appear to be derived
from tandem duplications. In contrast, three tandem duplicated
ABCB loci pairs (PtrABCB2–PtrABCB8, PtrABCB10–PtrABCB11,
and PtrABCB13–PtrABCB14) are present in the Populus genome.
Unlike the PIN and AUX/LAX families, the ABCB genes are
more randomly distributed between corresponding and non-
corresponding duplicated regions, with nine members that do not
present any paired gene on another chromosome (Figure 1).

GENE AND PROTEIN STRUCTURE OF THE PIN, AUX/LAX, AND ABCB
FAMILIES OF POPULUS
We identified a total of 44 Populus genes encoding putative auxin
transport proteins, including 16 PIN, 8 AUX/LAX, and 20 PtrA-
BCB loci. The complete list of P. trichocarpa PIN, AUX/LAX,
and ABCB gene names, gene models, and loci can be found in
Table A2 in Appendix. The PIN genes of Populus present a con-
served intron–exon organization which is illustrated in Figure A1
in Appendix. The same structural characteristics are present across
PINs from different plant species including Arabidopsis (Mravec
et al., 2009; Wang et al., 2009; Shen et al., 2010). The proteins
belonging to the PtrPIN family range from 347 to 650 amino acids
in length. In Populus, seven, three, and six PIN proteins present
long, reduced and short central hydrophilic domains respectively.
In general, there is no strict correlation between the length of
the genomic sequence of loci coding for auxin transporters and
their protein product length (Figure A1 and Table A3 in Appen-
dix). One locus (PtrPIN14) is classified as encoding a pseudogene.
The proteins for the PtrAUX/LAX family range from 465 to 492
amino acids and present the most conserved sequence among
the three families of putative auxin transporters. Their primary
sequence is generally conserved across the plant kingdom and Pop-
ulus has twice the number of AUX/LAX coding loci compared to
Arabidopsis. All of the PtrAUX/LAX proteins have 11 predicted
transmembrane domains. All the ABCB loci from P. trichocarpa
encode proteins with a repeated TMD–NBD structure and carry a
predicted nucleotide-binding domain signature ([AG]- × (4)-G-
K-[ST]; Rea, 2007; Verrier et al., 2008). Their length varies between
1141 and 1578 amino acids and the two regions integral to the
plasma membrane are highly hydrophobic and comprise 7–12
transmembrane helices. In addition to these two conserved mod-
ules, a more variable and less hydrophobic linker region connects
the first NBD to the second TMD in all PtrABCB proteins.
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FIGURE 1 | Chromosome distribution of PtrPIN, PtrAUX/LAX, and

PtrABCB genes. The online tool symap v.3.5 was used to blast the Populus
trichocarpa genome against itself and find duplicated regions. Populus has 19
chromosomes in the haploid state, shown here mapped onto a circle with
homologous pairs along the upper and lower semi-circumferences. The color

coded ribbons link one region with the correspondent homologous
chromosomal segments. All PIN, AUX/LAX, and ABCB genes are assigned to
a chromosome based on their map position. Red coded genes do not have
any unique match on another locus in the genome. For a detailed list of these
genes, seeTable A2 in Appendix.

IDENTIFICATION OF PREDICTED IAA MEMBRANE TRANSPORTERS
FROM THE ABCB FAMILY OF POPULUS
After analysis of the primary structure of the PtrABCB pro-
teins, models of tertiary structure were produced using all 20
ABCB amino acid sequences. Structural models were displayed
using PyMol (Figure A2 in Appendix) in order to determine
which PtrABCBs are the most likely candidates for IAA trans-
port. Although pairwise comparison of amino acid sequences can
provide a first estimate of which proteins are the true orthologs of
confirmed Arabidopsis auxin transporters (AtABCB1, AtABCB19,
and AtABCB4), this information should be supported with the
identification of IAA docking sites and transmembrane barrel
structure predictions (Yang and Murphy, 2009). Among all PtrA-
BCBs, 10 are predicted to have one or more IAA binding sites
(Figure A2 in Appendix). In Arabidopsis, IAA is primarily docked

at two binding sites in the TMDs of ABCB19 while ABCB4 has
a unique additional binding site (Yang and Murphy, 2009). In
Populus, ABCB1.1/ABCB1.2 and ABCB19 have the most similar
sequence to AtABCB1 and AtABCB19 and have two, five, and three
predicted binding pockets respectively.

RECONSTRUCTION OF THE PHYLOGENETIC RELATIONSHIPS IN THE
PIN, AUX/LAX, AND ABCB GENE FAMILIES OF POPULUS
All three phylogenetic analyses (parsimony using unaligned
and aligned sequences and maximum likelihood with aligned
sequences) generally resulted in well resolved, reasonable, highly
supported trees, indicating considerable phylogenetic signal in the
sequence data, which was robust to different methods of analy-
sis. Here we show the trees for all three gene families found under
maximum likelihood and the tree found under dynamic homology
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FIGURE 2 | Phylogeny of the PIN genes. Maximum likelihood phylogeny of
PIN genes from land plants, based upon coding sequences from the loci
listed inTable A4 in Appendix. Gray branches indicate nodes with bootstrap

support lower than 50%. Basal land plant PINs are colored blue, Populus
green, Arabidopsis red, and monocots yellow. Abbreviated names of each
species are listed inTable A1 in Appendix.

and parsimony for the ABCB family (Figures 2, 3, and 4; Figure A3
in Appendix). The three different analyses showed the same gen-
eral patterns in each gene family, although the PIN analysis was
more sensitive to the difference between likelihood and parsimony,
the latter producing long, pectinate clades containing a mixture of
taxonomic groups.

The PIN genes of basal land plants (Physcomitrella and
Selaginella in our analysis) cluster at the base of the tree,
with the exception of PpPIN1D (Figure 2A). The placement

of PpPIN1D may indicate an erroneous or highly derived
sequence, as its placement was unstable and with low boot-
strap support and it was recovered in the likelihood tree on
an extremely long branch. The angiosperm PINs initially split
into two large clades, with subsequent splits that show the
monocot/dicot divergence four or five times, although sup-
port for several of these nodes is weak (Figure 2). There is
also the frequent occurrence of clear sister pairs of PINs in
Populus.
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FIGURE 3 | Phylogeny of the AUX/LAX genes. Maximum likelihood
phylogeny of AUX/LAX genes from land plants, based upon coding
sequences from the loci listed inTable A4 in Appendix. Gray branches indicate

nodes with bootstrap support lower than 50%. Basal land plant AUX/LAX
genes are colored blue, Populus green, Arabidopsis red, and monocots
yellow. Abbreviated names of each species are listed inTable A1 in Appendix.

The AUX/LAX analysis similarly places the basal land plant
AUX/LAX genes in a grade at the base of the tree followed by two
large clades of angiosperms (albeit with weak support; Figure 3).
The monocot AUX/LAX genes were recovered as two closely
related clades under maximum likelihood (Figure 3B) but were

recovered as a single clade when the aligned data were analyzed
under parsimony (trees not shown). All Populus AUX/LAX genes
were recovered as sister pairs or, in the case of PtrAUX1–LAX5 and
PtrAUX2–LAX1, as closely related in a clade with the P. tomentosa
and P. tremula × tremuloides AUX/LAXs.
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FIGURE 4 | Phylogeny of the ABCB genes. Maximum likelihood
phylogeny of ABCB genes from land plants, based upon coding
sequences from the loci listed inTable A4 in Appendix. Gray
branches indicate nodes with bootstrap support lower than 50%.
Algal ABCBs are colored light blue–green, basal land plants blue,

Populus green, Arabidopsis red, and monocots yellow. Abbreviated
names of each species are listed inTable A1 in Appendix. An
alternative phylogeny for the ABCBs based on dynamic homology
and parsimony, generated with the program POY v.4.1.2, is shown in
Figure A3 in Appendix.

In contrast to the PIN and AUX/LAX trees, clades, or para-
phyletic grades of basal land plant ABCBs were recovered in
several different locations throughout each tree, often as sister to

angiosperm clades that subsequently showed the monocot/dicot
split (Figure 4). We included coding sequences from the green
algae in our ABCB analysis: two putative ABCB transporters
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from C. reinhardtii (Cre17_g725200 and Cre17_g725150) and
one ABCB-like sequence from V. carteri (Vcprot1), the latter used
to root each ABCB tree. The inclusion of the algal sequences
and the use of Volvox as a root appear valid, as they are not
recovered on especially long branches, and Physcomitrella and
Selaginella are appropriately placed on the first branches of each
tree. In the maximum likelihood tree, we recovered 10 separate
clades of monocot ABCBs, as well as an apparent expansion of
the ABCBs in several angiosperm species, including Medicago
truncatula and Prunus persica (Figures 4A,B). Among the Pop-
ulus ABCBs, only few were recovered in clear sister pairs. The
tree found under dynamic homology for the ABCBs recovered
almost identical groupings of basal land plant, monocot, and
dicot ABCBs as those trees found using aligned sequences, but
the relationships among these clades or groups differed. For
example, a clade containing OsABCB12 and Mes026648 (top of
Figure 4B) was recovered as a paraphyletic grade immediately after
the algal sequences in the dynamic homology tree (Figure A3A in
Appendix).

TISSUE-SPECIFIC AND IAA-INDUCED EXPRESSION OF PtaPINs,
PtaAUX/LAXs, AND PtaABCBs
Expression of all PIN, AUX/LAX, and ABCB gene family mem-
bers in P. tremula × alba was characterized for whole plantlets,
roots, and stem tissues from several developmental stages through
qRT-PCR (Figures 6–8). Whole in vitro-grown plantlets that
were old enough to have initiated secondary growth were
used as an initial screen and showed that over half of the
PtaPINs and PtaAUX/LAX genes were expressed at above-
trace levels, while only four or five PtaABCBs showed above-
trace expression. Internodes that spanned the region of sec-
ondary growth initiation in greenhouse-grown plants should
reflect combined expression in several distinct tissues, includ-
ing cortex, vascular cambium, developing secondary vascula-
ture, and primary xylem parenchyma. Here PtaPIN1, 6, and
PtaABCB1.1 show high expression levels, with lower levels of
PtaPIN7, 11, 15, 16, and PtaABCB7 (Figures 6 and 8). Developing
secondary xylem removed from beneath the bark in 6-month-old

greenhouse-grown trees showed high expression of PtaPIN1 and
PtaABCB1.1, with lower levels of PtaABCB7. Roots showed low
expression levels of most genes, which may simply reflect the
fact that the roots collected were relatively mature and com-
posed largely of parenchyma, rather than a concentration of
actively growing root tips. PtaAUX/LAX genes were expressed
at relatively uniform levels across all tissues and developmen-
tal stages (Figure 7), although expression levels were highest
for developing xylem, where very high levels of PtaAUX2 were
detected.

In order to perform an expression screen (RT-PCR) with higher
spatial resolution in developing woody stems, basal internodes
approximately 100 nodes and 2.5 m down from the stem apex of
6-month-old Populus were freeze-sectioned and tissue collected
from the cortex, secondary phloem, cambial zone (restricted to
cambial initials and mother/daughter cells), and secondary xylem.
Developing secondary xylem and phloem were discarded in order
to obtain the most pure collections of tissues possible. Given that,
the number of members of all families that are expressed in each
tissue is striking (Figures 5–8). Only PtaPIN9, 10, and 12 and
PtaABCB5 and 10 were not expressed in any tissue (Figures 6 and
8), and although some of the transcripts detected through RT-PCR
are likely expressed at very low levels, it is clear that expression of
many previously undescribed members (e.g., PtaPIN6, 7, 15, and
16 and PtaABCB1.1 and 7 ) is widespread in Populus stems. Also
striking is the fact that several members of all three transport
families are expressed in mature secondary xylem, from which all
mRNA is derived from living ray parenchyma cells.

Because a positive feedback mechanism is fundamental to the
canalization of auxin flow during vascular development, we also
tested the auxin response of members of the PtaPIN, PtaAUX/LAX,
and PtaABCB gene families in roots and internodes from 2-
month-old plants, following exogenous IAA application, via qRT–
PCR. PtaPIN1, 2, and 7 and PtaAUX5 and 6 were strongly upreg-
ulated in developing internodes, with PtaPIN15 and 16 showing
a more moderate increase (Figure 9). In contrast, PtaPIN3 and 8
were strongly upregulated in roots, with PtaAUX6 and PtaABCB7
showing a lower expression level.

FIGURE 5 | Analysis of tissue-specific expression of PIN, AUX/LAX, and

ABCB transcripts. Presence or absence of transcripts of genes coding for
putative auxin transport proteins in the cortex, secondary phloem, cambial
zone (i.e., initials and mother/daughter cells), and mature secondary xylem of
Populus tremula × alba as determined by RT-PCR. Consensus of four

biological replicates is shown, where GRAY = PRESENT, WHITE =ABSENT,
and CROSS-HATCHED =VARIABLE among biological replicates. Samples
were taken from the base of 6-month-old trees during active growth,
approximately 100 internodes down from the top of the tree at a diameter of
about 2 cm.
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FIGURE 6 | Quantification of PIN transcripts expression by qRT-PCR.

PIN genes show tissue-specific expression profiles that may reflect a
role in directional auxin transport in developing vasculature, with PtaPIN1
highly expressed across all tissues. PtaPIN6, 7, 15, and 16 were
expressed in internodes and have not been described before. Total RNA
was extracted from four biological replicates and qRT-PCR standard
curves and assays were run in triplicate. Expression values were

calculated via the 2−ΔΔCt method (Livak and Schmittgen, 2001; Pfaffl,
2001) and baseline-corrected fluorescence values were normalized
against the geometric mean of PtaPD-E1, PtaTUA2, PtaUBQ, PtaACT2.
These reference genes were stably expressed across all tissues with the
exception of developing xylem; this means that it is permissible to
compare expression levels within any single tissue as well as across
whole plantlets, internodes, and roots. Error bars represent the SEM.

DISCUSSION
THE ARRAY OF PUTATIVE AUXIN TRANSPORTERS IN POPULUS
REFLECTS BOTH PRE-EXISTING DIVERSITY AND EXPANSION DUE TO
GENOMIC AND SEGMENTAL DUPLICATIONS
There are twice as many members of the PIN and AUX/LAX gene
families in Populus as there are in Arabidopsis and both families
show a number of clear pairs based on coding sequence (e.g., Ptr-
PIN4/5, PtrAUX3/4; Figures 2 and 3). With no clear evidence for
any tandem duplication in the PIN and AUX/LAX gene fami-
lies, it is possible that all gene copies were retained following the
“salicoid” genome duplication (Tuskan et al., 2006). Although the
functional role of these proteins has not been demonstrated in
Populus, given the conserved protein structure and known speci-
ficity for IAA for most PINs in Arabidopsis (and to a lesser extent,
AUX/LAX proteins), it seems likely that they have retained a func-
tion in auxin transport. To what extent new PINs have developed
specialized roles in PAT in Populus is not known and the added
redundancy for such an important developmental mechanism may
be beneficial enough to warrant retention. Indeed, redundancy in
Arabidopsis allows single PIN mutants to complete embryogenesis,
whereas quadruple mutants are required before severe defects are
observed (Benková et al., 2003; Friml et al., 2003). At the same time
it is interesting to note that there are clear differences in expression
among presumed paralogs. For instance, PtaPIN1 is expressed at
much higher levels than PtaPIN7 in internodes and developing
xylem. Predictions about PIN function in Populus may also be

informed by structural comparisons with Arabidopsis. The “long”
PINs in Arabidopsis are localized to the plasma membrane and
function in PAT, whereas those with shorter structure are found in
the ER (Mravec et al., 2009; Friml and Jones, 2010). PtrPIN1–3 and
PtrPIN6–9 are all classified as“long”PINs (Table A3 in Appendix),
but it is not known whether similar localization patterns exist in
Populus.

In contrast to the PIN and AUX/LAX gene families, the number
of ABCBs in Populus is not expanded relative to Arabidopsis (both
species include about 20 members; Table A2 in Appendix) and
only a few appear as closely related gene pairs. This is perhaps not
surprising given that this gene family has a much deeper history
and that ABCB proteins transport a number of substrates in addi-
tion to IAA. There also appears to be expansion in a number of
angiosperms included in our phylogeny, such as Z. mays, M. trun-
catula, P. persica, and Arabidopsis (Figure 4). Although there has
been retention of ABCB copies from both tandem duplication and
whole genome duplication events in Populus, there also appears to
have been loss. Much functional work is needed on Populus ABCB
genes and proteins before any role in PAT can be ascribed.

CANDIDATE ABCBs FOR IAA TRANSPORT FUNCTION IN POPULUS ARE
SUGGESTED BY PHYLOGENETIC PLACEMENT AND PROTEIN
STRUCTURE PREDICTION
ATP-binding cassette proteins constitute a very large superfam-
ily that has representatives across the bacteria, plant, and animal
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FIGURE 7 | Quantification of AUX/LAX transcripts expression by qRT-PCR. Most AUX/LAX transcripts showed broad expression across plant tissues,
including the previously undescribed PtaAUX4–8. PtaAUX2 and PtaAUX8 were highly expressed in internodes and developing xylem. Error bars represent the
SEM.

FIGURE 8 | Quantification of ABCB transcripts expression by qRT-PCR.

Most notable among the ABCB family is PtaABCB1.1, which was highly
expressed in internodes and developing xylem and whose ortholog in

Arabidopsis (AtABCB1) has been demonstrated to transport auxin.
Expression patterns of all PtaABCB genes are previously undescribed. Error
bars represent the SEM.
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FIGURE 9 | Upregulation of putative auxin transporters expression

following IAA treatment. Several PtaPIN, PtaAUX/LAX, and PtaABCB
genes showed increased transcript levels in response to exogenous IAA in
both roots and internodes. Two-month-old Populus tremula × alba were
grown in the greenhouse and root tips and internodes were collected and
incubated at room temperature in liquid growth media with or without
30 μM IAA for 6 h in the dark. Assays were run in triplicates. Bars represent
SEM. Gene expression in the IAA treated tissue is reported relative to the
untreated tissue according to the comparative quantitation methodology.

kingdoms (Jasinski et al., 2003; Verrier et al., 2008) and, as a group,
are able to transport a wide array of different molecules (Geisler
et al., 2005; Bandyopadhyay et al., 2007). Among the ABCs, the sub-
class B includes proteins that are able to bind and transport auxin
across the plasma membrane in Arabidopsis, whereas other mem-
bers transport other substrates in addition to IAA (e.g., AtABCB14
functions primarily as a malate transporter (Lee et al., 2008)).
There has been no functional characterization of the ABCBs in
Populus to date and given the large size of the family and the
likely role of one or more members in IAA transport, we sought
to identify candidate PtrABCBs with this function. Our phylo-
genetic analysis shows that the coding sequences of PtrABCB1.1,
PtrABCB1.2, and PtrABCB19 cluster together with AtABCB1 and
AtABCB19 respectively, both of which are known IAA transporters
with high specificity for IAA (Zazímalová et al., 2010). Inter-
estingly, although 10 of the 20 PtaABCBs are predicted to have
one or more IAA binding sites based on tertiary structure, both
PtrABCB1 and PtrABCB19 have only one clearly defined binding
pocket for IAA. All but one of the remaining ABCBs with putative
IAA binding sites (PtrABCB2, PtrABCB5, PtrABCB6, PtrABCB8,
PtrABCB11, PtrABCB14) cluster together in the same clade, which
includes AtABCB4, a gene coding codes for another membrane
protein capable of IAA transport (Terasaka et al., 2005; Kubeš
et al., 2011). Similarly, PtrABCB16 occurs in the same clade as

AtABCB13 and AtABCB14, where AtABCB14 has been recently
determined as responsible for auxin transport in the inflorescence
stem of Arabidopsis (Kaneda et al., 2011).

We found PtrABCB1.1 to be highly expressed in most Populus
tissues, particularly in internodes and developing xylem. PtrA-
BCB7 was also expressed in these same tissues and was strongly
upregulated in response to IAA, although most notably in roots.
However, although coding sequence similarity places PtrABCB7
as a close relative of a presumed IAA transporter in Arabidopsis
(AtABCB15; Kaneda et al., 2011), the protein was not predicted to
contain an IAA binding site. We suggest therefore that PtrABCB1.1
and its nearly identical paralog PtrABCB1.2 are the most logical
candidates for initial functional characterization, both in heterol-
ogous expression systems (e.g., Schizosaccharomyces pombe) and
in planta, given their phylogenetic placement relative to AtABCB1
and predicted IAA binding sites. It is interesting to note that in con-
trast to AtABCB1 (Geisler et al., 2005), we did not find PtaABCB1.1
to be upregulated by exogenous IAA treatment. Lastly, we did not
observe strong expression of PtaABCB19 in any Populus tissues
nor was it upregulated by IAA. The expression of its presumed
ortholog in Arabidopsis, AtABCB19, is induced by IAA treatments
(Noh et al., 2001) and the protein often co-localizes with AtPIN1
(Bandyopadhyay et al., 2007), suggesting that the relationship of
these two proteins may have changed. Clearly there is much to
be learned about the role of these ABCBs in IAA transport in
Populus.

AUXIN TRANSPORTERS IN POPULUS STEM DEVELOPMENT
That auxin regulates vascular development in woody plants is clear,
but our understanding of the genetic mechanisms and the role of
specific proteins in basipetal transport is limited. The expression of
PttPIN1–3 and PttLAX1–3 has already been characterized in detail
across the developing stem tissues of P. tremula × tremuloides
(Schrader et al., 2003), but our results suggest that a far greater
number of putative transporters are expressed in young internodes
where cambial growth is being initiated. In particular, PtaPIN1,
PtaPIN6, and PtaABCB1.1 are highly expressed in internodes, a
complex tissue that includes primary xylem parenchyma, primary
phloem, cortex, and a nascent vascular cambium. In developing
xylem, PtaPIN1, PtaAUX2, and PtaABCB1.1 are highly expressed,
with the latter likely to function in auxin transport given its
protein sequence similarity to AtABCB1. Similarly, several pre-
viously uncharacterized transporters are strongly upregulated by
auxin, including PtaPIN8, PtaAUX6, and PtaABCB7 in roots and
PtaPIN7, PtaPIN15, PtaPIN16, PtaAUX5, and PtaAUX6 in intern-
odes. Given the retention of copies of auxin transporters following
duplication events, there is likely to be both redundancy and
neo-functionalization for PAT proteins in Populus.

The vascular cambium and the secondary xylem and phloem
that it produces are often viewed as distinct from primary growth,
but it is important to remember that vascular development forms
a continuum between stem and leaf (Spicer and Groover, 2010).
We know a great deal about the role of PAT in venation pattern-
ing in leaves of Arabidopsis (Scarpella et al., 2006). Here, AtPIN1
directs auxin flow up through the epidermis toward a conver-
gence point, from where it is channeled down through the center
of a developing leaf primordium, establishing the location of the
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first central vascular bundle. This vascular bundle differentiates
from a strand of procambium that is continuous with the vascu-
lar cambium below, such that the basipetal transport of auxin out
of developing primordia is likely continuous with the basipetal
stream moving down through the cambium (Lachaud and Bon-
nemain, 1984; Uggla et al., 1998; Kramer et al., 2008). Based on
a combination of our results and published work in both Ara-
bidopsis and Populus, we suggest that PtaPIN1, PtaAUX2, and
PtaABCB1.1 are the best initial candidates for the maintenance
of PAT in the cambial zone, although additional transporters are
very likely involved. Given the slow time course and laborious
nature of transformation in woody plants, our hope is that this
work will provide a starting point for work in planta by identifying
candidate IAA transporters involved in woody stem development.
Functional studies, transport assays and protein localization are
all needed to resolve the action of specific transporters in shaping
the distribution of auxin across the cambial zone.

Finally, it is interesting to note that several members of the
PIN, AUX/LAX, and ABCB gene families are expressed in the
mature xylem. Although the bulk of this tissue is dead (e.g.,
vessels and fibers), ray parenchyma cells remain alive for many
years (Spicer and Holbrook, 2007) and serve as a route of
transport between xylem and phloem (Van Bel, 1990). In par-
ticular, PtaPIN1, PtaAUX2, PtaAUX3, PtaAUX4 and PtaABCB1,
PtaABCB7, PtaABCB20 were found to be expressed in these cells.
In addition to their role in carbohydrate transport and storage,
xylem parenchyma cells are able to exchange solutes with the
transpiration stream and function in wound response. What is
puzzling however is that these cells are symplasmically connected,
at least in the radial direction, whereas PAT requires transport
across a membrane. Furthermore, there is no evidence for free
IAA in mature xylem (Uggla et al., 1996; Tuominen et al., 1997).
Although conjugated forms of IAA are transported in the phloem
(Baker, 2000) no studies to date have looked for conjugated IAA
in ray or axial parenchyma in secondary xylem. Given their role
in wound response, some capacity for IAA transport (or even IAA
synthesis) would not be surprising, but transport assays and pro-
tein localization are needed to clarify any potential role these cells
might play in IAA transport.

THE ABCB GENE FAMILY DIVERSIFIED PRIOR TO THE PIN AND AUX/LAX
FAMILIES AND PRIOR TO THE DIVERSIFICATION OF LAND PLANTS
It is clear from our phylogenetic analysis that the ABCB gene fam-
ily existed before the diversification of land plants, whereas the PIN
and AUX/LAX families arose within the land plant clade. This is
supported by the fact that ABCB genes from a moss (P. patens)
and a lycopod (S. moellendorffii) consistently occur nested within
multiple, well-supported clades that also include higher plants
(Figure 4; Figure A3 in Appendix). It also confirms previous work
reconstructing the evolutionary history of this family (Bandyopad-
hyay et al., 2007; Krecek et al., 2009). In contrast, diversification of

the PIN and AUX/LAX gene families occurred after the origin of
land plants, as suggested by the well-supported and exclusively
basal position of both Physcomitrella and Selaginella PIN and
AUX/LAX genes (Figures 2 and 3). There was already considerable
diversity in the ABCB gene family at the time of the monocot/dicot
divergence, dated at approximately 130–150 Myr ago (Wolfe et al.,
1989; Chaw et al., 2004; Bell et al., 2010), as we recovered as many
as 10 distinct ABCB gene clades that contain a clear monocot/dicot
split with strong support. The picture is not as clear for the PIN
and AUX/LAX genes due to weak support at some nodes, but there
may have been five copies of the PIN and likely just two copies of
the AUX/LAX genes at the time of the monocot/dicot divergence.
It is not clear at this time whether all AUX/LAX genes in mono-
cots descended from a single original copy, as suggested by the tree
found using aligned sequences under parsimony, since monocot
AUX/LAX genes were not recovered in a single clade in other trees
(Figure 3).

In conclusion, we show that the deep history of the ABCB
family of transporters coupled with the expansion of the PIN
and AUX/LAX families following a genome duplication has led
to a diverse array of over 40 putative auxin transport proteins
in Populus. Given this large number and the inherent difficul-
ties in working with a woody plant (e.g., long generation times,
slow transformation process, difficult nucleic acid extraction), it is
important to establish a comprehensive picture of gene expression
profiles and predict their protein structures. By considering both
evolutionary relationships and structural similarities to known
auxin transporters, we can choose the most appropriate candi-
dates for future study. One of the main goals in the short term
should be to develop a set of tools for protein localization, includ-
ing antibodies and protein fusions for stable plant transformation.
Although technically difficult for trees, these findings should be
coupled with functional studies with knockout mutants. Lastly, it
will be important to determine the transport capacity and sub-
strate specificity of target proteins of Populus by expressing them
in heterologous systems such as S. pombe. We hope that this work
provides a foundation on which to build an improved understand-
ing of auxin transport in Populus, as knowing the role of specific
transport proteins in secondary vascular development is likely key
to enhanced utilization of woody plants.
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APPENDIX

FIGURE A1 | Intron–exon structure of PIN, AUX/LAX, and ABCB genes from Populus trichocarpa.

Frontiers in Plant Science | Plant Physiology February 2012 | Volume 3 | Article 17 |140

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Carraro et al. PIN, AUX/LAX, ABCB in Populus

FIGURE A2 | Predicted model structures of putative auxin transport ABCBs from Populus trichocarpa. Tertiary protein structures have been generated
using the python script Modeller 9v5. Predicted IAA docking sites are depicted in red.
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FIGURE A3 | Phylogeny of ABCB genes from land plants, based upon

coding sequences from the loci listed inTable A4, analyzed using

dynamic homology under the parsimony criterion. Gray branches indicate

nodes with bootstrap support lower than 50%. Algal ABCBs are colored light
blue–green, basal land plants blue, Populus green, Arabidopsis red, and
monocots yellow. Abbreviated names of each species are listed in Table A1.
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Table A1 | List of all species with their abbreviated names used in the present work.

Species Abbreviation

Aquilegia caerulea Aco

Arabidopsis thaliana At

Chlamydomonas reinhardtii Cre

Eucalyptus grandis Egr

Manihot esculenta Mes

Medicago truncatula Mtr

Oryza sativa Os

Physcomitrella patens Pp

Populus tomentosa Pto

Populus tremula × tremuloides Ptt

Populus trichocarpa Ptr

Prunus persica Ppe

Ricinus communis Rc

Selaginella moellendorffii Sm

Sorghum bicolor Sb

Vitis vinifera Vv

Volvox carteri Vc

Zea mays Zm
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Table A2 | List of putative auxin transport genes identified in the Populus trichocarpa genome.

Genes JGI v1.1 gene model JGI v1.1 locus

PtrPIN1 estExt_fgenesh4_pg.C_LG_XV0366 LG_XV:3955456–3958939

PtrPIN2 estExt_Genewise1_v1.C_LG_XVI1213 LG_XVI:2023747–2028247

PtrPIN3 gw1.X.6584.1 LG_X:11493441–11496545

PtrPIN4 estExt_fgenesh4_pm.C_LG_V0399 LG_V:12604974–12610191

PtrPIN5 fgenesh4_pm.C_LG_II000334 LG_II:4970467–4976705

PtrPIN6 fgenesh4_pm.C_LG_VIII000556 LG_VIII:8394273–8397294

PtrPIN7 estExt_Genewise1_v1.C_LG_XII1068 LG_XII:3820572–3824595

PtrPIN8 eugene3.00060333 LG_VI:2296469–2299715

PtrPIN9 fgenesh4_pm.C_LG_XVIII000434 LG_XVIII:12913539–12916356

PtrPIN10 fgenesh4_pm.C_LG_I000524 LG_I:12290101–12293363

PtrPIN11 estExt_fgenesh4_pg.C_870067 scaffold_87:1004073–1006598

PtrPIN12 fgenesh4_pg.C_LG_XIX000547 LG_XIX:6900262–6903432

PtrPIN13 fgenesh4_pg.C_LG_IV001142 LG_IV:12489496–12491318

PtrPIN14 gw1.XVII.929.1 LG_XVII:3836316–3838259

PtrPIN15 fgenesh4_pg.C_LG_XIV000875 LG_XIV:7307054–7309154

PtrPIN16 gw1.5147.2.1 scaffold_5147:1–1679

PtrAUX1/LAX5 grail3.0023028402 LG_VI:6769035–6772003

PtrAUX2/LAX1 eugene3.00161081 LG_XVI:10707443–10710997

PtrAUX3/LAX2 estExt_fgenesh4_pg.C_LG_X1704 LG_X:17003105–17007090

PtrAUX4/LAX6 estExt_Genewise1_v1.C_LG_VIII1679 LG_VIII:3795803–3800287

PtrAUX5/LAX7 estExt_fgenesh4_pg.C_LG_IV1437 LG_IV:15662320–15666183

PtrAUX6/LAX3 grail3.0001031001 LG_IX:2231536–2235747

PtrAUX7/LAX8 estExt_fgenesh4_pg.C_LG_V0933 LG_V:11098424–11101148

PtrAUX8/LAX4 grail3.0003074001 LG_II:6104679–6107343

PtrABCB1.1 gw1.28.733.1 scaffold_28:2297969–2304256

PtrABCB1.2 fgenesh4_pg.C_LG_XVI000833 LG_XVI:7805788–7812322

PtrABCB2 estExt_Genewise1_v1.C_LG_II3719 LG_II:16940658–16946357

PtrABCB3 eugene3.00130846 scaffold_1: 44776038–44781535

PtrABCB4 fgenesh4_pg.C_scaffold_204000026 scaffold_204:388201–394437

PtrABCB5 gw1.X.3657.1 LG_X:276730–282241

PtrABCB6 estExt_fgenesh4_pm.C_LG_X0835 LG_X:18271669–18278875

PtrABCB7 gw1.XVII.765.1 LG_XVII:3190614–3196509

PtrABCB8 estExt_fgenesh4_pm.C_LG_II0929 LG_II:16965413–16970969

PtrABCB9 fgenesh4_pg.C_LG_XVII000406 LG_XVII:4919010–4924173

PtrABCB10 eugene3.00140575 LG_XIV:4755266–4761017

PtrABCB11 eugene3.00140576 LG_XIV:4765985–4771483

PtrABCB12 gw1.XVIII.2596.1 LG_XVIII:8860516–8866795

PtrABCB13 eugene3.00140578 LG_XIV:4778008–4781195

PtrABCB14 estExt_fgenesh4_pm.C_LG_XIV0249 LG_XIV:4781910–4787506

PtrABCB15 fgenesh4_pm.C_LG_XV000001 LG_XV:12903–18128

PtrABCB16 fgenesh4_pm.C_LG_II000094 LG_II:1130589–1135712

PtrABCB17 eugene3.01580034 scaffold_158:318976–324742

PtrABCB18 fgenesh4_pg.C_LG_VIII000415 LG_VIII:2748354–2755879

PtrABCB19 estExt_fgenesh4_pg.C_LG_XVII0355 LG_XVII:4160851–4168120

PtrABCB20 fgenesh4_pm.C_LG_XI000351 scaffold_11:16,395,988.0.16,402,087

(Continued)
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Table A2 | Continued

Genes Phytozome v.7.0 locus GenBank accesion number Chrom. Closest similar sequence

PtrPIN1 POPTR_0015s04570 XM_002322068 chr.15 PtrPIN7

PtrPIN2 POPTR_0016s03450 XM_002322578 chr.16 PtrPIN8

PtrPIN3 POPTR_0010s12320 XM_002314774 chr.10 PtrPIN6

PtrPIN4 POPTR_0005s20990 XM_002306642 chr.5 PtrPIN5

PtrPIN5 POPTR_0002s07310 XM_002302160 chr.2 PtrPIN4

PtrPIN6 POPTR_0008s12830 XM_002312400 chr.8 PtrPIN3

PtrPIN7 POPTR_0012s04470 XM_002317838 chr.12 PtrPIN1

PtrPIN8 POPTR_0006s03540 XM_002307930 chr.6 PtrPIN2

PtrPIN9 POPTR_0018s13610 XM_002324641 chr.18 No clear match

PtrPIN10 POPTR_0001s21230 XM_002298168 chr.1 No clear match

PtrPIN11 POPTR_0013s08510 XM_002328968 chr.13 PtrPIN12

PtrPIN12 POPTR_0019s07990 XM_002325430 chr.19 PtrPIN11

PtrPIN13 POPTR_0004s12310 XM_002305335 chr.4 PtrPIN14

PtrPIN14 POPTR_0017s11440 NC_008483 chr.17 PtrPIN13

PtrPIN15 POPTR_0014s14390a XM_002320399 chr.14 No clear match

PtrPIN16 POPTR_0014s14390a XM_002336619 chr.2 No clear match

PtrAUX1/LAX5 POPTR_0006s09940 XM_002309092 chr.6 PtrAUX2/LAX1

PtrAUX2/LAX1 POPTR_0016s12100 XM_002322933 chr.16 PtrAUX1/LAX5

PtrAUX3/LAX2 POPTR_0010s19840 XM_002316190 chr.10 PtrAUX4/LAX6

PtrAUX4/LAX6 POPTR_0008s06630 XM_002311172 chr.8 PtrAUX3/LAX2

PtrAUX5/LAX7 POPTR_0004s17860 XM_002306139 chr.4 PtrAUX6/LAX3

PtrAUX6/LAX3 POPTR_0009s13470 XM_002312937 chr.9 PtrAUX5/LAX7

PtrAUX7/LAX8 POPTR_0005s16020 XM_002306579 chr.5 PtrAUX8/LAX4

PtrAUX8/LAX4 POPTR_0002s08750 XM_002302217 chr.2 PtrAUX7/LAX8

PtrABCB1.1 POPTR_0006s12590 XM_002323449 chr.6 PtrABCB1.2

PtrABCB1.2 POPTR_0016s09680 XM_002519442 chr.16 PtrABCB1.1

PtrABCB2 POPTR_0002s18860 XM_002301511 chr.2 PtrABCB10

PtrABCB11

PtrABCB13

PtrABCB14

PtrABCB3 POPTR_0001s44320 XM_002319243 chr.1 PtrABCB20

PtrABCB4 POPTR_0001s34280 XM_002331841 chr.1 No clear match

PtrABCB5 POPTR_0010s00540 XM_002314297 chr.10 No clear match

PtrABCB6 POPTR_0010s21720 XM_002316273 chr.10 PtrABCB18

PtrABCB7 POPTR_0017s11030 XM_002323983 chr.17 No clear match

PtrABCB8 POPTR_0002s18850 XM_002301514 chr.2 PtrABCB10

PtrABCB11

PtrABCB9 POPTR_0017s12120 XM_002323830 chr.17 POPTR_0004s12180

PtrABCB10 POPTR_0014s10860 XM_002320902 chr.14 PtrABCB2, PtrABCB8

PtrABCB11 POPTR_0014s10870 XM_002320903 chr.14 PtrABCB2, PtrABCB8

PtrABCB12 POPTR_0018s09420 XM_002324987 chr.18 No clear match

PtrABCB13 POPTR_0014s10880.1 XM_002320905 chr.14 PtrABCB2, PtrABCB8

PtrABCB14 POPTR_0014s10880.2 XM_002320906 chr.14 PtrABCB2, PtrABCB8

PtrABCB15 POPTR_0015s00250 XM_002321303 chr.15 POPTR_0012s00290c

POPTR_0012s00360b

POPTR_0012s00370c

(Continued)
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Table A2 | Continued

Genes Phytozome v.7.0 locus GenBank accesion number Chrom. Closest similar sequence

PtrABCB16 POPTR_0002s02110 XM_002301925 chr.2 No clear match

PtrABCB17 POPTR_0001s16560 XM_002331169 chr.1 No clear match

PtrABCB18 POPTR_0008s05020 XM_002311108 chr.8 PtrABCB6

PtrABCB19 POPTR_0017s11750 XM_002323811 chr.17 No clear match

PtrABCB20 POPTR_0011s13720 XM_002316941 chr.11 PtrABCB3

Gene models, accession numbers, chromosome position, and the closest most similar match for each gene are reported.
aThese genes are distinct in GenBank but they retrieve the same entry in the phytozome database (www.phytozome.org).
bVery short protein classified as ATP-binding transporter.
cUncharacterized conserved protein.
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Table A3 | Summary of the protein characteristics of the PIN, AUX/LAX, and ABCB families of Populus trichocarpa, Populus tomentosa, Populus

tremula × tremuloides, and Arabidopsis.

Gene length Length n Type

cds (bp) Protein (aa) TMHs

AtPIN1 1869 622 11 Long

AtPIN2 1944 647 10 Long

AtPIN3 1923 640 10 Long

AtPIN4 1851 616 10 Long

AtPIN5 1056 351 10 Short

AtPIN6 1713 570 10 Reduced

AtPIN7 1860 619 10 Long

AtPIN8 1104 367 10 Short

PtrPIN1 1845 614 10 Long

PtrPIN2 1767 588 11 Long

PtrPIN3 1905 634 10 Long

PtrPIN4 1338 446 9 Reduced

PtrPIN5 1110 369 8 Reduced

PtrPIN6 1950 650 10 Long

PtrPIN7 1830 610 10 Long

PtrPIN8 1764 588 10 Long

PtrPIN9 1902 634 10 Long

PtrPIN10 1644 548 10 Reduced

PtrPIN11 1041 347 9 Short

PtrPIN12 1041 347 10 Short

PtrPIN13 1068 356 8 Short

PtrPIN14 1071 357 8 Short

PtrPIN15 1113 371 8 Short

PtrPIN16 912 304 6 Short

PttPIN1 1845 614 10 Long

PttPIN2 1767 588 10 Long

PttPIN3 1923 640 10 Long

PtoPIN1 1860 619 9 Long

AtAUX1 1458 485 11

AtLAX1 1467 489 11

AtLAX2 1452 484 11

AtLAX3 1413 471 11

PtrAUX1/LAX5 1443 481 11

PtrAUX2/LAX1 1434 478 11

PtrAUX3/LAX2 1422 474 11

PtrAUX4/LAX6 1416 472 11

PtrAUX5/LAX7 1476 492 11

PtrAUX6/LAX3 1476 492 11

PtrAUX7/LAX8 1395 465 11

PtrAUX8/LAX4 1398 466 11

PttLAX1 1434 477 10

PttLAX2 1422 473 11

PttLAX3 1476 491 11

PtoAUX1 1434 477 10

AtABCB1 3861 1286 12

AtABCB2 3822 1273 12

AtABCB3 3690 1229 11

AtABCB4 3861 1286 9

AtABCB5 3693 1230 9

AtABCB6 4224 1407 13

(Continued)
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Table A3 | Continued

Gene Length Length n

cds (bp) Protein (aa) TMHs

AtABCB7 3747 1248 11

AtABCB8 3723 1241 12

AtABCB9 3711 1236 9

AtABCB10 3684 1227 10

AtABCB11 3837 1278 9

AtABCB12 3822 1273 9

AtABCB13 3738 1245 11

AtABCB14 3744 1247 11

AtABCB15 3723 1240 11

AtABCB16 3687 1228 7

AtABCB17 3723 1240 9

AtABCB18 3678 1225 9

AtABCB19 3759 1252 10

AtABCB20 4227 1408 13

AtABCB21 3891 1296 9

AtABCB22 3666 1221 7

PtrABCB1.1 4074 1357 12

PtrABCB1.2 3975 1324 12

PtrABCB2 3687 1228 10

PtrABCB3 3756 1251 9

PtrABCB4 3768 1255 10

PtrABCB5 3882 1294 9

PtrABCB6 4194 1398 12

PtrABCB7 3780 1260 11

PtrABCB8 3828 1276 11

PtrABCB9 3717 1239 9

PtrABCB10 3864 1287 9

PtrABCB11 3882 1294 9

PtrABCB12 3693 1230 8

PtrABCB13 3597 1199 7

PtrABCB14 3885 1294 9

PtrABCB15 3828 1276 10

PtrABCB16 3660 1220 11

PtrABCB17 4644 1548 12

PtrABCB18 4197 1399 12

PtrABCB19 3756 1252 10

PtrABCB20 3516 1171 10

All proteins are classified according to their sequence length, number of predicted transmembrane helices, and length of the central hydrophilic loop (short, reduced,

long).
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Table A4 | List of all the sequences used in the reconstruction of PIN, AUX/LAX, and ABCB families phylogenies.

Phytozome database locus or GenBank accession number Assigned name

ABCBs

ppa000359m.g Ppe000359

ppa000340m.g Ppe000340

ppa000269m.g Ppe000269

ppa000313m.g Ppe000313

ppa000316m.g Ppe000316

ppa023953m.g Ppe023953

ppa000315m.g Ppe000315

ppa015302m.g Ppe015302

ppa000363m.g Ppe000363

ppa015387m.g Ppe015387

ppa015389m.g Ppe015389

ppa017251m.g Ppe017251

ppa023915m.g Ppe023915

ppa018252m.g Ppe018252

ppa000312m.g Ppe000312

ppa026713m.g Ppe026713

ppa000338m.g Ppe000338

ppa0208157m.g Ppe020815

POPTR_0006s12590 PtrABCB11

POPTR_0016s09680 PtrABCB12

POPTR_0002s18860 PtrABCB2

POPTR_0001s44320 PtrABCB3

POPTR_0001s34280 PtrABCB4

POPTR_0010s00540 PtrABCB5

POPTR_0010s21720 PtrABCB6

POPTR_0017s11030 PtrABCB7

POPTR_0002s18850 PtrABCB8

POPTR_0017s12120 PtrABCB9

POPTR_0014s10860 PtrABCB10

POPTR_0014s10870 PtrABCB11

POPTR_0018s09420 PtrABCB12

POPTR_0014s10880.1 PtrABCB13

POPTR_0014s10880.2 PtrABCB14

POPTR_0015s00250 PtrABCB15

POPTR_0002s02110 PtrABCB16

POPTR_0001s16560 PtrABCB17

POPTR_0008s05020 PtrABCB18

POPTR_0017s11750 PtrABCB19

POPTR_0011s13720 PtrABCB20

GRMZM2G315375_T01 Zm2G315375-1

GRMZM2G085236_T01 Zm2G085236-1

GRMZM2G085236_T02 ZmG085236-2

GRMZM2G004748_T01 ZmG004748-1

GRMZM2G119894_T01 Zm2G119894-1

GRMZM2G119894_T03 Zm2G119894-3

GRMZM2G086730_T01 Zm2G086730

AC233882.1_FGT003 ZmAC233882-1_FG003

GRMZM2G025860_T01 Zm2G025860

GRMZM2G167658_T01 Zm2G167658

GRMZM2G111462_T01 Zm2G111462

GRMZM2G085111_T02 Zm2G085111-1

(Continued)
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Table A4 | Continued

Phytozome database locus or GenBank accession number Assigned name

GRMZM2G333183_T01 Zm2G333183

AC233939.1_FGT002 ZmAC233939-1_FG002

GRMZM2G441722_T01 Zm2G441722

Eucrg.J2160.1 EgrJ02160

Eucgr.D00350.1 EgrD00350

Eucgr.K00568.1 EgrK00568-1

Eucgr.K02930.1 EgrK02930

Eucgr.E00260.1 EgrE00260

Eucgr.C01000.1 EgrC01000

Eucgr.A01005.1 EgrA01005

Eucgr.A01006.1 EgrA01006-1

Eucgr.A01006.2 EgrA01006-2

Eucgr.J01214.1 EgrJ01214

Eucgr.J02615.1 EgrJ02615

Eucgr.H00958.1 EgrH00958

Eucgr.J00052.1 EgrJ00052

cassava4.1_000398m.g Mes000398

cassava4.1_000345m.g Mes000345

cassava4.1_000359m.g Mes000359

cassava4.1_030988m.g Mes030988

cassava4.1_000410m.g Mes000410

cassava4.1_000306m.g Mes000306

cassava4.1_000385m.g Mes000385

cassava4.1_000386m.g Mes000386

cassava4.1_000399m.g Mes000399

cassava4.1_000409m.g Mes000409

cassava4.1_026648m.g Mes026648

cassava4.1_021429m.g Mes021429

Medtr5g029640.1 Mtr5g029640

Medtr1g031500.1 Mtr1g031500

Medtr2g022080.1 Mtr2g022080

Medtr6g089620.1 Mtr6g089620

Medtr2g021930.1 Mtr2g021930

Medtr1g105850.1 Mtr1g105850

Medtr8g078020.1 Mtr8g078020

Medtr6g009670.1 Mtr6g009670

Medtr8g133940.1 Mtr8g133940

Medtr3g110110.1 Mtr3g110110

Medtr8g133950.1 Mtr8g133950

Medtr8g133840.1 Mtr8g133840

Medtr4g107320.1 Mtr4g107320

Medtr4g107560.1 Mtr4g107560

Medtr6g009780.1 Mtr6g009780

Medtr6g009880.1 Mtr6g009880

Medtr6g009840.1 Mtr6g009840

Medtr3g136400.1 Mtr3g136400

Medtr7g046830.1 Mtr7g046830

Medtr6g009450.1 Mtr6g009450

Medtr3g102650.1 Mtr3g102650

Medtr8g025810.1 Mtr8g025810

Medtr4g110940.1 Mtr4g110940

GSVIVT00000633001 VvT00000633001
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Table A4 | Continued

Phytozome database locus or GenBank accession number Assigned name

GSVIVT00003365001 VvT00003365001

GSVIVT00003375001 VvT00003375001

GSVIVT00003377001 VvT00003377001

GSVIVT00014386001 VvT00014386001

GSVIVT00016667001 VvT00016667001

GSVIVT00018550001 VvT00018550001

GSVIVT00019727001 VvT00019727001

GSVIVT00019729001 VvT00019729001

GSVIVT00020929001 VvT00020929001

GSVIVT00024397001 VvT00024397001

GSVIVT00028243001 VvT00028243001

GSVIVT00030719001 VvT00030719001

GSVIVT00034033001 VvT00034033001

GSVIVT00037129001 VvT00037129001

Sb01g039110.1 SbABCB1

Sb02g019540.1 SbABCB2

Sb03g011860.1 SbABCB3

Sb03g023740.1 SbABCB4

Sb03g031990.1 SbABCB5

Sb03g032000.1 SbABCB6

Sb03g032030.1 SbABCB7

Sb03g033290.1 SbABCB8

Sb03g047490.1 SbABCB9

Sb04g006087.1 SbABCB10

Sb04g006090.1 SbABCB11

Sb04g006100.1 SbABCB12

Sb04g022480.1 SbABCB13

Sb04g031170.1 SbABCB14

Sb06g001440.1 SbABCB15

Sb06g018860.1 SbABCB16

Sb06g020350.1 SbABCB17

Sb06g030350.1 SbABCB18

Sb07g003510.1 SbABCB19

Sb07g003520.1 SbABCB20

Sb07g023730.1 SbABCB21

Sb09g002940.1 SbABCB22

Sb09g027320.1 SbABCB23

Sb09g027330.1 SbABCB24

e_gw1.13.597.1 SmABCB1

fgenesh1_pm.C_scaffold_6000062 SmABCB2

fgenesh2_pg.C_scaffold_13000013 SmABCB3

e_gw1.6.146.1 SmABCB4

estExt_Genewise1Plus.C_350372 SmABCB5

fgenesh1_pm.C_scaffold_42000045 SmABCB6

e_gw1.0.369.1 SmABCB7

fgenesh2_pg.C_scaffold_9000128 SmABCB8

estExt_Genewise1.C_210058 SmABCB9

fgenesh1_pm.C_scaffold_2000054 SmABCB10

e_gw1.73.37.1 SmABCB11

estExt_Genewise1Plus.C_90010 SmABCB12

e_gw1.0.1863.1 SmABCB13

e_gw1.22.307.1 SmABCB14
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www.frontiersin.org February 2012 | Volume 3 | Article 17 |151

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Carraro et al. PIN, AUX/LAX, ABCB in Populus

Table A4 | Continued

Phytozome database locus or GenBank accession number Assigned name

fgenesh1_pm.C_scaffold_0000169 SmABCB15

estExt_Genewise1.C_00569 SmABCB16

e_gw1.73.196.1 SmABCB17

fgenesh1_pm.C_scaffold_15000068 SmABCB18

LOC_Os01g18670.1 OsABCB1

LOC_Os01g35030.1 OsABCB3

LOC_Os01g50080.1 OsABCB4

LOC_Os01g50100.1 OsABCB5

LOC_Os01g50160.1 OsABCB6

LOC_Os01g52550.1 OsABCB7

LOC_Os01g74470.1 OsABCB8

LOC_Os02g09720.1 OsABCB9

LOC_Os02g46680.1 OsABCB11

LOC_Os03g08380.1 OsABCB12

LOC_Os03g17180.1 OsABCB13

LOC_Os04g40570.1 OsABCB15

LOC_Os05g47490.1 OsABCB18

LOC_Os05g47500.1 OsABCB19

LOC_Os08g05690.1 OsABCB20

LOC_Os08g05710.1 OsABCB21

LOC_Os08g45030.1 OsABCB22

Rco30078.t000079 Rc30078_t000079

Rco30054.t000025 Rc30054_t000025

Rco30076.t000120 Rc30076_t000120

Rco30076.t000122 Rc30076_t000122

Rco28180.t000015 Rc28180_t000015

Rco30170.t000796 Rc30170_t000796

Rco29581.t000001 Rc29581_t000001

Rco29693.t000124 Rc29693_t000124

Rco29822.t000171 Rc29822_t000171

Rco29889.t000174 Rc29889_t000174

Rco29889.t000175 Rc29889_t000175

Pp1s252_67V6.1 Pp1s252_67

Pp1s38_321V6.1 Pp1s38_321

Pp1s28_282V6.1 Pp1s28_282

Pp1s173_145V6.1 Pp1s173_145

Pp1s1_780V2.1 Pp1s1_780

Pp1s397_2V6.1 Pp1s397_2

Pp1s188_78V6.1 Pp1s188_78

Pp1s391_45V6.1 Pp1s391_45

Pp1s338_12V6.1 Pp1s338_12

Pp1s29_108V2.1 Pp1s29_108

Vc_estExt_fgenesh4_pg.C_30286 VcProt1

Cre17.g725200 Cre17_g725200

Cre17.g725150 Cre17_g725150

AT2G36910 AtABCB1

AT4G25960 AtABCB2

AT4G01820 AtABCB3

AT2G47000 AtABCB4

AT4G01830 AtABCB5

AT2G39480 AtABCB6

AT5G46540 AtABCB7
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Table A4 | Continued

Phytozome database locus or GenBank accession number Assigned name

AT3G30875 AtABCB8

AT4G18050 AtABCB9

AT1G10680 AtABCB10

At1g02520 AtABCB11

AT1G02530 AtABCB12

AT1G27940 AtABCB13

AT1G28010 AtABCB14

AT3G28345 AtABCB15

AT3G28360 AtABCB16

AT3G28380 AtABCB17

AT3G28390 AtABCB18

AT3G28860 AtABCB19

AT3G55320 AtABCB20

AT3G62150 AtABCB21

AT3G28415 AtABCB22

orange1.1g000851m.g Csi_g000851

orange1.1g000777m.g Csi_g000777

orange1.1g000789m.g Csi_g000789

orange1.1g000909m.g Csi_g000909

orange1.1g000830m.g Csi_g000830

orange1.1g000406m.g Csi_g000406

orange1.1g000687m.g Csi_g000687

orange1.1g000856m.g Csi_g000856

AcoGoldSmith_v1.000232m.g Aco000232

AcoGoldSmith_v1.022827m.g Aco022827

AcoGoldSmith_v1.027230m.g Aco027230

AcoGoldSmith_v1.000200m.g Aco000200

AcoGoldSmith_v1.018338m.g Aco018338

AcoGoldSmith_v1.000314m.g Aco000314

AcoGoldSmith_v1.022346m.g Aco022346

AcoGoldSmith_v1.026987m.g Aco026987

AcoGoldSmith_v1.022633m.g Aco022633

AcoGoldSmith_v1.000202m.g Aco000202

AcoGoldSmith_v1.000201m.g Aco000201

AcoGoldSmith_v1.000230m.g Aco000230

AcoGoldSmith_v1.000215m.g Aco000215

AcoGoldSmith_v1.000236m.g Aco000236

AcoGoldSmith_v1.000229m.g Aco000229

AUX/LAXs

ppa005323m.g Ppe005323

ppa005057m.g Ppe005057

ppa004949m.g Ppe004949

ppa004865m.g Ppe004865

POPTR_0006s09940 PtrAUX1/LAX5

POPTR_0016s12100 PtrAUX2/LAX1

POPTR_0010s19840 PtrAUX3/LAX2

POPTR_0008s06630 PtrAUX4/LAX6

POPTR_0004s17860 PtrAUX5/LAX7

POPTR_0009s13470 PtrAUX6/LAX3

POPTR_0005s16020 PtrAUX7/LAX8

POPTR_0002s08750 PtrAUX8/LAX4

GRMZM2G067022_T01 Zm2G067022
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Phytozome database locus or GenBank accession number Assigned name

GRMZM2G127949_T01 Zm2G127949

GRMZM2G045057_T01 Zm2G045057

GRMZM2G149481_T01 Zm2G149481

GRMZM2G129413_T01 Zm2G129413

Eucgr.F03758.1 EgrF03758_1

Eucgr.K02992.2 EgrK02992_2

Eucgr.G03044.2 EgrG03044_2

Eucgr.G01769.2 EgrG01769_2

Eucgr.A00514.2 EgrA00514_2

cassava4.1_006838m.g Mes006838

cassava4.1_006423m.g Mes006423

cassava4.1_006788m.g Mes006788

cassava4.1_006570m.g Mes006570

cassava4.1_006783m.g Mes006783

cassava4.1_006474m.g Mes006474

cassava4.1_007093m.g Mes007093

Medtr3g024670.1 Mtr3g024670

Medtr3g097960.1 Mtr3g097960

Medtr5g089600.1 Mtr5g089600

GSVIVT01008917001 VvT01008917001

GSVIVT01024054001 VvT01024054001

GSVIVT01032855001 VvT01032855001

GSVIVT01033986001 VvT01033986001

Sb01g026240.1 SbLAX1

Sb01g041270.1 SbLAX2

Sb03g040320.1 SbLAX3

Sb05g004250.1 SbLAX4

Sb09g021990.1 SbLAX5

estExt_Genewise1Plus.C_20968 SmAUX1

estExt_fgenesh2_pg.C_50586 SmAUX2

LOC_Os01g63770.1 OsLAX1

LOC_Os03g14080.1 OsLAX2

LOC_Os05g37470.1 OsLAX3

LOC_Os10g05690.1 OsLAX4

LOC_Os11g06820.1 OsLAX5

Rco29669.t000030 Rc29669_t000030

Rco29741.t000002 Rc29741_t000002

Rco29908.t000197 Rc29908_t000197

Rco29969.t000004 Rc29969_t000004

Pp1s90_46V6.1 Pp1s90_46

Pp1s213_89V6.1 Pp1s213_89

Pp1s211_67V6.1 Pp1s211_67

AT2G38120.1 AtAUX1

AT5G01240.1 AtLAX1

AT2G21050.1 AtLAX2

AT1G77690.1 AtLAX3

orange1.1g011392m.g Csi_g011392

orange1.1g011022m.g Csi_g011022

orange1.1g012371m.g Csi_g012371

orange1.1g011966m.g Csi_g011966

AcoGoldSmith_v1.004219m.g Aco004219

AcoGoldSmith_v1.004342m.g Aco004342
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Table A4 | Continued

Phytozome database locus or GenBank accession number Assigned name

AcoGoldSmith_v1.003895m.g Aco003895

AY864733 Pto-AY864733

AF115543 Ptt-AF115543

PINs

ppa022797m.g Ppe022797

ppa003159m.g Ppe003159

ppa024134m.g Ppe024134

ppa002528m.g Ppe002528

ppa025174m.g Ppe025174

ppa002944m.g Ppe002944

ppa021573m.g Ppe021573

ppa007621m.g Ppe007621

POPTR_0015s04570 PtrPIN1

POPTR_0016s03450 PtrPIN2

POPTR_0010s12320 PtrPIN3

POPTR_0005s20990 PtrPIN4

POPTR_0002s07310 PtrPIN5

POPTR_0008s12830 PtrPIN6

POPTR_0012s04470 PtrPIN7

POPTR_0006s03540 PtrPIN8

POPTR_0018s13610 PtrPIN9

POPTR_0001s21230 PtrPIN10

POPTR_0013s08510 PtrPIN11

POPTR_0019s07990 PtrPIN12

POPTR_0004s12310 PtrPIN13

POPTR_0017s11440 PtrPIN14

POPTR_0014s14390 PtrPIN15

XM_002336619.1 PtrPIN16

ZmPIN1a_GRMZM2G098643 ZmPIN1a

ZmPIN1b_GRMZM2G074267 ZmPIN1b

ZmPIN1c_GRMZM2G149184 ZmPIN1c

ZmPIN1d_GRMZM2G171702_T01 ZmPIN1d

ZmPIN2 ZmPIN2

ZmPIN5a-GRMZM2G025742 ZmPIN5a

ZmPIN5b-GRMZM2G148648 ZmPIN5b

ZmPIN5c-GRMZM2G040911 ZmPIN5c

ZmPIN8_GRMZM5G839411 ZmPIN8

ZmPIN9_GRMZM5G859099 ZmPIN9

ZmPIN10a-GRMZM2G126260 ZmPIN10a

ZmPIN10b-GRMZM2G160496 ZmPIN10b

Eucgr.F04265.1 EgrF04265_1

Eucgr.K02271.1 EgrK02271_1

Eucgr.G02187.1 EgrG02187_1

Eucgr.G02549.1 EgrG02549_1

Eucgr.B01406.1 EgrB01406_1

Eucgr.B02902.1 EgrB02902_1

Eucgr.B00948.1 EgrB00948_1

Eucgr.C00078.1 EgrC00078_1

Eucgr.A02229.1 EgrA02229_1

Eucgr.H01390.1 EgrH01390_1

Eucgr.H01391.1 EgrH01391_1

Eucgr.I01919.1 EgrI01919_1
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Phytozome database locus or GenBank accession number Assigned name

Eucgr.G02548.1 EgrG02548_1

Eucgr.B01405.1 EgrB01405_1

Eucgr.B01403.1 EgrB01403_1

Eucgr.H01382.1 EgrH01382_1

cassava4.1_003807m.g Mes003807

cassava4.1_030090m.g Mes030090

cassava4.1_029078m.g Mes029078

cassava4.1_003367m.g Mes003367

cassava4.1_006998m.g Mes006998

cassava4.1_026579m.g Mes026579

cassava4.1_003794m.g Mes003794

cassava4.1_029063m.g Mes029063

cassava4.1_033391m.g Mes033391

cassava4.1_010688m.g Mes010688

cassava4.1_010607m.g Mes010607

Medtr2g043210 Mtr2g043210

Medtr4g154810 Mtr4g154810

Medtr6g083450 Mtr6g083450

Medtr7g008720 Mtr7g008720

Medtr7g089430 Mtr7g089430

Medtr7g106430 Mtr7g106430

Medtr8g130020 Mtr8g130020

Medtr8g130040 Mtr8g130040

MtrAAM55297 MtrAAM55297

MtrAY115838 MtrAY115838

MtrAAT48627 MtrAAT48627

GSVIVT00014302001 VvT00014302001

GSVIVT00017824001 VvT00017824001

GSVIVT00020886001 VvT00020886001

GSVIVT00023254001 VvT00023254001

GSVIVT00023255001 VvT00023255001

GSVIVT00025093001 VvT00025093001

GSVIVT00025108001 VvT00025108001

GSVIVT00030482001 VvT00030482001

GSVIVT00031315001 VvT00031315001

Sb02g029210.1 SbPIN1

Sb03g029320.1 SbPIN2

Sb03g032850.1 SbPIN3

Sb03g037350.1 SbPIN4

Sb03g043960.1 SbPIN5

Sb04g028170.1 SbPIN6

Sb05g002150.1 SbPIN7

Sb07g026370.1 SbPIN8

Sb10g004430.1 SbPIN9

Sb10g008290.1 SbPIN10

Sb10g026300.1 SbPIN11

e_gw1.26.13.1 Sm102666

e_gw1.59.169.1 Sm119024

fgenesh1_pm.C_scaffold_9000007 Sm231064

fgenesh1_pm.C_scaffold_59000022 Sm234325

estExt_fgenesh1_pm.C_500006 Sm268490
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Phytozome database locus or GenBank accession number Assigned name

e_gw1.21.81.1 Sm99301

Os01g45550.1 OsPIN10a

Os01g51780 OsPIN8

Os01g58860 OsPIN9

Os01g69070 OsPIN5a

Os02g50960.1 OsPIN1b

Os05g50140 OsPIN10b

Os06g12610 OsPIN1a

Os06g44970 OsPIN2

Os08g41720 OsPIN5b

Os09g32770 OsPIN5c

Os11g04190 OsPIN1c

Os12g04000 OsPIN1d

Rco27985.t000045 Rc27985_t000045

Rco29662.t000026 Rc29662_t000026

Rco29816.t000014 Rc29816_t000014

Rco30180.t000054 Rc30180_t000054

Rco29822.t000149 Rc29822_t000149

Rco30128.t000486 Rc30128_t000486

Pp1s10_17V6.1 PpPIN1A

Pp1s18_186V6.1 PpPIN1B

Pp1s32_43V6.1 PpPIN1C

Pp1s79_126V6 PpPIN1D

AT1G73590 AtPIN1

AT5G57090 AtPIN2

AT1G70940 AtPIN3

AT2G01420 AtPIN4

AT5G16530 AtPIN5

AT1G77110 AtPIN6

AT1G23080 AtPIN7

AT5G15100 AtPIN8

orange1.1g006199m.g Csi_g006199

orange1.1g007826m.g Csi_g007826

orange1.1g036474m.g Csi_g036474

orange1.1g041301m.g Csi_g041301

orange1.1g048649m.g Csi_g048649

orange1.1g035534m.g Csi_g035534

orange1.1g007420m.g Csi_g007420

orange1.1g018360m.g Csi_g018360

orange1.1g019021m.g Csi_g019021

AcoGoldSmith_v1.001931m.g Aco001931

AcoGoldSmith_v1.018694m.g Aco018694

AcoGoldSmith_v1.018139m.g Aco018139

AcoGoldSmith_v1.016169m.g Aco016169

AcoGoldSmith_v1.007499m.g Aco007499

AcoGoldSmith_v1.021242m.g Aco021242

AY302060 PtoPIN1-like

AF190881 PttPIN1

AF515435 PttPIN2

AF515434 PttPIN3
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Table A5 | List of all primers used in the present work.

Name Direction Sequence (5′–3′) Tm (˚C)a Amplicon (bp)

PIN1 RT-F3 Forward AAGCTGAAGATGGTAGGGACCTT 58 94

PIN1 RT-R3 Reverse TGGGCGCCATAATCATGAC 59

PIN2 RT-F4 Forward GATCAATGTTCAGGGATCAACAGA 59 81

PIN2 RT-R4 Reverse GTTGTTGGTGGAAATGAAGTGAAA 59

PIN3 RT-F3 Forward CTTCACGTTGCTATTGTTCAGG 54.1 238

PIN3 RT-R3 Reverse TGACACACGACCAGCAAGTAA 56.5

PIN4 RT-F4 Forward CGTTGGAATGAGAGGAGTGC 55 204

PIN4 RT-R4 Reverse AATCTAAATTCCCCCTCTAATTCATGG 54.8

PIN5 RT-F2 Forward GACTAATGCAACCAACACACCTTT 58 67

PIN5 RT-R2 Reverse TGGATGCCGGGATATTTTACC 59

PIN6 RT-F2 Forward CCATTCCACAAGCTGGAAATT 53.7 166

PIN6 RT-R2 Reverse CCGGAATCTGGAGCGCCGA 62.6

PIN7 RT-F4 Forward TCAGTGCTCGGGCATCAA 58 81

PIN7 RT-R4 Reverse GGATCATTAGTAGATATGAAGTGGAAAGAG 58

PIN8 RT-F2 Forward CTTCATTTGCTGTTGGACTACG 54.1 192

PIN8 RT-R2 Reverse GTCCAAGCAAAATATAGTAAACCAGTGT 55.6

PIN9 RT-F2 Forward GCTGCTTTTCAACCTGAATCCG 57 173

PIN9 RT-R2 Reverse TCTGCTGCCATATCCATCTTCTTTTG 57.3

PIN10 RT-F4 Forward GGCAGACACACCTACCCTGATC 59.4 100

PIN10 RT-R4 Reverse CCGGAGGCATCTGTTGTTTC 56.3

PIN11 RT-F3 Forward CAGCATTGCCACAGTCAATTACATC 56.8 196

PIN11 RT-R3 Reverse GCCGAGCTATATTCCTCCTTCAAG 57

PIN12 RT-F6 Forward GCTACGGCTGGTCCATTACC 58 100

PIN12 RT-R6 Reverse ACTGCCGTCGGCCCATA 59.6

PIN13 RT-F2 Forward GGATACATTGAGCACAGGGGTAA 56.6 199

PIN13 RT-R2 Reverse TGGACGGGACAGACTTCTATGATTC 57.9

PIN14 RT-F3 Forward ATAGTGATATTGTCAACAGGAGGG 54.1 175

PIN14 RT-R3 Reverse CCAGTCTAACGGCGAAGGAAG 57.6

PIN15 RT-F2 Forward TTTGCTGGGCTAATTTCTCAAGA 55.5 188

PIN15 RT-R1 Reverse AGTGGGATCCCCATCACAAG 54.9

PIN16 RT-F4 Forward GGTAACAATCTTGTCAAAGGCAGGT 57.3 199

PIN16 RT-R4 Reverse GGATAGTTTCAACATGGTCCCTCTCA 58.2

AUX1 RT-F1 Forward TCCCTTTATGCCAAGCTGGA 56.5 217

AUX1 RT-R1 Reverse ATGTAGTCAGCTCACTCAGCG 56.6

AUX2 RT-F3 Forward CGTTCGGACTCTTCGCAAAG 56.3 100

AUX2 RT-R3 Reverse TCTTGGGACTGATTTGCTTCAG 55.1

AUX3 RT-F2 Forward GTTCACGGCCAGGTTGATG 56.6 100

AUX3 RT-R2 Reverse CATGCCCACCAAAAGTGTAGAG 56.1

AUX4 RT-F4 Forward AGGGTGGGCTAGTATGTCCAA 57.7 191

AUX4 RT-R4 Reverse AAACACAATGCAGAGGAGATGC 55.9

AUX5 RT-F1 Forward AGCCATCAAAGTACACGGGA 56.3 174

AUX5 RT-R1 Reverse TCTGAGGTGGGCATTGGTAA 56.1

AUX6 RT-F4 Forward CCTGTGGTTATTCCCATTTGGTT 55.6 180

AUX6 RT-R4 Reverse GTACTTTGGTGGTTGCTCCA 55.2

AUX7 RT-F2 Forward CGTCAGATTGATTCATTTGGTCTATTC 54.2 213

AUX7 RT-R2 Reverse ATCACACCTTTTCAAGAACCAACA 55.2

AUX8 RT-F1 Forward GAGAGAATGCTGTGGAGAGAC 54.8 182

AUX8 RT-R1 Reverse ACACTGGTAGCACTTGGTGA 56.2

ABCB1 RT-F4 Forward GATGGTAAAGTAGCAGAGCAAGGAT 56.7 212

ABCB1 RT-R4 Reverse ATGGGATATACTCCTCTTACTGGTGT 56.5

ABCB2 RT-F3 Forward CAAGCATGAGACTCTGATTCATATCA 54.7 100

(Continued)
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Table A5 | Continued

Name Direction Sequence (5′–3′) Tm (˚C)a Amplicon (bp)

ABCB2 RT-R3 Reverse AATATTGCAGGTGGTGACTCAAGA 56.4

ABCB4 RT-F2 Forward GGGCAATCCTAAAGAATCCGAAAAT 55.7 264

ABCB4 RT-R4 Reverse TATGAAGGGCGACCAAGGATG 56.9

ABCB5 RT-F3 Forward TCGCAATACCTCCCGGTACA 58.1 100

ABCB5 RT-R3 Reverse GCGTGCGGGTCGTAAAAC 57.3

ABCB7 RT-F2 Forward GTGGTTTTGCTGTTAGATGAGGC 56.5 269

ABCB7 RT-R2 Reverse ACTGTTTTGTGTTGTCCTCTGG 55.4

ABCB10 RT-F4 Forward CAG AAG CAA AGG GTA GCC ATT 55.4 211

ABCB10 RT-R4 Reverse CTCCATTTTTAACCACTGCGATTAGA 56.4

ABCB13 RT-F3 Forward CAAGAGCAATTCTGAAAGATCCACG 56.3 206

ABCB13 RT-R3 Reverse ACCTTTTTCCACTATCTTGCCATG 55.6

ABCB14 RT-F1 Forward GACAGTCAAGTCAAAGAATCTCATTG 54.2 221

ABCB14 RT-R1 Reverse TGGAACCTCTGGCTTGTTAAGA 56

ABCB13 RT-F2 Forward CAAGAAGCACTGGACCGAATCAT 57.4 229

ABCB13 RT-R2 Reverse TAAACACACGGAGGTGCTACAAT 56.4

ABCB18 RT-F3 Forward AGCTCATCCATCGAATCTGAATCAA 56.3 211

ABCB18 RT-R3 Reverse GCATCAGACGGACATACAAACCAT 57.4

ABCB19 RT-F3 Forward TCTTAAGGACCCAGCAATCCTACT 57.3 100

ABCB19 RT-R3 Reverse CCTCATTAGCCTCTCGAGTGCTT 58.5

ACT2 RT-F1b Forward GCAACTGGGATGATATGGAGA 54.3 213

ACT2 RT-R1 Reverse TACGACCACTGGCATACAGG 56.5

UBQ RT-F1b Forward CAGCTTGAAGATGGGAGGAC 55.4 154

UBQ RT-R1 Reverse CAATGGTGTCTGAGCTCTCG 55.5

TUA2 RT-F1 Forward CCTACTGTAGTACCTGGGGGTG 58.2 230

TUA2 RT-R1 Reverse CCAACTTCCTCGTAATCCTTCTCA 56.2

PD-E1 RT-F1 Forward ATGAGAACTGGTGGTATTGGTGC 57.3 164

PD-E1 RT-R1 Reverse GTCACAATCTGGGCAGGTTGAAC 58.5

CLONING AND SEQUENCING

M13F Forward TTGTAAAACGACGGCCAGT 54.7

M13R Reverse CAGGAAACAGCTATGACC 50.1

adp1-dT17c CCGGATCCTCTAGAGCGGCCGC(T)17 64.6

adp1 CCGGATCCTCTAGAGCGGCC 61.9

PIN3 RT-F3 Forward CTTCACGTTGCTATTGTTCAGG 54.1

PIN4 RT-F3 Forward CTTCAGCCTCGGATAATTGTATGC 55.1

PIN11A RT-F3 Forward GCGATGTCTTACGTGTTGCTA 55.1

PIN13 RT-F2 Forward GGATACATTGAGCACAGGGGTAA 56.6

AUX4 RT-F3 Forward CCGACTCCTGCAAAACATCATTA 55.4

ABCB1 RT-F3 forward CGCATGATACAGTTACAAAGGTTCA 55.5

aMelting temperatures were calculated with the online tool OlygoAnalyzer v.3.1 from Integrated DNA Technologies.
bThese primer pairs have been first published in Secchi et al. (2009).
cThis primer sequence has been first published in Kramer et al. (1998).
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Major intrinsic proteins (MIPs) also called aquaporins form pores in membranes to facili-
tate the permeation of water and certain small polar solutes across membranes. MIPs are
present in virtually every organism but are uniquely abundant in land plants.To elucidate the
evolution and function of MIPs in terrestrial plants, the MIPs encoded in the genome of the
spikemoss Selaginella moellendorffii were identified and analyzed. In total 19 MIPs were
found in S. moellendorffii belonging to 6 of the 7 MIP subfamilies previously identified in
the moss Physcomitrella patens. Only three of the MIPs were classified as members of
the conserved water specific plasma membrane intrinsic protein (PIP) subfamily whereas
almost half were found to belong to the diverse NOD26-like intrinsic protein (NIP) subfam-
ily permeating various solutes. The small number of PIPs in S. moellendorffii is striking
compared to all other land plants and no other species has more NIPs than PIPs. Similar
to moss, S. moellendorffii only has one type of tonoplast intrinsic protein (TIP). Based on
ESTs from non-angiosperms we conclude that the specialized groups of TIPs present in
higher plants are not found in primitive vascular plants but evolved later in a common ances-
tor of seed plants. We also note that the silicic acid permeable NIP2 group that has been
reported from angiosperms appears at the same time. We suggest that the expansion of
the number MIP isoforms in higher plants is primarily associated with an increase in the
different types of specialized tissues rather than the emergence of vascular tissue per se
and that the loss of subfamilies has been possible due to a functional overlap between
some subfamilies.

Keywords: water channels, AQP, SIP, XIP, HIP, GIP, phylogeny

INTRODUCTION
The major intrinsic proteins (MIPs) constitute an ancient pro-
tein family and representatives can be found in virtually all types
of organisms (Preston et al., 1992; Heymann and Engel, 1999).
These proteins form pores in biological membranes and facili-
tate the passive transport of a range of small polar molecules,
most notably water and glycerol. Several structural features are
conserved throughout the protein family such as the six transmem-
brane helices (H1–H6) connected by five loops (LA–LE) as well as
two conserved NPA motifs (Asn-Pro-Ala) at the N-terminal end
of two short helices in LB and LE (Fu et al., 2000; Sui et al., 2001).
These oppositely oriented short helices connected by the two NPA-
motifs facing each other in the middle of the membrane form a
seventh helical transmembrane structure. The dipole moment of
each of the half transmembrane helices creates partial positive
charges centered at the NPA motifs and these charges prevent the
passage of protons through the pore (de Groot et al., 2003). Four
amino acid residues, known as the aromatic/arginine-filter (ar/R
filter), located toward the extracellular entrance form the narrow-
est part of the pore and are thought to determine the substrate
selectivity (Fu et al., 2000; Beitz et al., 2006).

The MIPs are especially abundant and multifaceted in terres-
trial plants suggesting that the expansion of this protein family
has contributed to the adaptation of green plants to life on
land (Danielson and Johanson, 2010; Anderberg et al., 2011).
The green plants (viridiplantae) consist of two major clades, the
chlorophytes, including the majority of all green algae, and the
streptophytes (Leliaert et al., 2011). The streptophytes comprise
a number of classes of freshwater algae, collectively known as
the charophytes, and the land plants (embryophyta, Figure A1
in Appendix). The earliest diverging groups of embryophytes, the
liverworts, mosses, and hornworts are all primitive in the sense
that they are non-vascular plants (Shaw et al., 2011). Following
the evolution of vascular tissue in plants the lycophytes emerged
and came to dominate the flora during the Carboniferous period
with some species growing to heights of 30 m (Banks, 2009). Even
though all members of this group have leaf-like structures, these
structures are not considered to be true leaves and only have a cen-
tral vein (Banks, 2009). True leaves evolved in the lineage leading
to ferns and spermatophytes and by the time angiosperms split
from gymnosperms the ability to produce seeds had emerged in
spermatophytes.
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The MIPs of terrestrial plants can be divided into seven subfam-
ilies, the plasma membrane intrinsic proteins (PIPs), the tonoplast
intrinsic proteins (TIPs), the nodulin 26-like intrinsic proteins
(NIPs), the small basic intrinsic proteins (SIPs), the X intrin-
sic proteins (XIPs), the hybrid intrinsic proteins (HIPs), and the
GlpF-like intrinsic proteins (GIPs). While the moss Physcomitrella
patens contains representatives from all seven groups the dicots at
most have five of these subfamilies, the PIPs, TIPs, NIPs, SIPs, and
XIPs and monocots only four, having lost also the XIPs (Daniel-
son and Johanson, 2008). Whereas the number of subfamilies has
decreased during the evolution of land plants the number of MIP
isoforms present in each species seems to have increased. In P.
patens only 23 isoforms are present while in higher angiosperms
like A. thaliana and O. sativa 35 and 31 isoforms have been iden-
tified respectively (Johanson et al., 2001; Sakurai et al., 2005). This
difference is mainly due to an expansion of the PIP, TIP, and NIP
subfamilies which is also manifested by the appearance of new
subgroups within the two latter subfamilies. The current under-
standing of the evolution of the MIP family in terrestrial plants is
based on analyses of MIPs in a moss and in higher angiosperms,
representing lineages which split more than 440 million years ago.
In order to get a more comprehensive picture of the evolution of
the plant MIP family it is necessary to investigate MIPs encoded
in genomes of species belonging to lineages diverging later than
mosses but before the emergence of higher angiosperms.

In the present study we have classified and annotated the
MIPs encoded in the recently sequenced genome of the lycophyte
Selaginella moellendorffii and complemented the analysis by MIPs
encoded in ESTs of gymnosperms and basal angiosperms to pro-
vide a more detailed picture of the evolution of MIPs in terrestrial
plants.

RESULTS
IDENTIFICATION AND CLASSIFICATION OF S. MOELLENDORFFII MIPs
The diploid genome of S. moellendorffii available at Joint Genome
Institute was searched using the complete set of Physcomitrella
patens MIPs as queries. Out of 20 unique hits one was deemed to
be a pseudo NIP gene after manual inspection, containing just one
NPA-box and only parts of helix 1–4. No MIP encoding sequence
was found at this locus on the homologous chromosome. Of the
remaining 19 sequences approximately half already had a satisfac-
tory gene model, defining the coding sequence and exon/intron
boarders, whereas new models encoding more typical MIP features
were created for the rest (Table 1; Table A1 in Appendix).

The identified S. moellendorffii MIPs (SmMIPs) were then sub-
jected to phylogenetic analyses (Figure 1). Of the 19 SmMIPs,
one clearly grouped with the SIP1 isoforms (SIP1s), three with
the XIPs, and two with the HIPs. Hence, no further analy-
sis was required for the classification of these MIPs and they
were named SmSIP1;1, SmXIP1;1–SmXIP1;3, SmHIP1;1, and
SmHIP1;2. Three of the SmMIPs clustered with the PIPs, whereof
one was firmly nested within the PIP1s whereas the remaining two
together with the PIP2s and PpPIP3;1 ended up basal to the PIP1s
with an unresolved internal relationship. Two sequences clustered
with the TIPs and eight with the NIPs. Although the classification
into the seven different subfamilies was straightforward, the phy-
logenies within the PIPs, TIPs, and NIPs were largely unresolved.

In an attempt to achieve a more precise classification of these
MIPs, individual phylogenetic analyses based on separate align-
ments, were performed. These analyses also included the available
relevant MIPs from plants lacking sequenced genomes but since
these are likely to represent only a fraction of the MIPs encoded in
these species, no names were suggested to leave the classification
of these MIPs open for future more comprehensive analyses.

PHYLOGENY OF PIPs
All three S. moellendorffii PIPs have ar/R filters identical or very
similar to those in other PIPs and are likely to be specific for
water (Table 1; Figure A2 in Appendix). The PIP consensus tree
(Figure 2) shows a clearly defined PIP1 clade with a bootstrap sup-
port of 99% and include representatives from the gymnosperms
P. glauca, P. taeda and one sequence from S. moellendorffii. This is
consistent with the initial analysis (Figure 1), alas the phylogeny of
the other PIPs in part remained unresolved. On the node basal to
the PIP1s, the PIP2s of A. thaliana, O. sativa, and P. patens, as well
as 2 sequences from S. moellendorffii and 11 from P. glauca clus-
tered into 7 separate clades. Based on the phylogenetic analysis and
a manual comparison to the reference PIPs, these S. moellendorffii
PIPs were clearly not PIP1s and in contrast to the PpPIP3;1 they
had the N- and C-terminal lengths characteristic of PIP2s, con-
taining the among PIP2s conserved C-terminal phosphorylation
site SFRS (Johansson et al., 2000). They were therefore classified as
PIP2s and hence the S. moellendorffii PIPs were named SmPIP1;1,
SmPIP2;1, and SmPIP2;2. In accordance with earlier analyses the
two PIPs from the algae Coccomyxa C-169 were basal to all other
PIPs (Anderberg et al., 2011).

PHYLOGENY OF TIPs
The TIP6s of P. patens together with two sequences from the liv-
erwort Marchantia polymorpha and one from the quillwort Isoetes
lacustris formed three separate groups on the most basal node of
the TIP consensus tree (Figure 3). On the next node two sequences
from S. moellendorffii formed a sister clade to the TIPs of seed
plants and to indicate an orthologous relationship with the TIP6s
in P. patens, the SmTIPs were named TIP6;1 and TIP6;2. The TIPs
of seed plants formed five stable clades, TIP1 to TIP5. The clades
of TIP1s and TIP2s included sequences from gymnosperms, basal
angiosperms, monocots, and dicots, and the TIP4 clade sequences
from gymnosperms, monocots, and dicots. In contrast, the TIP3s
and TIP5s contained monocot and dicot sequences only. As shown
by the bootstrap support the TIP3s and the TIP5s are clearly
associated with the TIP1s and the TIP2s, respectively. To facili-
tate a comparison between phylogenetic relationship and possible
substrate specificity the ar/R filters of the different subgroups are
shown in Figure 3.

PHYLOGENY OF NIPs
Previous studies of NIPs in higher plants have established at least
three major groups, NIP1, NIP2, and NIP3 (Sakurai et al., 2005;
Zardoya, 2005; Gupta and Sankararamakrishnan, 2009; Danielson
and Johanson, 2010). In our analysis the NIP2s and NIP3s were
well supported but to resolve the NIP1 group in the consensus
tree it was necessary to lower the cut off value for collapsing nodes
slightly from the standard 50% to 49% (Figure 4). Of these three

Frontiers in Plant Science | Plant Physiology February 2012 | Volume 3 | Article 33 | 161

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Anderberg et al. Evolution of plant MIPs

FIGURE 1 | Phylogeny of MIPs. The upper left panel summarize the different
subfamilies of plant MIPs. The right panel depicts the bootstrap consensus
tree of the complete set of MIPs from O. sativa (Os), A. thaliana (At), S.
moellendorffii (Sm), P. patens (Pp) and the chlorophyte algae Chlamydomonas
reinhardtii (Cr), Volvox carteri (Vc), Coccomyxa sp. C-169 (Cc), Chlorella sp.
NC64A (Cn), Micromonas pusilla CCMP1545 (Mp), Micromonas sp. RCC299

(Mr), Ostreococcus lucimarinus (Ol), Ostreococcus sp. RCC809 (Or), and
Ostreococcus tauri (Ot) using the Maximum Likelihood method. The branches
are colored according to from what phyla the sequences are derived. The
numbers by the nodes are bootstrap support in percentage and nodes with
less the 50% support are collapsed. The vertical lines to the right delimit the
different subfamilies.
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Table 1 | Selectivity filters and NPA boxes of S. moellendorffi i MIPs.

Subfamily Proteina ar/R selectivity filterb NPA motifsc

H2 H5 LE1 LE2 Loop B Loop E

PIP SmPIP1;1 F H T R NPA NPA

SmPIP2;1 F H S R NPA NPA

SmPIP2;2 F H T R NPA NPA

PpPIP1;1 F H T R NPA NPA

TIP SmTIP6;1 H I G R NPA NPA

SmTIP6;2 H I G R NPA NPA

PpTIP6;1 H I A R NPA NPG

NIP SmNIP3;1 S I A R NPS NPV

SmNIP3;2 P N A R NPS NPA

SmNIP3;3 A N A R NPA NPC

SmNIP3;4 A N A R NPA NPI

SmNIP3;5 S I A R NPA NPV

PpNIP3;1 A I A R NPA NPV

SmNIP5;1 F A A R NPA NPA

SmNIP5;2 N N A R NPA NPA

PpNIP5;1 F A A R NPA NPA

SmNIP7;1 A V G R NPS NPA

PpNIP6;1 G V A R NPA NPM

SIP SmSIP1;1 I I P N NPT NPA

PpSIP1;1 V V P N NPT NPA

XIP SmXIP1;1 H V A R NPC NPA

SmXIP1;2 H I A R NPC NPA

SmXIP1;3 L T A R NPI NPA

PpXIP1;1 Q I A R NPC NPG

HIP SmHIP1;1 H H A R NPA NPA

SmHIP1;2 H H A R NPA NPA

PpHIP1;1 H H A R NPA NPA

aMIPs from P. patens are included as a reference and are written in bold.
bThe ar/R filter is defined by one amino acid residue in helix 2, one in helix 5, and two in loop E. See Figure A2 in Appendix.
cThe sequences corresponding to the NPA motifs in loops B and E.

groups the NIP3s included sequences from P. patens, S. moellen-
dorffii, gymnosperms and angiosperms, the NIP2s sequences from
gymnosperms and angiosperms, and the NIP1s sequences from
angiosperms only. The S. moellendorffii sequences in the NIP3
group were named SmNIP3;1 to SmNIP3;5. In addition to the
three major clades, two sequences from S. moellendorffii and one
from the fern Adiantum capillus-veneris formed a separate clade
as did the P. patens NIP5s. The ar/R filters suggest that at least one
of these SmNIPs and the fern sequence AcMIP1 are functionally
equivalent to the PpNIP5s and in accordance with the phyloge-
netic analysis, the SmNIPs of this group were both classified as
NIP5s and were hence named SmNIP5;1 and SmNIP5;2. However
it should be noted that these two sequences are not very similar
and the constriction region of the latter deviates from other NIP5s
and instead show some resemblance to SmNIP3;2–3;4. Finally, a
single sequence from S. moellendorffii was named SmNIP7;1 since
it clustered with NIP7;1 from A. thaliana and also share the same
ar/R filter. In contrast to the SmNIPs, PpNIP6;1, OsNIP4;1 and
two gymnosperm sequences showed no apparent association with
any other sequence.

DISCUSSION
Selaginella moellendorffii constitute the smallest genome of a
sequenced land plant but nevertheless this spikemoss overall
encode more protein families than the about twofold larger
genome of the moss P. patens (Banks et al., 2011), consistent
with having a more intricate physiology. Despite this general
increase in the number of protein families the number of MIPs
in P. patens and in S. moellendorffii are very similar, 23 and 19
respectively. Thus there is no evidence of an overall expansion
of the MIP family coinciding with the evolution of primitive
vascular plants like the lycophytes. This suggests that the num-
ber of encoded MIPs instead increased at a later stage in the
evolution of terrestrial plants with the emergence of spermato-
phytes (Table 2). In our analysis six of the seven MIP subfamilies
previously identified in the moss P. patens are confirmed in S.
moellendorffii. This indicates that the seventh subfamily, the GIPs,
was lost early on in the lineage leading to vascular plants, already
before the appearance of the lycophytes. Interestingly, also the
number of members within some of the subfamilies differs sub-
stantially between P. patens and S. moellendorffii. Each of the

Frontiers in Plant Science | Plant Physiology February 2012 | Volume 3 | Article 33 | 163

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Anderberg et al. Evolution of plant MIPs

FIGURE 2 | Phylogeny of PIPs. Maximum Likelihood bootstrap consensus
tree of PIPs from plant species with sequenced genomes together with
PIP-like sequences retrieved from the NCBI EST database. EST sequences
are named with species name followed by their GenBank gi numbers. The
PIP branches are color coded according to from what phyla the sequences
are derived. Subgroups are delimited by the vertical lines to the left where
the dashed line indicates sequences for which classification is uncertain.
The robustness of nodes is denoted with bootstrap support in percentage
and nodes with less than 50% support are collapsed.

FIGURE 3 | Phylogeny ofTIPs. The bootstrap consensus tree resulting
from a Maximum Likelihood analysis of the TIPs of species with sequenced
genome along with full length TIP-like EST sequences retrieved from the
NCBI EST database. EST sequences are named with species name and
GenBank gi number. In the case where two ESTs were used to compile a
full length MIP sequence both GenBank gi numbers are provided.
Selectivity filters (ar/R) are displayed next to the sequence names and the
vertical lines to the right indicate the subgroup to which they belong. The
TIP branches are color coded according to from what phyla the sequences
are derived. Nodes with less than 50% bootstrap support are collapsed.
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FIGURE 4 | Phylogeny of NIPs. The bootstrap consensus tree resulting
from a Maximum Likelihood analysis of the NIPs of species with
sequenced genome along with full length NIP-like EST sequences retrieved
from the NCBI EST database. EST sequences are named with species
name and GenBank gi number. Selectivity filters (ar/R) are displayed next to
the sequence names and the vertical lines to the right indicate the
subgroup to which they belong. The NIP branches are color coded
according to from what phyla the sequences are derived. Nodes with less
than 49% bootstrap support are collapsed.

six subfamilies found in S. moellendorffii is discussed in detail
below.

SURPRISINGLY FEW PIPs IN S. MOELLENDORFFII AND UNRESOLVED
PIP2 GROUPS IN SEED PLANTS
The PIPs are the most conserved plant MIPs and form a mono-
phyletic clade including the basal algal PIP4s. Within this clade the
PIP1 group is well defined and has a congruent topology with the
exception of SmPIP1;1 which appear more basal than the moss
PIP1s. Despite this small inconsistency with the phylogeny of the
species, the present result suggests that all terrestrial plants have
PIP1 orthologs, implying a fundamental function in land plants.
Unexpectedly, compared to the three PIP1 genes found in P. patens,
the S. moellendorffii genome only encode one and may therefore
provide a useful naturally non-redundant system for addressing
the physiological function of PIP1s. In addition to PIP1s it is clear
that all of the terrestrial plants have at least one other type of PIPs,
even though the phylogeny of these PIPs is not fully resolved.
In P. patens PIP2s and a PIP3 have earlier been defined as sep-
arate groups although the functional integrity of the latter has
been questioned (Danielson and Johanson, 2008) and therefore
the remaining two Selaginella sequences were annotated as PIP2s.
Interestingly, both the angiosperm and gymnosperm non-PIP1s
form two distinct clades with unresolved relationship and it is
conceivable that these clades correspond to two distinct isoforms
of PIP2s with specialized functions which evolved already in a
common ancestor to gymnosperms and angiosperms. All the PIPs
appear to be classical water channels when the ar/R filter is con-
sidered; the algal PIP4s have the residues FHCR at the filter, the
PpPIPs and PIPs in higher plants FHTR, and the SmPIPs FHTR
or FHSR. Thus, any functional difference between different clades
of PIPs is more likely to relate to regulatory features rather than
substrate specificity. However, it should be noted that all PIPs in
terrestrial plants are likely to share some regulatory features as key
amino acid residues of the proposed gating mechanism are con-
served (D28, E31, S115, H193 in SoPIP2;1; Tornroth-Horsefield
et al., 2006; Anderberg et al., 2011).

TIPs DIVERSIFIED AFTER THE EMERGENCE OF PRIMITIVE VASCULAR
PLANTS
In higher plants like Arabidopsis and rice five distinct subgroups of
TIPs, TIP1 to TIP5, are discerned, whereas in more primitive plants
like mosses and spikemosses only one type of TIP, TIP6, is found
(Danielson and Johanson, 2008). Although there are several iso-
forms of TIP6s in the latter species, they are all very similar within
each species, indicative of a specific distinct physiological role of
the TIP6s at least within the species. The SmTIP6 genes share the
same gene structure with two introns which is also conserved in
TIPs of higher plants (Johanson et al., 2001), whereas only one of
these introns is present in PpTIP6s, suggesting that the conserved
TIP gene structure evolved in early vascular plants. Interestingly,
ESTs corresponding to TIP6s in the drought resistant spikemoss S.
lepidophylla were the seventh most abundant transcript, estimated
to make up 0.5% of the total ESTs after 2.5 h of dehydration (Itur-
riaga et al., 2006). This implies that the TIP6s might have a direct
role in water relations.
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Table 2 | Overview of MIP isoforms in terrestrial plants.

Number of isoforms in subfamilies Total

isoforms

Total

subfamilies

Reference

GIP HIP XIP SIP PIP TIP NIP

Physcomitrella patens 1 (4.3)b 1 (4.3) 2 (8.7) 2 (8.7) 8 (34.8) 4 (17.4) 5 (21.7) 23 7 Danielson and Johan-

son (2008)

Selaginella moellendorffii – 2 (10.5) 3 (15.8) 1 (5.3) 3 (15.8) 2 (10.5) 8 (42.1) 19 6 This work

Solanum lycopersicuma 1 (2.7) 3 (8.1) 18 (48.6) 9 (24.3) 6 (16.2) 37 5 Sade et al. (2009)

Populus trichocarpa – – 6 (10.9) 6 (10.9) 15 (27.3) 17 (30.9) 11 (20.0) 55 5 Gupta and Sankarara-

makrishnan (2009)

Gossypium hirsutum – – 1 (1.4) 7 (9.9) 28 (39.4) 23 (32.4) 12 (16.9) 71 5 Park et al. (2010)

Arabidopsis thaliana – – – 3 (8.6) 13 (37.1) 10 (28.6) 9 (25.7) 35 4 Johanson et al. (2001)

Oryza sativa – – – 2 (6.1) 11 (33.3) 10 (30.3) 10 (30.3) 33 4 Sakurai et al. (2005)

aThe occurrence of MIPs in S. lycopersicum is based on an extensive analysis of ESTs.
bRelative size of subfamily in the species (%).

The presented phylogenetic analysis suggests that the first sub-
groups of TIPs appeared after the lycophytes had diverged from
other vascular plants, when the TIP1s, TIP2s, and TIP4s evolved
in the lineage leading to higher plants. This diversification hap-
pened before the angiosperm/gymnosperm split and these three
groups are thus expected to be present in all seed plants. Fur-
thermore, the well supported clustering of TIP1s with TIP3s and
TIP2s with TIP5s suggest that each pair evolved from a common
ancestor. Since TIP3s and TIP5s are basal to TIP1s and TIP2s,
respectively, this implies that TIP3s and TIP5s were also present in
the lineage leading to the gymnosperms but later lost. However, it
should be noted that the apparent absence of TIP3s and TIP5s in
gymnosperms is based on searches in EST libraries and the picture
might change as genomic sequences become available for analyses.

Typically the ar/R filters of TIPs have a characteristic histidine
at the first position followed by a large aliphatic residue (I/M/V)
at the second, a small amino acid residue (A/G) at the third and
the among MIPs conserved large charged arginine at the fourth
position. Based on the frequencies of occurrence, the original fil-
ter in the last common ancestor of all TIPs was suggested to be
HIAR (Danielson and Johanson, 2008). There are however some
deviations from this consensus, e.g., the TIP6s from M. polymor-
pha similar to the HIPs have a histidine also at the second position
of the filter, TIP5s and OsTIP4;2 have an asparagine or a gluta-
mine at the first position, and one of the TIP4s from rice together
with a TIP from quillwort have a threonine at the first and sec-
ond positions. Most notably the TIP1s in angiosperms lack the
arginine at the fourth position and instead have a valine (HIAV).
Functional studies suggest that TIPs in general are permeable for
both water and ammonia, whereas the TIPs missing the arginine
have a wider range of substrates including hydrogen peroxide and
urea (Soto et al., 2008; Azad et al., 2011). Based on the ar/R filter
we speculate that the gymnosperm TIP1s might functionally cor-
respond to the TIP3s but only partly to the TIP1s in angiosperms
since they are not expected to permeate either hydrogen perox-
ide or urea. A similar physiological function is supported by the
fact that the expression of the TIP3s have been reported to be
seed specific (Maurel et al., 1997; Gattolin et al., 2011) and at least

one gymnosperm TIP1-like MIP (MIPFG) is also expressed in the
protein storage vacuoles of seeds (Hakman and Oliviusson, 2002).

NIPs CONSTITUTE THE MOST NUMEROUS SUBFAMILY IN
S. MOELLENDORFFII
Similar to the TIPs, the NIPs form a highly divergent subfam-
ily with large variation in ar/R filters (Figure 4). Based on the
ar/R residues at least three functional groups have been recognized
(Wallace and Roberts, 2005; Mitani et al., 2008; Rouge and Barre,
2008; Ali et al., 2009) and substrate specificities have been reviewed
extensively (Ma et al., 2008; Ali et al., 2009; Bienert and Jahn, 2010).
It has been noted that the NIPs are surprisingly numerous in prim-
itive plants and at least one of the phylogenetical subgroups (NIP3)
had evolved already in a common ancestor of mosses and higher
plants (Danielson and Johanson, 2008). The analyzed SmMIPs
support this finding and almost half (8) of the 19 SmMIPs are
NIPs, where of 5 are classified as NIP3s. Two of the SmNIPs are
proposed to be orthologous to PpNIP5s based on the common
ar/R-filter FAAR. This filter is also present in bacterial NIPs sup-
porting that this represents the ancestral specificity of the plant
NIPs (Danielson and Johanson, 2010). Interestingly, no NIP5 has
yet been identified in higher plants. The somewhat similar ar/R fil-
ter of the NIP1s (WVAR) suggests that they have a similar substrate
specificity and could therefore have replaced the NIP5s in higher
plants. A single SmNIP grouped with At NIP7;1 and both are likely
to correspond to PpNIP6;1 since the ar/R filters are related (AVGR
and GVAR). Thus similar to NIP3s, the NIP6/7 function might
have evolved already in a common ancestor of mosses and higher
plants or at the latest in a common ancestor of vascular plants.

The low expression of NIPs in Arabidopsis suggests that tran-
scripts encoding NIPs may be rare also among ESTs from other
species (Alexandersson et al., 2005). This indicates that many NIPs
are yet to be identified in species for which a complete genomic
sequence is not available. Nevertheless, we do find gymnosperm
ESTs encoding NIPs that firmly cluster with NIP3s and NIP2s.
Although the NIP3 group is well supported there is a large vari-
ation in the ar/R filters. The SmNIP3s can be divided into three
types based on the ar/R filters (SIAR, PNAR, ANAR). Whether

www.frontiersin.org February 2012 | Volume 3 | Article 33 | 166

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Anderberg et al. Evolution of plant MIPs

these also translate into differences in substrate specificity and
if they differ in specificity from the other NIP3s remain to be
seen. The NIP2 group contains the best characterized NIPs regard-
ing their physiological function and have been shown to have
a role in the uptake and distribution of silicic acid within the
plant (Ma et al., 2006). NIP2 homologs have previously only
been reported from monocots and dicots (Ma et al., 2008) but
the, in this study identified, gymnosperm NIP2 suggest that this
physiological function was present in a common ancestor of gym-
nosperms and angiosperms. Two other gymnosperm NIPs appear
to correspond to the NIP1s judging from a strictly conserved ar/R
filter (WVAR), although the bootstrap support for such an asso-
ciation is weak. Hence, both NIP1s and NIP2s may be present
in many seed plants although most dicots seem to have lost the
NIP2s.

SIP2s EVOLVED LATER
The SIPs cluster together with the algal MIPC with high bootstrap
support which may indicate an orthologous relationship. Intrigu-
ingly, previous analyses have indicated that MIPCs are actually
more related to AQP11/12 in mammals than SIPs and this have
hampered the classification of the MIPCs as SIPs (Anderberg et al.,
2011). The two SIPs of P. patens and the single SIP of S. moellen-
dorffii all clearly belong to the SIP1 group whereas the angiosperms
also have a SIP2 group. The hydrophobic ar/R filter of the SIPs
from moss and spikemoss also supports the SIP1 classification.
Our result is consistent with previous analyses of ESTs (Johanson
and Gustavsson, 2002) suggesting that SIP2s have only evolved in
the angiosperms whereas SIP1s go deeper and are present in all
terrestrial plants sharing a common ancestor with the mosses.

XIPs – ALTERNATIVE ALIGNMENTS AND FUNCTIONAL REDUNDANCY
There are three XIPs encoded in the genome of S. moellendorf-
fii compared to two in P. patens. Previous analyses have shown
that XIPs from moss and spikemoss are basal to all XIPs from
higher plants (Gupta and Sankararamakrishnan, 2009). So far
XIPs from higher plants have only been found in dicot plants and
these cluster into XIP1s and XIP2s, although the latter have only
been identified in two species (Ricinus communis and Populus tri-
chocarpa). There have been several alternative suggestions for how
H5 should be aligned to reference sequences and this has resulted
in alternative ar/R filters, deviating at the second position. Here
we suggest yet another alignment of H5, based on hydrophobic-
ity plots (data not shown), where the predicted transmembrane
region is shifted four residues toward the N-terminus of XIPs.
Like earlier alignments this would preserve a glycine or an ala-
nine at the position corresponding to G203 in SoPIP2;1, which
is important for the close packing of H5 and H2 (Bansal and
Sankararamakrishnan, 2007). More importantly, all XIPs will now
have a conserved glycine also at the position corresponding to
F207 in SoPIP2;1, which will release the structural constraint in
H2 at the position corresponding to G82 in SoPIP2;1. This is con-
sistent with the large size variation of amino acids (G/A/S/V/F)
found at this position in the XIPs. This new alignment results
in a slightly more hydrophobic filter with valine at the second
position in the dicot XIPs. At this position SmXIP1;3 has a thre-
onine whereas the PpXIP1;1 and SmXIP1;1–1;2 have isoleucine

or valine similar to dicot XIPs. Nevertheless, the PpXIP1;1 and
SmXIP1;1–1;2 deviate from other XIPs in having a TIP-like ar/R
filter with histidine in the first position. Interestingly, the XIPs
have recently been lost in both monocots and in Arabidopsis. These
evolutionary events as well as the change of ar/R filters in higher
plants may have been possible due to a functional redundancy with
TIPs. However, with the present understanding of MIP subcellu-
lar localization this scenario is unlikely since the XIPs of higher
plants have been shown to be targeted to the plasma membrane
(Bienert et al., 2011) whereas TIPs reside in the tonoplast (Jauh
et al., 1999).

HIPs AND TIPs – SHARED ANCESTRY AND OVERLAPPING FUNCTION?
So far HIPs have only been identified in moss and spikemoss. The
ar/R filter in all three HIPs is conserved (HHAR) and appears
to be a hybrid of the PIP (FHTR) and TIP (HIAR) filters, hav-
ing histidine at both the first and second position (Danielson and
Johanson, 2008). To the best of our knowledge the substrate speci-
ficity of such a filter has not been tested. However, we note that it is
identical to the ar/R filter in a TIP6 from Marchantia polymorpha,
leading us to speculate that it is functionally equivalent to the filter
in other basal TIPs (HIA/GR). Although the subcellular localiza-
tion of HIPs is not known, a redundant function with the TIPs
would explain why the HIPs were lost in higher plants and would
fit in time with the expansion of the TIP subfamily. We also note
that the lengths of the two first exons of SmHIP1;1 are identical to
SmTIP6s, and if an alternative gene model is used for this position
in SmHIP1;2 and PpHIP1;1 (data not shown) the first intron posi-
tion of SmTIP6s and TIPs of higher plants is conserved in both
the SmHIPs and PpHIP1;1. This is a strong indication of a shared
ancestry of this region in HIPs and TIPs where the first position
of the ar/R filter is encoded. The precise details of this common
evolutionary history are difficult to reconstruct from our current
data.

GENERAL REMARKS AND FUTURE PERSPECTIVES
Land plants encode more MIP isoforms than any other type of
organism. It has been suggested that the major expansion of MIPs
occurred as an adaption to life on land, enabling the plant to
exploit concentration gradients as well as to tolerate drought and
hypo-osmotic stress (Anderberg et al., 2011). Here we have iden-
tified and analyzed MIPs encoded in the genome of the primitive
vascular plant S. moellendorffii to investigate how the MIP family
has evolved in terrestrial plants. The total number of SmMIPs is
similar to that of moss and six of the seven MIP subfamilies in
moss are also found in S. moellendorffii. Of the six subfamilies, the
NIP subfamily is dominating in S. moellendorffii whereas both the
PIPs and TIPs are uniquely few compared to all other land plants.
Based on EST data a second expansion of the MIP family appears
to coincide with the evolution of spermatophytes. It seems likely
that this later expansion was a consequence of the development of
more specialized types of tissue such as those present in the seed
and the flower organs, requiring a more complex regulation of
water and solute transport. Future analyses of sequenced genomes
will hopefully corroborate the more precise timing of this event
and provide more information on the transition from fresh water
to life on land.
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MATERIALS AND METHODS
IDENTIFICATION AND ANNOTATION OF S. MOELLENDORFFII MIPs
The diploid S. moellendorffii genome, available at Joint Genome
Institute1, was searched for MIPs using tblastn with P. patens
MIPs as queries. In subsequent rounds of searches identified S.
moellendorffii MIPs were included until no more MIPs could be
found. The allele to be included in subsequent analyses was chosen
randomly.

The genomic sequence around the hits was then checked for
existing gene models. The models were evaluated and kept if they
were found to accurately represent a MIP. New gene models were
created if they were found to correspond poorly to the sequences
of known MIPs with respect to conserved residues and lengths of
predicted loops and transmembrane helices as well as conserved
intron positions (Table 2). If no satisfactory gene model existed or
could be created for a hit and no allelic variant could be found it
was deemed to be a pseudo-gene and was excluded from further
analyses.

SEQUENCE ALIGNMENTS
The alignments used for the phylogenetic analyses was created in
the program MEGA5 (Tamura et al., 2011) and was based on a
structural alignment of BtAQP1 (1J4N, Sui et al., 2001), EcGLPF
(1LDA, Fu et al., 2000), EcAQPZ (1RC2, Savage et al., 2003),
SoPIP2;1 (1Z98,Tornroth-Horsefield et al., 2006),RnAQP4 (2D57,
Hiroaki et al., 2006), MmAQPM (2F2B, Lee et al., 2005), PfAQP
(3C02, Newby et al., 2008), HsAQP5 (3D9S, Horsefield et al., 2008),
and BtAQP0 (2B6P, Gonen et al., 2005) made in DeepView/Swiss-
PdbViewer v4.0.1. All MIP sequences from Arabidopsis thaliana,
Physcomitrella patens and from the chlorophyte algae species
Chlamydomonas reinhardtii, Volvox carteri, Coccomyxa sp. C-169,
Chlorella NC64A, Micromonas pusilla CCMP1545, Micromonas
RCC299, Ostreococcus lucimarinus, Ostreococcus RCC809, and
Ostreococcus tauri (Anderberg et al., 2011) as well as those of
Oryza sativa were then added and manually aligned to the initial
structural alignment. Accession numbers are given in Table A2 in
Appendix. Finally the MIP sequences identified in S. moellendorffii
were added and aligned. Since the N- and C-terminal regions were
not included in the subsequent phylogenetic analyses no effort was
put into aligning these.

1http://www.jgi.doe.gov/

SUBSET ALIGNMENTS
Based on the resulting alignment three subsets including only
PIPs, TIPs, or NIPs were created. The PIP alignment included
all PIP sequences from the original alignment with the addition
of PIPs encoded by full length ESTs from the gymnosperms Picea
glauca and Pinus taeda. In preliminary analyses OsPIP2;8 associ-
ated with PpPIP3;1 however this was not observed in the final
analysis when PIP2;8-like sequences from the monocots Phyl-
lostachys edulis, Sorghum bicolor, and Zea mays were included. The
algal MIPEs were included as an out-group. The NIP alignment,
including all the NIP sequences from the original alignment, was
supplemented with NIPs encoded by full length EST sequences
identified in blast searches with selected NIPs against the NCBI
database2. The searches were restricted to species belonging to
viridiplantae, excluding monocots and dicots. To this alignment
bacterial NIPs (bNIPs) which are the closest homologs to plant
NIPs (Danielson and Johanson, 2010) were added as out-group.
The TIP alignment was created in the same way but here the P.
patens PIPs were included as out-group. If two ESTs from the same
organism were found to overlap in such a way that they covered a
whole coding sequence, the encoded MIP was also included.

PHYLOGENETIC ANALYSES
The phylogenetic analyses were performed using the Maximum
Likelihood algorithm in MEGA5. The best substitution model for
each alignment was determined within the MEGA 5 program and
were rtREV + G + I + F for the alignment including all subfami-
lies, JTT + G for the PIP alignment and WAG + G + I + F for both
the TIP and NIP alignments. For all alignments the number of dis-
crete gamma categories was set to 5, all sites were used, the heuristic
method was set to Nearest-Neighbor-Interchange and the initial
tree was made automatically. For all analyses the robustness of the
resulting best trees were assessed by 1000 bootstrap replications.
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APPENDIX

FIGURE A1 | Phylogeny of land plants. The land plants (embryophytes) can
be divided into four groups. The bryophytes are a paraphyletic group
comprised of the three earliest diverging lineages of land plants, i.e., the
liverworts, mosses, and hornworts. The next group to diverge is the
monophyletic lycophytes that consists of clubmosses, quillworts, and

spikemosses and further up the tree the ferns represent a lineage diverging
just before the emergence of seed plants.The seed plants are divided into two
groups, the gymnosperms and the angiosperms (flowering plants). Within the
angiosperms Amborella is thought to be the earliest diverging genus. Arrows
indicate important morphological changes during the evolution of land plants.

Table A1 | Gene structure of S. moellendorffi i MIPs.

Name Sca Str.b Start posc E1d I1d E2 I2 E3 I3 E4 I4 E5

SmPIP1;1 sc 43 − 543709 322 206 296 195 141 79 87

SmPIP2;1 sc 266 + 14192 292 244 296 255 141 69 126

SmPIP2;2 sc 17 − 1553601 289 71 302 107 141 76 141

SmTIP6;1 sc 1 + 4467056 127 83 248 61 360

SmTIP6;2 sc 1 − 4470607 127 58 248 104 360

SmNIP3;1 sc 23 + 391409 156 145 225 61 195 79 62 68 193

SmNIP3;2 sc 21 − 95220 96 64 222 63 195 56 62 50 196

SmNIP3;3 sc 30 + 1231132 162 49 225 2408 195 59 62 64 181

SmNIP3;4 sc 3 + 1364278 120 78 225 68 263 129 151

SmNIP3;5 sc 7 − 3041227 108 70 225 59 198 54 62 56 187

SmNIP5;1 sc 2 + 2404270 180 70 225 159 195 59 62 88 193

SmNIP5;2 sc 75 − 422849 162 60 225 95 198 50 62 196 226

SmNIP7;1 sc 13 − 1722259 147 62 228 56 198 59 62 52 175

SmSIP1;1 sc 51 + 562196 288 127 273 61 150

SmXIP1;1 sc 1 − 2139783 123 58 828

SmXIP1;2 sc 1 − 2093139 102 74 792

SmXIP1;3 sc 4 − 630059 111 56 936

SmHIP1;1 sc 3 − 3858367 127 57 248 56 417

SmHIP1;2 sc 9 + 2872669 48 61 118 113 191 55 187 58 197

aScaffold on which the gene is located.
bEncoding strand (+ or −).
cPosition of first nucleotide on scaffold.
dLength of exons (E) and introns (I).
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FIGURE A2 | Alignment of regions determining the ar/R filter. Two
regions of the alignment, helix 2 (H2) and helix 5/loop E (H5/LE) separated
by a black bar, containing the four residues of the ar/R selectivity filter

(boxed). All MIPs of S. moellendorffii and P. patens are included in the
alignment. The blue shading reflects the degree of conservation within
each subfamily.
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Table A2 | Major intrinsic protein accession numbers.

Accession No.

Taxa name Species GenBanka Phytozomeb

PpPIP1;1 Physcomitrella

patens

Pp1s1_535V6.4

PpPIP1;2 Pp1s102_107V6.1

PpPIP1;3 Pp1s305_12V6.1

PpPIP2;1 Pp1s8_151V6.1

PpPIP2;2 Pp1s55_301V6.2

PpPIP2;3 Pp1s267_61V6.1

PpPIP2;4 Pp1s118_199V6.1

PpPIP3;1 Pp1s17_281V6.1c

PpTIP6;1 Pp1s44_31V6.1

PpTIP6;2 Pp1s156_153V6.1

PpTIP6;3 Pp1s101_226V6.1

PpTIP6;4 Pp1s184_96V6.1

PpNIP3;1 Pp1s258_69V6.1

PpNIP5;1 Pp1s13_445V6.1

PpNIP5;2 Pp1s91_35V6.1

PpNIP5;3 Pp1s37_249V6.1

PpNIP6;1 d

PpSIP1;1 Pp1s3_429V6.1

PpSIP1;2 Pp1s475_9V6.3

PpXIP1;1 Pp1s31_73V6.1

PpXIP1;2 Pp1s32_353V6.1

PpHIP1;1 d

PpGIP1;1 Pp1s283_16V6.1

AtPIP1;1 Arabidopsis

thaliana

CAB71073

AtPIP1;2 AAC28529

AtPIP1;3 AAF81320

AtPIP1;4 AAF02782

AtPIP1;5 CAA20461

AtPIP2;1 CAB67649

AtPIP2;2 AAD18142

AtPIP2;3 AAD18141

AtPIP2;4 BAB09839

AtPIP2;5 CAB41102

AtPIP2;6 AAC79629

AtPIP2;7 CAA17774

AtPIP2;8 AAC64216

AtTIP1;1 AAD31569

AtTIP1;2 BAB01832

AtTIP1;3 AAC62778

AtTIP2;1 BAB01264

AtTIP2;2 CAB10515

AtTIP2;3 BAB09071

AtTIP3;1 AAG52132

AtTIP3;2 AAF97261

AtTIP4;1 AAC42249

AtTIP5;1 CAB51216

AtNIP1;1 CAA16760

AtNIP1;2 CAA16748

AtNIP2;1 AAC26712

Accession No.

Taxa name Species GenBanka Phytozomeb

AtNIP3;1 AAG50717

AtNIP4;1 BAB10360

AtNIP4;2 BAB10361

AtNIP5;1 CAB39791

AtNIP6;1 AAF14664

AtNIP7;1 AAF30303

AtSIP1;1 AAF26804

AtSIP1;2 BAB09487

AtSIP2;1 CAB72165

OsPIP1;1 Oryza sativa BAD28398

OsPIP1;2 EAZ31617

OsPIP1;3 BAD22920

OsPIP2;1 BAC15868

OsPIP2;2 BAD23735

OsPIP2;3 CAD41442

OsPIP2;4 BAC16113

OsPIP2;5 BAC16116

OsPIP2;6 CAE05002

OsPIP2;7 BAD46581

OsPIP2;8 AAP44741

OsTIP1;1 AAK98737

OsTIP1;2 BAB63833

OsTIP2;1 BAD25765

OsTIP2;2 BAD61899

OsTIP3;1 AAG13544

OsTIP3;2 CAE05657

OsTIP4;1 AAS98488

OsTIP4;2 BAA92993

OsTIP4;3 BAA92991

OsTIP5;1 BAF15407

OsNIP1;1 BAD27715

OsNIP1;2 BAD73177

OsNIP1;3 AAV44140

OsNIP1;4 BAD53665

OsNIP2;1 BAD16128

OsNIP2;2 BAD37471

OsNIP3;1 AAG13499

OsNIP3;2 BAC99758

OsNIP3;3 BAC65382

OsNIP4;1 BAB61180

OsSIP1;1 BAB32914

OsSIP2;1 ABF95655

CcMIPA1;1 Coccomyxa C-

169

e

CcMIPD1;1

CcMIPD3;1

CcPIP4;1

CcPIP4;2

CcGIP1;1

CnMIPD1;1 Chlorella

NC64A

e

(Continued)
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Table A2 | Continued

Accession No.

Taxa name Species GenBanka Phytozomeb

CnMIPE1;1

CnMIPE1;2

CnMIPE1;3

CnGIP1;1

CrMIPD1;1 Chlamydomonas

reinhardtii

e

CrMIPD2;1

MpMIPC1;1 Micromonas

pusilla

CCMP1545

e

MrMIPC1;1 Micromonas

RCC299

e

OlMIPB1;1 Ostreococcus

lucimarinus

e

OrMIPB1;1 Ostreococcus

RCC809

e

OrMIPE1;1

OtMIPC1;1 Ostreococcus

tauri

e

C. parvum I Chlorobaculum

parvum

ACF10864

F. bacterium Flavobacteriales

bacterium

EDP70495

P. irgensii Polaribacter

irgensii

EAR12182

C. flavus Chthoniobacter

flavus

EDY20715

P. maris Planctomyces

maris

EDL59061

C. parvum II Chlorobaculum

parvum

ACF11962

C. tepidum Chlorobium

tepidum

AAM72699

ZmNIP1;1 Zea mays AAK26750

ZmNIP2;1 AAK26751

ZmNIP2;2 AAK26752

ZmNIP2;3 AAK26849

ZmNIP3;1 AAK26753

AcMIP1 Adiantum

capillus-

veneris

BAB12437

aGenBank accession number.
bProtein identifier Phytozome.
cThe sequence at Phytozome is three nucleotides longer.
dAnnotated in Danielson and Johanson (2008).
eAnnotated in Anderberg et al. (2011).
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The engulfment of a photoautotrophic cyanobacterium by a primitive mitochondria-bearing
eukaryote traces back to more than 1.2 billion years ago. This single endosymbiotic event
not only provided the early petroalgae with the metabolic capacity to perform oxygenic pho-
tosynthesis, but also introduced a plethora of other metabolic routes ranging from fatty
acids and amino acids biosynthesis, nitrogen and sulfur assimilation to secondary com-
pounds synthesis. This implicated the integration and coordination of the newly acquired
metabolic entity with the host metabolism. The interface between the host cytosol and
the plastidic stroma became of crucial importance in sorting precursors and products
between the plastid and other cellular compartments. The plastid envelope membranes
fulfill different tasks: they perform important metabolic functions, as they are involved in
the synthesis of carotenoids, chlorophylls, and galactolipids. In addition, since most genes
of cyanobacterial origin have been transferred to the nucleus, plastidial proteins encoded
by nuclear genes are post-translationally transported across the envelopes through the
TIC–TOC import machinery. Most importantly, chloroplasts supply the photoautotrophic
cell with photosynthates in form of reduced carbon. The innermost bilayer of the plastidic
envelope represents the permeability barrier for the metabolites involved in the carbon
cycle and is literally stuffed with transporter proteins facilitating their transfer. The intra-
cellular metabolite transporters consist of polytopic proteins containing membrane spans
usually in the number of four or more α-helices. Phylogenetic analyses revealed that con-
necting the plastid with the host metabolism was mainly a process driven by the host cell.
In Arabidopsis, 58% of the metabolite transporters are of host origin, whereas only 12%
are attributable to the cyanobacterial endosymbiont.This review focuses on the metabolite
transporters of the inner envelope membrane of plastids, in particular the electrochemical
potential-driven class of transporters. Recent advances in elucidating the plastidial comple-
ment of metabolite transporters are provided, with an update on phylogenetic relationship
of selected proteins.

Keywords: endosymbiosis, envelope membrane, translocator

INTRODUCTION
Oxygenic photosynthesis is the process by which plants are able to
convert the solar energy into stable chemical bonds. By trapping
the ephemeral energy contained in the photon, photosynthetic
organisms are able to form and stabilize chemical bonds.

In the oxygenic photosynthesis reduced carbon is formed,
using electrons extracted from water. The energy stored in the
C–H bonds can be released during respiration, where the elec-
trons are transferred back to oxygen, leading to the formation of
water. In this way photosynthesis and respiration define a water–
oxygen cycle, thereby re-distributing the solar energy to the whole
biosphere (Hohmann-Marriott and Blankenship, 2011).

Long before oxygenic photosynthesis arose, the solar energy was
trapped by non-oxygenic organisms, using hydrogen, ferrous iron,
and hydrogen sulfide as the main electron source. Some of today’s
bacteria still use this source of electrons instead of water. These are
the purple non-sulfur bacteria (e.g., Rhodopseudomonas), which
perform cyclic electron flow around a PSII-like protein complex,

and the green sulfur bacteria (e.g., Chlorobium), which possess a
PSI-like reaction center able to extract electrons from hydrogen
sulfide and transferring them to NAD+ via linear electron trans-
port (Allen and Martin, 2007; Hohmann-Marriott and Blanken-
ship, 2011). Different hypotheses exist for explaining the events
that gave rise to the oxygen-evolving protocyanobacterium, pos-
sessing both types of reaction centers and using water as electron
donor. One states that lateral gene transfer occurred between a
purple non-sulfur bacterium with a quinone-based (Type II) reac-
tion center and a green sulfur bacterium with a FeS-based (Type
I) reaction center, while in an alternate hypothesis the structural
similarity of the two photosystems indicates that they might have
evolved from a single ancestor via gene duplication and divergence
(Xiong et al., 2000; Mulkidjanian et al., 2006; Allen and Martin,
2007).

Whatever model best explains the integration of the two photo-
systems, the key in evolving oxygenic photosynthesis is the devel-
opment of the water-splitting oxygen-evolving complex (OEC),
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containing four Mn atoms and a Ca atom capable of sequentially
removing four electrons from two water molecules. This process
ultimately releases molecular oxygen as by-product. The accu-
mulation of O2 converted the atmosphere into an oxidizing one,
permitting the development of more complex life forms that utilize
oxygen as electron acceptor during the aerobic respiration.

This all posed the bases for the next level of complexity:
endosymbiotic associations. Eukaryotic origin is defined as being
concomitant with the acquisition of mitochondria, likely an α-
proteobacterium, either by a nucleus-bearing amitochondriate
cell, or by a prokaryotic host cell, later evolving eukaryote-specific
features (Embley and Martin, 2006).

Later on the engulfment of a photoautotrophic cyanobac-
terium by a primitive mitochondriate eukaryote established the
lineage of the Archaeplastida, also known as the Plantae (Gould
et al., 2008; Keeling, 2010). All plastids are believed to have
originated after a single endosymbiotic event, more than 1.2
billion years ago (Björn, 2009). One exception is provided by

Paulinella chromatophora, which represents a case of ongoing
primary endosymbiosis between an ameba and a cyanobacterium-
like endosymbiont (Figure 1; Kies, 1974). Soon after the primary
endosymbiosis, three major autotrophic lineages arose: the glau-
cophytes, the green algae, and the red algae (Figure 1; Adl et al.,
2005).

Glaucophytes are a small group of unicellular, chlorophyll a
containing freshwater algae consisting of four genera with at least
seven species. They were the first lineage branching off and contain
a plastid (muroplast) with a thin peptidoglycan wall between the
two envelope membranes (Martin and Herrmann, 1998; Steiner
and Löffelhardt, 2002; Sato et al., 2009). The peptidoglycan layer
is believed to be a relic of the cyanobacterial cell wall, thus sup-
porting the endosymbiotic theory of plastid origin. Other simi-
larities to the cyanobacterial progenitors are the maintenance of
phycobilisomes as light-harvesting antenna and a carboxysomal-
like carbon-concentrating mechanism (Burey et al., 2007). Red
algae (rhodophytes) also possess plastids with phycobilisomes but

FIGURE 1 | Plastid evolution in photosynthetic eukaryotes. The
uptake of a cyanobacterium resulted in a photosynthetic plantae
ancestor which subsequently diverged in the three lineages containing
primary plastids: the chlorophytes (including the land plants), the
rhodophytes, and the glaucophytes. The subsequent secondary

endosymbioses of green and red algae engulfed by different hosts
resulted in the euglenophyta and chlorarachniophyta (greens) and in the
possibly monophyletic chromalveolates (reds). Paulinella
chromatophora represents an independent primary endosymbiosis in
progress.
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lack any remnant of the peptidoglycan wall and carboxysomes.
In addition, they possess membrane-intrinsic light-harvesting
complexes (LHCs) similar to those of the chloroplasts of the
Viridiplantae associated with the PSI, thus representing a tran-
sitional state between cyanobacteria and chloroplasts (Wolfe et al.,
1994). Rhodophyta have furthermore contributed to at least six
other algal lineages by secondary endosymbiosis, as indicated by
the presence of up to four membranes surrounding their plastids.
These include members from the chromalveolates supergroup: the
cryptophytes (still retaining a remnant nucleus, the nucleomorph),
the haptophytes, the plastid-containing heterokontophyta (e.g.,
diatoms), and the alveolates. (Figure 1; Reyes-Prieto et al., 2007;
Archibald, 2009).

The green lineage (chlorophyta) is represented by the green
algae and the land plants. This is the most derived lineage. In
contrast to glaucophytes and red algae (collectively termed bili-
phytes) their photosynthetic plastids lack the phycobilisomes; they
possess instead chlorophyll b-containing LHCs associated with
both photosystems as well as other accessory pigments (Keeling,
2010). A secondary endosymbiotic event involving one member
of the green algae has been proposed to have occurred once,
leading to the Cabozoa which include the euglenophyta and the
chlorarachniophyta (Figure 1).

Even if the presence of the plastid is often associated with the
capability to perform photosynthesis, a diverse number of lineages
reduced the plastids metabolic capability to the point where photo-
synthesis was lost. These include for example the red algal-derived
apicoplast of the malaria parasite Plasmodium (which still retains
important anabolic pathways providing the host cell with fatty
acids, isoprene units, and haem; Ralph et al., 2004) and secondary
endosymbionts containing plastids of green origin occurring in
the excavata, such as the colorless euglenozoa.

Primary plastids are delimited by two membranes, whose com-
position reflects their bacterial origin: besides the already men-
tioned peptidoglycan layer, the outer envelope membrane contains
galactolipids and β-barrel proteins (Jarvis et al., 2000; Schleiff
et al., 2003). However, envelope membranes were subjected to
extensive modifications: whereas the inner envelope derives from
the cyanobacterial plasma membrane, the outer envelope is of
chimeric origin, with the outer leaflet containing lipids derived
from the host endomembrane system (Cavalier-Smith, 2000).

The events occurring at the interface between the endosym-
biont and the host were of crucial importance for the establishment
of the plastid. Insertion of host protein translocators into the enve-
lope was necessary to take full advantage of the newly acquired
metabolic entity. Besides the photosynthetic reactions that lead
to carbon fixation, endosymbiosis introduced into the petroal-
gae a set of metabolic pathways, including nitrogen and sulfur
assimilation, the biosynthesis of amino acids, fatty acids, vita-
mins, hormones, and a plethora of secondary compounds (Weber
and Flügge, 2002; Weber et al., 2006; Weber and Fischer, 2007).
Metabolite translocators were therefore of utmost importance for
integrating and coordinating the flux of precursors and prod-
ucts between the plastid and other cellular compartments. The
metabolite traffic between plastids and other cellular compart-
ments is predominantly facilitated by antiporters embedded in
the inner membrane. The choice of antiporter systems ensures

that the exchange of a substrate on one side of the membrane is
always accompanied by the presence of another counter-exchange
substrate on the trans-side (Flügge, 1995). This antiport trans-
port mechanism is common to other subcellular compartments
such as mitochondria, peroxisomes, and the endomembrane sys-
tem, and is important to link different metabolite pools subjecting
them to a strict control. In the context of endosymbiosis, the
regulated exchange of metabolites would have been of crucial
importance in maintaining the metabolic homeostasis between
the cyanobacterium and the host (Weber and Linka, 2011).

The outer envelope contains porin-like channels and has long
been considered as not acting as a permeability barrier, propos-
ing that solute movement across the outer envelope membrane is
limited solely by size (Flügge, 2000). The discovery of low-affinity,
high-specific channels in the outer envelope points to a more active
role of the outer envelope, even if their regulatory role in vivo is
still a matter of debate (Soll et al., 2000; Bölter and Soll, 2001; Duy
et al., 2007). The reader is referred to recent reviews describing the
outer envelope proteins (e.g., Duy et al., 2007; Inoue, 2011).

This review focuses on the metabolite transporters of the inner
envelope membrane of plastids, in particular the electrochemical
potential-driven class of transporters. Recent advances in eluci-
dating the plastidial complement of metabolite transporters are
provided, with an update on phylogenetic relationship of selected
proteins.

PLASTIDIC PHOSPHATE TRANSLOCATORS
The plastidic phosphate translocator (pPT) family comprises four
members of the drug/metabolite transporters (DMT) superfam-
ily (TC 2.A.7; Saier et al., 2006, 2009). These antiporters catalyze
the exchange of phosphorylated C3-, C5-, and C6-compounds for
inorganic phosphate (Pi). The homo-exchange guarantees a bal-
ance in the phosphate content of the stroma and the cytosol and
ensures a constant provision of phosphate to sustain ATP synthesis
(Weber et al., 2005).

Phylogenetic analyses revealed that pPTs are monophyletic and
originated from an existing endomembrane translocator (Weber
et al., 2006). The major plant plastid translocators co-localize in
branches containing homologs from red and green algae, sup-
porting their monophyly and an origin of the translocators in
their common ancestor (Weber et al., 2006). pPTs are more closely
related to the nucleotide sugar transporters (NSTs) than to other
families of the DMT superfamily (Knappe et al., 2003a).

This is in agreement with the need of the petroalgae to
export the adenosine-diphosphoglucose (ADP-Glc) produced by
the cyanobiont into the host cytosol. The first metabolic connec-
tion between the two compartments would thus have been through
an ADP-Glc translocator. Indeed, it was recently shown that mem-
bers of the NSTs possess an innate ability to transport ADP-Glc,
filling the link between the carbon metabolism of endosymbiont
and host cell (Colleoni et al., 2010). The establishment of a carbon
flux was thus a host-driven process, by recruiting a translocator
of its endomembrane system and redirecting it to the endosym-
biont, later on evolving into the pPT family of transporters (Weber
et al., 2006; Tyra et al., 2007; Colleoni et al., 2010). This hypoth-
esis, however, awaits support from analyzing the plastid perme-
ome of a member of the third lineage of the Archaeplastida, the
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glaucophyta. The host contribution to the establishment of the
endosymbiosis was further supported by a work in which trans-
porter proteins broadly distributed in the plantae kingdom were
subjected to phylogenetic analysis: out of 83 proteins scrutinized,
58% were shown to be of host origin (Tyra et al., 2007).

THE TRIOSE PHOSPHATE/PHOSPHATE TRANSLOCATOR
The plastid provides the cell with reduced carbon compounds
by the assimilation of carbon dioxide during photosynthesis. In
plants the photoassimilates are either exported in their phos-
phorylated form by members of the pPT family to fuel sucrose
biosynthesis in the cytosol, or they are retained in the plastid
to drive starch synthesis (Figure 2). The daily path for carbon
export occurs in form of triose phosphates (TP) via the triose
phosphate/phosphate translocator (TPT). TPT accepts TPs (dihy-
droxyacetone phosphate, DHAP, and glyceraldehyde 3-phosphate)
as well as 3-phosphoglycerate (3-PGA) as substrates (Table 1;
Fliege et al., 1978; Flügge and Heldt, 1984). In addition to its role
in allocating the carbon between the stroma and the cytosol, the
TPT has the ability to export reducing equivalents to the cytosol.
The TP/3-PGA shuttle exports TPs, which are then converted by
the glyceraldehyde phosphate dehydrogenase to 3-PGA, reducing
one molecule of NADP+ to NADPH, required for biosynthetic

processes. The 3-PGA is then transported back to the chloro-
plast stroma by the TPT and can re-enter the Calvin–Benson cycle
(Figure 2; Flügge and Heldt, 1984).

In the red alga Galdieria sulphuraria the TPT shows narrower
substrate specificity, being able to transport TPs but not 3-PGA
(Figure 3B). Moreover, the GsTPT displays a three-fold higher
affinity to Pi and the substrate DHAP has a two-fold higher affin-
ity to the Pi binding site than its counterpart from the chlorophytes
(Table 1; Linka et al., 2008a). While in organisms descending from
the green lineage the products of the carbon fixation are stored
in insoluble starch granules inside the chloroplasts, rhodophytes
accumulate a starch-like polymer in the cytosol through the use
of UDP-glucose, called floridean starch, resembling amylopectin
in its structure (Ball and Morell, 2003; Patron and Keeling, 2005).
The heteroside floridoside is synthesized from UDP-Gal and glyc-
eraldehyde 3-phosphate (Gly-3-P) in the cytosol as well and rep-
resents the main soluble pool of fixed carbon in analogy with
sucrose in chlorophytes (Figure 3B; Viola et al., 2001). This means
that the partitioning of the photoassimilates in red algae occurs
exclusively in the cytosol, with GsTPT acting only as TP-exporter.
This also explains the higher affinity of GsTPT for its substrates,
enabling the export of TPs even at low concentrations (Linka et al.,
2008a).

FIGURE 2 | Overview of the characterized chloroplast envelope

metabolite transporters. Transport processes of carbon, nitrogen
compounds and energy across the envelope membrane of photosynthetic
plastids in green plants are depicted. Abbreviations: 2-OG, 2-oxoglutarate;
ADP-Glc, ADP-glucose; BT1L, BT1-like transporter; CLT, CRT-like
transporter; Cys, cysteine; Ery 4-P, Erythrose 4-phosphate; ETC, electron
transport chain; Fru1,6P2, fructose-1,6-bisphosphate; γ-EC,
γ-glutamylcysteine; Glc, glucose; Glc 1-P, glucose 1-phosphate; Glc 6-P,

glucose 6-phosphate; Glu, glutamine; GPT, glucose
6-phosphate/phosphate translocator; Mal, maltose; MEX, maltose
exporter; NTT, nucleoside triphosphate transporter; OPPP, oxidative
pentose phosphate pathway; 3-PGA, 3-phosphoglyceric acid; PEP,
phosphoenolpyruvate; pGlcT, plastidic glucose transporter; Pi, inorganic
phosphate; PPT, PEP/phosphate translocator; TP, triose phosphate; TPT,
triose phosphate/phosphate translocator; XPT, xylulose
5-phosphate/phosphate translocator; Xul 5-P, xylulose 5-phosphate.
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Table 1 | Phosphate translocators of the plastidic inner envelope membrane.

TPT (triose

phosphate/phosphate

translocator)

PPT (phospho-enol -

pyruvate/phosphate

translocator)

GPT (glucose-6-

phosphate/phosphate

translocator)

XPT (xylulose-5-

phosphate/phosphate

translocator

AGI number At5g17630 At5g33320, At3g01550 At5g54800, At1g61800 At5g17630

TC number TC 2.A.7.9

Substrates Green plants TP, 3-PGA PEP Glc-6-P, TP, 3-PGA TP, Xul-5-P, Ru-5-P, Ery-4-P

Red algae TP PEP n.d. –

Glaucophytes – – – –

Apicomplexas

cryptomonads

TP, PEP – – –

Kinetic constant Substrate

K m (app) Phosphate 1.0 0.8 1.1 1.0

K i (app) TrioseP 1.0 8.0 0.6 0.4

K i (app) 3-PGA 1.0 4.6 1.8 10.6

K i (app) PEP 3.3 0.3 2.9 2.1

K i (app) Glc-6-P >50 >50 1.1 6.6

K i (app) Ery-4-P 3.3

K i (app) Xul-5-P 0.8

K i (app) Ru-5-P 3.5

Apparent Km (phosphate) and Ki values expressed in millimolar for various phosphorylated metabolites. Transport activities of the recombinant translocators from

green plants were measured in a reconstituted system using proteoliposomes pre-loaded with inorganic phosphate (Fischer et al., 1997; Kammerer et al., 1998; Eicks

et al., 2002).

In addition to its ability to grow heterotrophically, G. sul-
phuraria can grow on more than 50 different carbon sources
(Gross and Schnarrenberger, 1995; Barbier et al., 2005). Unlike
land plants, where TPT is expressed in photosynthetic active tis-
sues, GsTPT is also expressed in heterotrophically grown cells
(Schulz et al., 1993; Linka et al., 2008a). Whereas plants provide
heterotrophic plastids with glucose 6-phosphate (Glc6P) through
the Glucose 6-phosphate/phosphate translocator (GPT), red algae
do not appear to have pentose phosphate or hexose phosphate
translocators (Oesterhelt et al., 2007).

Since the GsTPT is unable to transport 3-PGA, its role in the
abovementioned NADPH shuttle can be excluded. While in plants
the enzyme fructose-1,6-bisphosphatase is redox regulated and
inactivated by oxidation, the G. sulphuraria homolog lacks redox
modulation (Reichert et al., 2003). In this way the TPs can be con-
verted into hexose phosphates in heterotrophic growth conditions
and in the dark by the plastidic FBPase, ensuring the production of
reduction equivalents (Reichert et al., 2003; Oesterhelt et al., 2007).

The expression pattern of GsTPT thus reflects the route for
carbon import into heterotrophically grown cells with GsTPT as
unique mediator of the carbon flux between plastid and cytosol
(Linka et al., 2008a).

The lineage of the glaucophytes is best studied in the freshwater
alga Cyanophora paradoxa (Löffelhardt et al., 1997). As for the red
algae, glaucophytes synthesize and store the starch in the cytosol
through an UDP-glucose pathway (Plancke et al., 2008). Trans-
port assays with isolated cyanelles demonstrated the activity of a
translocator transferring phosphate, DHAP, and 3-PGA, in anal-
ogy with chloroplasts of higher plants (Figure 3A; Schlichting and

Bothe, 1993). It is expected that the ongoing C. paradoxa genome
sequencing project will soon provide clues as to whether a TPT
ortholog also exists in glaucophytes.

The plastids of organisms derived by secondary endosymbio-
sis can have up to four envelope membranes, like the apicoplast
of the malaria parasite Plasmodium falciparum. The apicoplast is
no longer able to perform photosynthetic carbon fixation, but
retained the capacity to synthesize fatty acids, heme, iron sulfur
clusters, and isoprene subunits (Ralph et al., 2004). The compart-
mentalization of these biosynthetic pathways poses as prerequisite
the net import of carbon skeletons, ATP, and reducing equiva-
lents. Indeed, P. falciparum has two TPTs, PfoTPT, and PfiTPT,
previously shown to reside in the outermost and innermost mem-
branes of the apicoplast (Figure 4A; Mullin et al., 2006).They
both have a substrate preference for DHAP, 3-PGA, and phos-
phoenolpyruvate (PEP), suggesting that they operate in tandem
(Table 1; Lim et al., 2010). The discovery of PEP as substrate of
a member of the TPTs is unprecedented and provides a plausible
strategy to solve the needs of the apicoplast anabolism. PEP can be
converted to pyruvate yielding one molecule of ATP by substrate-
level phosphorylation. Pyruvate can then be channeled to fatty
acid biosynthesis further producing NADH (Lim et al., 2010). It
still remains unclear how the C3 compounds cross the two inter-
nal membranes. In another apicomplexan, Toxoplasma gondii, a
pfoTPT homolog (TgAPT1) has been proposed to reside in more
than one membrane, providing a solution to the issue of transport
(Karnataki et al., 2007).

The cryptomonad Guillardia theta harbors a complex plas-
tid which retained a vestigial nucleus (nucleomorph) from the
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FIGURE 3 | Characterized and putative metabolite transporters of the

glaucophaye Cyanophora paradoxa (A) and the rhodophyte Galdieria

sulphuraria (B). Proposed model of carbon export from C. paradoxa based on
uptake experiments with isolated cyanelles. The identity of the transporter
responsible for the TPT activity is not elucidated yet (A). Characterized
metabolite transporters of G. sulphuraria and their substrate specificities. The
GsTPT, unlike for the green plant chloroplasts, is unable to transport 3-PGA
pointing to the presence of an alternate reduction shuttle in the red algae (B).

Abbreviations: ADP-Glc, ADP-glucose; ETC, electron transport chain; Glc 1-P,
glucose 1-phosphate; Glc 6-P, glucose 6-phosphate; GPT, glucose
6-phosphate/phosphate translocator; NTT, nucleoside triphosphate
transporter; OPPP, oxidative pentose phosphate pathway; 3-PGA,
3-phosphoglyceric acid; PEP, phosphoenolpyruvate; Pi, inorganic phosphate;
PPT, PEP/phosphate translocator; TP, triose phosphate; TPT, triose
phosphate/phosphate translocator; UDP-Glc, UDP-glucose; UDP-Gal,
UDP-galactose.

engulfed red alga. The nucleomorph resides in the periplastid com-
partment, the former algal cytoplasm. This intermembrane space
is also the site of starch accumulation (Haferkamp et al., 2006). The
genome of G. theta encodes for two putative TPTs,able to import Pi

in counter-exchange to DHAP but not 3-PGA (Table 1). Interest-
ingly, the genes encoding these phosphate translocators (TPT1 and
TPT2) are regulated in opposite directions. TPT1 transcripts accu-
mulate during the night phase, whereas TPT2 accumulates during
the light phase (Haferkamp et al., 2006). It has been proposed
that that this expression pattern reflects the metabolic involve-
ment of the corresponding carrier proteins, if TPT2 resides in the
innermost membrane and favors the export of TPs in the inter-
membrane space during the day. On the other hand, TPT1 could
reside in the first or second outermost membrane and function
as exporter of the starch degradation products during the night
(Figure 4C; Haferkamp et al., 2006).

THE GLUCOSE 6-PHOSPHATE/PHOSPHATE TRANSLOCATOR
In contrast to photosynthetic plastids which are able to synthesize
carbon skeletons and reducing equivalents, heterotrophic plas-
tids of sink tissues rely on the import of photosynthates. The
phosphorylated C3 sugar phosphates synthesized in the stroma of
photosynthetically active chloroplasts are exported to the cytosol
through the TPT and converted into sucrose, which is in turn

loaded into the phloem and redirected to sink tissues such as
tubers, fruits, and seeds. Here sucrose is cleaved by the action
of invertase or sucrose synthase and converted into hexose phos-
phates. The primary hexose phosphate, glucose 6-phosphate, is
ultimately imported into the plastid through the (GPT; Figure 5).

Glucose 6-phosphate/phosphate translocator is preferentially
expressed in non-green tissues and mediates the import of glu-
cose 6-P (Glc6P) as well as TPs and 3-PGA (Table 1; Kammerer
et al., 1998). Glc6P is further channeled into the starch biosyn-
thetic pathway or into the oxidative pentose phosphate pathway
(OPPP),producing reduction equivalents required for diverse ana-
bolic pathways (Figure 5; Flügge et al., 2011). The importance of
GPT in plant metabolism is demonstrated by the lethal phenotype
resulting after disruption of the AtGPT1 homolog of Arabidopsis
thaliana (Niewiadomski et al., 2005). Mutant plants are severely
impaired in the gametogenesis, due to the lack of NADPH pro-
duced by the OPPP to sustain fatty acid biosynthesis. Shortage of
Glc6P as substrate for the OPPP results in reduced formation of
lipid bodies and non-physiological cell death (Niewiadomski et al.,
2005). In a recent report the GPT2 ortholog of oil palm (Elaeis
guineensis Jacq) could be associated with a function in fatty acid
biosynthesis and oil accumulation in the mesocarp (Bourgis et al.,
2011). Oil palm can accumulate up to 90% oil in its mesocarp.
This is achieved through a high flux of glycolytic intermediates
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FIGURE 4 | Substrates of the triose phosphate/phosphate translocators

(TPTs) and nucleoside triphosphate transporters (NTTs) of the apicoplast

of Plasmodium falciparum (A), of the diatom plastids fromThalassiosira

pseudonana and Phaedactylum tricornutum (B), and of the crytomonad

plastid from Guillardia theta (C). Overview of the metabolite transport
processes for the characterized transporters of the chromalveolates. The
presence of four envelope membranes reflects their secondary
endosymbiotic origin. The TPT of the apicoplast of P. falciparum has a broader
substrate specificity compared to the green counterpart, accepting also PEP
(A). Diatom plastids are not able to synthesize nucleotides and therefore they
depend on the import of nucleotides from the cytosol. They possess NTTs

which catalyze a uniport mode of transport as in the chlamydial intracellular
parasites from where these transporters were acquired (B). The
cryptomonads contain a less reduced secondary endosymbiont, still
harboring a vestigial nucleus in the periplasmic compartment, the former algal
cytoplasm, where the starch is synthesized. The day and night path of carbon
metabolism are regulated by differential expression of TPT genes whose
products localize in different envelopes (C). Abbreviations: (d)NTP,
(deoxy)nucleotide triphosphate; G3P, glycerol 3-phosphate; PEP,
phosphoenolpyruvate; PfiTPT, P. falciparum innermost envelope TPT; PfoTPT, P.
falciparum outermost envelope TPT; 3-PGA, 3-phosphoglycerate; Pi, inorganic
phosphate; TP, triose phosphate; UDP-Glc, UDP-glucose.

providing pyruvate for oil synthesis. Up-regulation of GPT2 and
PPT supplies glycolytic substrates and intermediates to the plas-
tid by transport from the cytosol, funneling carbon compounds
toward pyruvate to sustain the high demand of substrates for fatty
acid biosynthesis during mesocarp ripening (Bourgis et al., 2011).

Reconstituted G. sulphuraria membranes showed high activity
of phosphate/phosphate and phosphate/DHAP counter-exchange,
whereas 3-PGA, 2-PGA, PEP, and Glc 6-P transport rates did
not vary from that of the negative controls (Weber et al., 2004).
Indeed, uptake experiments with reconstituted liposomes contain-
ing a recombinant protein with significant homology to higher
plant GPT demonstrated that Glc6P is not a relevant substrate
and suggests that G. sulphuraria and likely red algae in gen-
eral do not possess a plastidic hexose-P importer (Linka et al.,
2008a). As mentioned above, GPT supplies heterotrophic plas-
tids of green plants due to the absence of FBPase activity. Since
in G. sulphuraria the FBPase is not redox regulated, import of

TPs mediated by GsTPT could ensure the supply of hexose-P
for NADPH production during the night or under heterotrophic
growth conditions.

THE XYLULOSE 5-PHOSPHATE/PHOSPHATE TRANSLOCATOR
The XPT of Arabidopsis was the last member of plant pPT to
be identified and is able to transport inorganic phosphate, TPs,
3-P-glycerate, xylulose 5-P (Xul 5-P), and, to a lesser extent, ery-
throse 4-P (Ery 4-P) and ribulose 5-P (Ru 5-P; Table 1; Eicks
et al., 2002). The XPT protein displays high homology to the GPT,
and most likely derived from the latter by retrotranscription and
genome insertion, as suggested by the lack of introns in the XPT
gene (Knappe et al., 2003a). Phylogenetic analysis of the phosphate
transporters of the red algae G. sulphuraria and Cyanidioschyzon
merolae showed that members of this family are present which
localize within the branch of the GPT/XPT group of transporters
(Weber et al., 2006).
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FIGURE 5 | Overview of the characterized metabolite transporters of the

heterotrophic plastid. Non-photosynthetic plastids rely on the import of
photosynthates to drive the metabolic reactions in the sink tissues. Glucose
6-phosphate is transported by GPT to provide heterotrophic plastids with
substrates further used to produce reducing equivalents and storage
compounds. In maize, the substrate for starch synthesis, ADP-glucose, is
produced in the cytoplasm and shuttled to the seeds by the brittle-1

transporter. Abbreviations: ADP-Glc, ADP-glucose; BT1, Brittle-1 ADP-glucose
carrier; Glc 1-P, glucose 1-phosphate; Glc 6-P, glucose 6-phosphate; GPT,
glucose 6-phosphate/phosphate translocator; Mal, maltose; NTT, nucleoside
triphosphate transporter; OPPP, oxidative pentose phosphate pathway;
3-PGA, 3-phosphoglyceric acid; PEP, phosphoenolpyruvate; Pi, inorganic
phosphate; PPi, pyrophosphate; PPT, PEP/phosphate translocator; XPT,
xylulose 5-phosphate/phosphate translocator; Xul 5-P, xylulose 5-phosphate.

The proposed function of XPT is to import pentose phosphates
into the stroma in the form of Xyl 5-P to be further metabolized
in the Calvin cycle and the OPPP (Figures 2 and 5). A further
function of the XPT would be the supply of carbon skeletons
intermediates withdrawn from the Calvin cycle and the OPPP and
channeled into other biosynthetic pathways such as the synthesis
of nucleotides and the shikimate pathway requiring Rib 5-P and
Ery 4-P, respectively (Eicks et al., 2002).

THE PHOSPHOENOLPYRUVATE/PHOSPHATE TRANSLOCATOR
The phosphoenolpyruvate/phosphate translocator (PPT) medi-
ates the import of cytosolic PEP into the plastid stroma in exchange
with Pi (Table 1; Fischer et al., 1997).

Since the chloroplasts and most plastids of non-green tissues
lack the enzymes required to form PEP from TPs via the gly-
colytic pathway, PEP has to be imported from the cytosol (Stitt and
Aprees, 1979; Borchert et al., 1993). The energy-rich compound
PEP serves as substrate for the shikimate pathway, whose start-
ing point is the condensation of one molecule of PEP and one of
Ery 4-P (Figure 2). The shikimate pathway is exclusively localized
within the plastid and is involved in the biosynthesis of aromatic

amino acids and of a variety of secondary compounds such as
lignin, alkaloids, and flavonoids (Herrmann, 1995; Herrmann and
Weaver, 1999). PEP can also be metabolized to pyruvate and acetyl-
CoA which serves as precursor for the biosynthesis of fatty acids,
as already mentioned for the GPT (Figures 2 and 4; Rajasekharan
and Nachiappan, 2010; Bourgis et al., 2011).

Arabidopsis contains two PPT genes (PPT1 and PPT2) which
differ in their expression pattern (Knappe et al., 2003b). PPT1 is
expressed in the leaf vasculature and in some root tissues. The
abolishment of its activity in the cue1 mutant causes a reticulate
leaf phenotype with abnormally developed mesophyll cells (MC)
(Streatfield et al., 1999). The expression pattern of PPT1 and the
observation that the biosynthesis of aromatic amino acids is not
severely affected in the cue1 mutant led to the suggestion that it
might be involved in the development of the MCs trough a not
yet identified signaling molecule likely derived from the shiki-
mate pathway. AtPPT1 is presumably involved in the synthesis
of secondary metabolites that regulate leaf development, whereas
AtPPT2 which is ubiquitously expressed in leaves could have a
more housekeeping function in supplying the plastidic shikimate
pathway with PEP (Knappe et al., 2003b; Voll et al., 2003).
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Another way to provide plastids with PEP is from plastidic
pyruvate by pyruvate, orthophosphate dikinase (PPDK). This
reaction is an essential step in C4- and CAM-plants where PEP
is exported to the cytosol of MCs and serves as substrate for the
PEP-carboxylase during CO2 fixation (Bräutigam et al., 2008). In
C4 and CAM-plants PPT is therefore an exporter of PEP (Weber
and Von Caemmerer, 2010).

In the red alga G. sulphuraria, preliminary uptake experi-
ments with isolated total membranes did not show pronounced
PPT activity (Weber et al., 2004). However, phylogenetic analy-
sis revealed the presence of a candidate ortholog in the red algal
genome, suggesting the presence of a potential coding capability
for PPT (Weber et al., 2006). Indeed, the recombinant protein was
functionally characterized in reconstituted liposome membranes
and displayed the signature of PPT activity (Linka et al., 2008a).
As its green counterpart, the G. sulphuraria PPT is highly specific
for Pi and PEP (Table 1).

PEP synthesis inside the rhodoplast is assumed to be unlikely
since the isozymes of both routes for synthesizing PEP in the plas-
tid (i.e., the glycolytic pathway through phosphoglyceromutase
and enolase, and the conversion of pyruvate to PEP by the PPDK)
do not possess obvious subcellular targeting sequences and are
predicted to be cytosolic (Linka et al., 2008a). Since fatty acid
biosynthesis and the shikimate pathway in red algae are predicted
to be similar to those of the green lineage of Archaeplastida, it is
assumed that conversion of TP to PEP is not possible in G. sul-
phuraria, thus depending on PEP import from the cytosol to drive
PEP-depended reactions in the stroma (Figure 3B; Weber et al.,
2004; Richards et al., 2006; Linka et al., 2008a).

THE GLUTATHIONE TRANSPORTER
Recently, a new transporter member of the DMT superfamily
has been characterized as glutathione transporter in Arabidopsis.
In plants, glutathione is in the center of an antioxidant net-
work that buffers the reactive oxygen species (ROS) originating
as by-product of the aerobic energy metabolism. Glutathione is
a tripeptide enzymatically synthesized by the glutamate–cysteine
ligase (GSH1) and the glutathione synthase (GSH2). In Ara-
bidopsis, GSH1 is plastid localized, while GSH2 is targeted to
both plastid and cytosol (Meister, 1995; Wachter et al., 2005).
Consequently, the pathway intermediate, γ-glutamylcysteine (γ-
EC), must be exported from the plastid to allow for cytosolic
GSH biosynthesis (Figure 2). In a mutant screening designed to
select mutants resistant to l-buthionine-SR-sulfoximine (BSO),
an inhibitor of GSH1, the gene At5g19380, encoding a predicted
membrane transport protein, was identified as responsible for the
revertant phenotype (Maughan et al., 2010). The gene was found
to be related to the chloroquine resistance transporter (PfCRT)
of the malaria parasite P. falciparum and was consequently desig-
nated CRT-like transporter1 (CLT1). Arabidopsis mutants lacking
CLT1 are heavy metal-sensitive, GSH-deficient, and hypersensi-
tive to Phytophthora infection. CLT1 is a member of a small gene
family comprising three members in Arabidopsis and all localize
to the plastid envelope. Expression of the transporter in Xeno-
pus oocytes confirmed that it can mediate GSH uptake (Maughan
et al., 2010). Homology search revealed related genes in higher
plants, in the moss Physcomitrella patens, in green algae and

in parasitic protozoans, suggesting an ancient ancestry for this
transporter.

THE ATP:ADP ANTIPORTER FAMILY
Members of the ATP:ADP Antiporter (AAA) Family (TC 2.A.12),
also called nucleoside triphosphate transporters (NTT) catalyze a
counter-exchange mode of transport and may be distantly related
to members of the major facilitator superfamily (MFS; TC 2.A.1).
They are not related to the mitochondrial ATP/ADP exchang-
ers of the mitochondrial carrier family (MCF; TC 2.A.5), which
pump ATP out of mitochondria in accordance with the polar-
ity of the mitochondrial membrane potential. In addition, the
plant mitochondrial adenylate translocator is highly sensitive to
specific inhibitors, whereas the plastidic ATP/ADP translocator
is only slightly sensitive to them (Vignais et al., 1976; Ardila
et al., 1993; Schunemann et al., 1993; Winkler and Neuhaus,
1999).

In prokaryotes these transporters enable “energy parasitism,” as
in Rickettsia and Chlamydia (Neuhaus et al., 1997). In addition,
putative nucleotide transport proteins with weak sequence simi-
larities to the NTT family of transporters have been identified in
the nuclear genome of the obligate intracellular parasite Encephal-
itozoon cuniculi (Katinka et al., 2001). The bacterial nucleotide
carriers have conspicuous sequence similarity to the NTT proteins
from chloroplasts of higher plants (Neuhaus et al., 1997).

In plants, the main function proposed for the NTT family
of transporters is to supply ATP-dependent reactions in non-
photosynthetic plastids. Amyloplasts are heterotrophic plastids
of sink tissues and contain various anabolic pathways, like the
biosyntheses of starch and fatty acids or nitrogen assimilation.
During starch biosynthesis in potato tubers, glucose 1-phosphate
(Glc1P) is converted to ADP-Glc by the AGPase, a reaction which is
ATP-dependent and relies on the supply of cytosolic ATP by NTT
(Figure 5). This is corroborated by transgenic plants where repres-
sion of the potato NTT leads to decreased tuber yield and starch
contents (Tjaden et al., 1998). In contrast to heterotrophic plas-
tids, the role of NTTs in chloroplasts is not obvious. Rather than
exporting ATP out of the photosynthetically active plastid during
the day, NTT import ATP during the night or when photosyn-
thetic ATP biosynthesis is not sufficient to fuel anabolic reactions
requiring ATP (Reinhold et al., 2007).

Arabidopsis knock-out mutants demonstrated the involvement
of NTT and ATP import in the assembly of magnesium chelatase,
an enzyme involved in chlorophyll biosynthesis (Kobayashi et al.,
2008). Plants repressing NTTs display necrotic lesions caused
by photo-oxidation due to an accumulation of high amounts
of the phototoxic chlorophyll biosynthesis intermediate proto-
porphyrin IX, which induces ROS production and photooxida-
tive damage. Furthermore, the severity of the stress depended
on the size of the plastidic starch pool, with plants grown
in short day conditions being more affected (Reinhold et al.,
2007). It has been proposed that the sensitivity to photooxida-
tive stress in plants with limited plastidic ATP supply may link
the appearance of the light harvesting complexes in the green
lineage with the return of the storage polysaccharide to the plas-
tid (Deschamps et al., 2008b). In plants, the main pathway of
starch breakdown does not allow for the direct generation of
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ATP within the plastid. However, hexose phosphates can be gen-
erated in the stroma by plastidial starch phosphorylase and fur-
ther metabolized within the plastid to generate the required ATP
pools, thereby circumventing protoporphyrin IX-induced oxida-
tive stress (Deschamps et al., 2008b; Rathore et al., 2009). The
authors propose that a sufficient supply of ATP was a potentially
important protective innovation necessary for “safe” proliferation
of LHCs.

The glaucophyte C. paradoxa also possesses a NTT, although
the activity for ATP/ADP translocation could not be demon-
strated in isolated muroplasts (Schlichting et al., 1990; Linka et al.,
2003). In C. paradoxa, both fatty acids and starch biosynthesis
are cytosol-localized, indicating that ATP import into the muro-
plast is not required for these reactions (Figure 3A; Ma et al., 2001;
Plancke et al., 2008). Functional expression and reconstitution into
membranes of the glaucophyte NTT ortholog will be required
to elucidate its physiological role and demonstrate whether the
protein is able to mediate ATP/ADP exchange.

The red algae C. merolae and G. sulphuraria contain each one
gene coding for NTT (Tyra et al., 2007). In Galdieria, similarly to
the plant NTT, the ortholog transporter is able to exchange ATP
for ADP (Linka et al., 2003). In red algae the synthesis of stor-
age carbon is confined in the cytoplasmic compartment, however,
other anabolic reactions such as fatty acid biosynthesis require
energy supply (Viola et al., 2001). The synthesis of fatty acids
in G. sulphuraria has been postulated to occur in the plastid, as
indicated by the presence of the subunits of the plastidic acetyl-
coA carboxylase, an ATP-dependent enzyme (Weber et al., 2004).
As mentioned before, the occurrence of a glycolytic pathway in
the plastids of red algae is unlikely and ATP import would be
required to drive fatty acid biosynthesis (Figure 3B; Linka et al.,
2008a).

In contrast to higher plants, the secondary derived plastids of
the diatoms are not able to synthesize nucleotides. Plants export
newly synthesized nucleotides through a member of the MCF, an
adenine nucleotide uniporter (Leroch et al., 2005). In diatoms, the
synthesis of nucleotides is confined to the cytosol, implying the
existence of an import mechanism. Thalassiosira pseudonana and
Phaeodactylum tricornutum possess diverse members of the NTTs
mediating the import of purine and pyrimidine nucleotides (Ast
et al., 2009). In these organisms the NTTs are therefore involved
in the nucleotide supply to maintain organellar metabolism (such
as nucleic acids synthesis) rather than energy provision. Diatoms
possess therefore plastidial NTT proteins with biochemical prop-
erties similar to those of some bacterial intracellular parasites,
which catalyze nucleotide transport in a unidirectional mode, a
feature not observed for any eukaryotic NTT (Figure 4B; Tjaden
et al., 1999). This role in providing the plastid with externally syn-
thesized nucleotides is similar to that of metabolically impaired
intracellular bacteria such as Chlamydia which depend on host-
derived metabolites. The functional relatedness of Chlamydia and
plant NTTs reflects their common origin. The prokaryote trans-
porters with the highest sequence similarity to plant NTT proteins
occur in Chlamydia relatives and phylogenetic analyses of plant,
Chlamydiae and Rickettsiae NTTs suggest that the translocator
was transferred from Chlamydia to plants (Schmitz-Esser et al.,

2004). The Arabidopsis AtNTT1 and AtNTT2 ATP/ADP translo-
cases were shown to be monophyletic with the chlamydial translo-
cators (Tyra et al., 2007). Moreover, free-living cyanobacteria are
devoid of genes encoding for NTTs. Although Chlamydiae are
not found in plants, an unexpected number of chlamydial genes
display a high degree of similarity to their plant homologs. An
analysis of bacteria–eukaryote protein similarities revealed that,
beyond the well explainable abundance in cyanobacterial and α-
proteobacterial sequences, a notable number of plant-like genes
were found in the Chlamydiaceae genomes and, most intriguingly,
the vast majority of these genes contain a plastid-targeting signal
(Brinkman et al., 2002; Horn et al., 2004). A phylogenetic analy-
sis of the C. merolae genome aimed at searching for genes that
are evolutionary related to Chlamydia retrieved 21 genes which
are broadly present in primary photosynthetic eukaryotes. The
direction of transfer is proposed to be from the bacteria to the
plants, since the genes are predominantly distributed in bacteria
and the cyanobacterial homologs form a well supported group dis-
tinct from the chlamydial homologs (Huang and Gogarten, 2007).
Genes of chlamydial origin are mainly restricted to photosynthetic
eukaryotes and non-photosynthetic plastid-bearing lineages, an
observation that supports an association between Chlamydiae and
the plant ancestor. A deeper phylogenomic analysis of 17 plant
genomes extended the list to 55 proteins of chlamydial origin, two-
thirds of which are of plastid function (Moustafa et al., 2008). The
scenario evolving from these comparative genomics surveys sug-
gests a three-way partnership between the host, the cyanobacterial
endosymbiont and an environmental Chlamydia. The chlamydial
contribution may have consisted in facilitating the establishment
of the cyanobacterial endosymbiont by providing the necessary
transport systems required for the equilibration of their metab-
olism, like the ADP/ATP translocator needed for the energy flux
into the organelle. Later on, when the organelle was fully estab-
lished in the host cell, the bacterial parasite became dispensable
and was eventually lost.

Chlamydia could have thus given a contribution in the early
steps of endosymbiosis by providing the petroalgae with the
genetic tools necessary to establish a favorable interaction.

MITOCHONDRIAL CARRIER FAMILY
Members of the MC family (TC 2.A.29) catalyze the passage of
hydrophobic compounds across the inner mitochondrial mem-
brane and preferentially catalyze the exchange of one solute acting
as antiporters (Haferkamp, 2007; Palmieri et al., 2011). Members
of the MCF are involved in transporting keto acids, amino acids,
nucleotides, inorganic ions, and co-factors across the mitochon-
drial inner membrane. Although most are found in mitochondria,
recently members of the MCF were found in peroxisomes, in
hydrogenosomes of anaerobic fungi, and chloroplasts (Picault
et al., 2004; Haferkamp, 2007; Linka et al., 2008b). In Arabidopsis,
58 genes encode for MCF proteins (Picault et al., 2004; Palmieri
et al., 2011). The number in other sequenced plant genomes varies
from 37 to 125, thus being larger than that of Saccharomyces cere-
visiae, which encodes for 35 MCs and comparable with that of
humans which contain 53 members (Palmieri et al., 1996; Palmieri,
2004).
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Members of the MCF located in the plastid membrane repre-
sent transporters which are of host origin and were likely relocated
to the envelope to substitute the pre-existing cyanobacterial trans-
porters with the endomembrane-derived host transporters (Tyra
et al., 2007). No homologs of mitochondrial carriers have ever been
found in prokaryotes or archaea, meaning that MCFs are a later
addition during the development of the eukaryotic cell (Kunji,
2004). In plants plastids, they mediate the transport of different
substrates like folates, S-adenosylmethionine, NAD, ADP-glucose
or ATP, ADP, and AMP (Haferkamp, 2007).

THE ADP-GLUCOSE TRANSPORTER BRITTLE-1
Besides the abovementioned NTT transporter, plastids contain
another type of nucleotide transporter, the ADP-glucose trans-
porter Brittle-1 (BT1), first identified in maize endosperm (Sul-
livan et al., 1991). The brittle1 mutant was named after the
reduced starch content in the endosperm, resulting in collapsed,
brittle kernels (Mangelsdorf and Jones, 1926). In the cereals
endosperm, ADP-glucose pyrophosphorylase is localized in the
cytosol (Denyer et al., 1996). The enzyme generates ADP-glucose,
which must be imported into the plastid to drive starch biosyn-
thesis. BT1 is localized to the inner envelope membrane of the
amyloplast and transports ADP-glucose in antiport with the ADP
released during starch biosynthesis, ensuring the balance of adeny-
lates between stroma and cytoplasm (Figure 5; Sullivan and
Kaneko, 1995; Kirchberger et al., 2007).

Another maize Brittle transporter protein, Brittle-1-2, and
homologs of these transporters are found in other plants (Kirch-
berger et al., 2007). Interestingly, two types of Brittle-1 trans-
porters can be identified: the BT1 from maize endosperm is
present only in monocotyledonous plants and catalyzes ADP-
glucose-ADP antiport, whereas the BT1-2 isoform has homologs
also in dicotyledonous plants and transports nucleotides but not
ADP-glucose (Leroch et al., 2005; Kirchberger et al., 2008). The
StBT1 from potato and the AtBT1 from Arabidopsis locate to
the inner plastid envelope and transport AMP, ADP, and ATP.
Moreover, they show a unidirectional mode of transport rather
than antiport (Figure 2; Leroch et al., 2005; Kirchberger et al.,
2008).

TRANSPORTERS INVOLVED IN THE ONE-CARBON METABOLISM
Several cellular processes such as the synthesis of amino acids,
purines, secondary metabolites, and the photorespiratory path-
way depend upon the supply or removal of one-carbon units by
tetrahydrofolate (THF) or S-adenosylmethionine (SAM).

Tetrahydrofolate and its derivatives are a family of co-factors
that are essential for all cellular one-carbon transfer reactions: they
are required for the synthesis of purines, thymidylate, methionine,
pantothenate, and the interconversion of serine and glycine (Han-
son and Roje, 2001). Folates are tripartite molecules composed of
a pterin, a p-aminobenzoic acid (pABA), and a glutamate chain
with a variable number of glutamate moieties.

In plants, folate synthesis presents a complex spatial organiza-
tion, involving three subcellular compartments: the cytosol, the
plastid, and the mitochondria.

In Arabidopsis, one member of the MCF was identified as
folate carrier of the plastid envelope (Bedhomme et al., 2005).

The AtFOLT1 protein is the closest homolog of the human mito-
chondrial folate transporter. Functional complementation of a
glycine auxotroph Chinese hamster ovary (CHO) cell line deficient
for the transport of folates into mitochondria could identify the
folate carriers both in human and Arabidopsis (Titus and Moran,
2000; Bedhomme et al., 2005). The expression of AtFOLT1 in E.
coli confers to the bacteria the ability to uptake exogenous folate,
whereas the disruption of the gene did not led to a deficient folate
supply to the plastid, since wild-type levels of folates were detected
in the chloroplasts and the enzymatic capacity to catalyze folate-
dependent reactions was preserved (Bedhomme et al., 2005). This
suggests that alternative routes for folate uptake into plastids are
present.

SAM serves as methyl-group donor and it is exclusively syn-
thesized in the plant cytosol. Consequently, it has to be imported
into plastids and mitochondria where it acts as substrate for the
methyltransferases. The product resulting from the transmethy-
lation reaction, S-adenosylhomocysteine (SAHC) has to be in
turn exported to undergo re-methylation in the cytosol. The
carrier that catalyzes the counter exchange of SAM for SAHC
has been recently identified in Arabidopsis (Bouvier et al., 2006;
Palmieri et al., 2006). The SAM transporter (SAMT) exhibits a
broad expression in various plant tissues, is localized to the plastid
envelope membrane and, interestingly, the complete sequence con-
tains additional information for mitochondrial targeting (Palmieri
et al., 2006).

OTHER TRANSPORTERS
THE DICARBOXYLATE TRANSLOCATORS
For plants, nitrogen is available in the form of nitrate, which
is sequentially reduced to nitrite in the cytosol and finally to
ammonia in the chloroplast stroma. Ammonia is further assim-
ilated into nitrogen compounds via the plastidic glutamine
synthetase/glutamate synthetase (GS/GOGAT) cycle. Glutamate
serves as a universal organic nitrogen donor for the biosynthe-
sis of a vast variety nitrogen-containing compounds. Assimilation
of ammonia in the plastids involves two distinct dicarboxylate
translocators (DiTs) with partially overlapping substrate speci-
ficities, the 2-oxoglutarate/malate-translocator (DiT1), and the
glutamate/malate-translocator (DiT2). DiT1 imports the precur-
sor of ammonia assimilation, 2-oxoglutarate, in exchange with
malate; DiT2 exports the end product of ammonia assimilation,
glutamate, to the cytosol, importing back the malate (Figure 2;
Weber et al., 1995; Weber and Flügge, 2002; Renne et al., 2003).
These transporters play also an important role in recycling the
ammonia lost during photorespiration by the mitochondrial
glycine decarboxylase, as indicated by the photorespiratory phe-
notype displayed by Arabidopsis plants lacking DiT2 and tobacco
DiT1 antisense plants (Renne et al., 2003; Linka and Weber, 2005;
Schneidereit et al., 2006). DiT1 also displays a high affinity for
oxaloacetate (OAA) and has been proposed as the long-sought
OAA/malate valve (Taniguchi et al., 2002). The malate valve func-
tions as redox sink to dissipate excess of electrons and protect
the photosynthetic apparatus from photoinhibition by export-
ing reducing equivalents thus balancing the stromal ATP/NADPH
ratio (Heineke et al., 1991; Scheibe, 2004; Scheibe et al., 2005).
The role as malate valve for DiT1 was recently proven by mutant
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analysis: CO2-dependent O2 evolution assays showed that cytoso-
lic oxaloacetate is efficiently transported into chloroplasts mainly
by DiT1 and O2 evolution is not enhanced by addition of OAA
in the mutant, supporting the absence of additional oxaloacetate
transporters (Kinoshita et al., 2011).

Dicarboxylate translocators belong to the Divalent Anion:Na+
Symporter (DASS) Family (TC 2.A.47) which transport organic
di- and tri-carboxylates of the Krebs Cycle as well as dicarboxylate
amino acid, inorganic sulfate, and phosphate. These proteins are
found in Gram-negative bacteria, cyanobacteria, archaea, plant
chloroplasts, yeast, and animals. DiTs are present only in the
green lineage of plants and in bacteria, but not in red algae or
glaucophytes. Phylogenetic surveys indicate that the dicarboxylate
transporters are of chlamydial origin, reinforcing the hypothe-
sis on the importance these intracellular parasites had in the
establishment of endosymbiosis (Tyra et al., 2007). In isolated
C. paradoxa muroplasts, transport activities for glutamine and 2-
oxoglutarate could be measured (Kloos et al., 1993). In uptake
experiments with isolated cyanelles by silicone oil filtering it
could be shown that glutamate poorly penetrated into cyanelles,
whereas glutamine was enriched in the plastid fraction by 1.7 fold
within 10 min. Glutamine uptake proceeded in two phases and
was stimulated by 2-oxoglutarate (Kloos et al., 1993). Ammonia
formed by nitrite reduction inside the cyanelles is incorporated
by GS into glutamine and then exported jointly with oxoglu-
tarate (Kloos et al., 1993). The export of glutamine appears to
be the route for providing the host cell with fixed nitrogen, a situ-
ation that encounters a parallel in the nitrogen-fixing filamentous
cyanobacteria. In cyanobacteria however, the transporter seems
not to discriminate between glutamine and glutamate, indicating
that the glutamine export route is unique to C. paradoxa (Chap-
man and Meeks, 1983; Flores and Muropastor, 1988; Kloos et al.,
1993).

THE MALTOSE TRANSPORTER
In the dark, the starch which has accumulated during the day
is degraded to supply sucrose biosynthesis. Maltose and glucose
are the main products of starch degradation, with maltose being
the most prominent sugar exported to the cytosol at night or
during increased sink demand (Figure 2; Weise et al., 2004).
The maltose transporter was identified by a screening of Ara-
bidopsis mutants displaying a maltose excess (MEX) phenotype
(Niittyla et al., 2004). MEX is unrelated to any other membrane
transporter and belongs to a family represented solely by the A.
thaliana member (TC 2.A.84). The maltose exporter is found
only in the genomes of chloroplastida and is absent in red algae,
glaucophytes, and photosynthetic organisms derived by secondary
endosymbiosis. The presence of MEX orthologs in the dinoflagel-
late Karlodinium micrum and in Synechococcus likely is the result
of independent horizontal gene transfers (Figure 6; Tyra et al.,
2007). The pathway of starch synthesis and degradation is pre-
sumed to have been cytosolic in the common ancestor of the three
Archaeplastida lineages (Deschamps et al., 2008a). MEX appears
therefore to be a plant-specific transporter, evolved as a conse-
quence of the relocation of the starch metabolism to the stroma
of the green algal ancestor (Tyra et al., 2007; Deschamps et al.,
2008a).

THE PLASTIDIC GLUCOSE TRANSPORTER
Starch breakdown initiates by the action of the phosphorylating
enzymes glucan, water dikinase (GWD) and phosphoglucan, water
dikinase (PDW) and, after involvement of a debranching enzyme,
results in the release linear glucans (Smith et al., 2005). β-amylases
catalyze the production of maltose from linear glucans, and, to a
lesser extent, maltotriose which is further metabolized to glucose
by the disproportionating enzyme DPE1 (Critchley et al., 2001;
Smith et al., 2005). A transporter involved in carbon mobilization
mediating glucose export has been initially characterized and two
decades later cloned and identified (Schafer et al., 1977; Weber
et al., 2000). The glucose transporter (pGlcT) mediates the export
of glucose released during the onset of starch degradation and
has additional and still unknown roles suggested by its expres-
sion in some heterotrophic tissues that do not contain starch
(Butowt et al., 2003). pGlcT contributes to the export of pho-
toassimilates from chloroplasts, even though it is not the major
route for the export of starch degradation products (Figure 2).
The pglct-1/mex1 double knock-out Arabidopsis line displays a
severe growth retardation phenotype suggesting that the effects of
pGlcT loss on photoassimilate partitioning and plant growth are
observable when the major route for exporting starch degradation
products is blocked (Hahn et al., 2011). pGlcT belongs to the (MFS,
TC 2.A.1) a very old, large and diverse superfamily whose mem-
bers catalyze uniport, solute:cation symport and/or solute:H+ or
solute:solute antiport (Law et al., 2008). This superfamily is ubiq-
uitous in all kingdoms of life, however, close relatives of pGlcT
are found only within the Chloroplastida and, as for the maltose
exporter, it reflects an acquisition by the green lineage imposed
by the compartmentalization of the starch metabolism within the
chloroplast (Tyra et al., 2007).

THE PLASTIDIC BILE ACID:Na SYMPORTER
Glucosinolates (GSLs) are sulfur- and nitrogen-containing plant
secondary metabolites derived from amino acids and sugar. They
are mainly present in the Brassicaceae family, including Ara-
bidopsis, and have repellent activity against herbivore insects and
pathogens (Fahey et al., 2001).

The biosynthesis of methionine-derived glucosinolates involves
both the chloroplast and the cytosolic compartments and starts in
the cytosol where Met is transaminated by the aminotransferase
BCAT4. The resulting 2-keto acid, 4-methylthio-2-oxobutanoate
(MTOB) is imported into the chloroplast where it undergoes
repeated condensations with acetyl-CoA and subsequent decar-
boxylations to the corresponding α-keto acid. The chain-elongated
keto acid is aminated to the amino acid and transported back to
the cytosol for the following core structure synthesis (Fahey et al.,
2001; Knill et al., 2008; Nour-Eldin and Halkier, 2009). Thus, the
methionine derivatives must be transported at least twice across
the chloroplast membranes. The first transporter involved in the
biosynthesis of Met-derived glucosinolates was recently identified
as member of the Bile Acid:Na Symporter (BASS) Family (TC
2.A.28) due to significant sequence similarities to mammalian
sodium-coupled bile acid transporters (Gigolashvili et al., 2009;
Sawada et al., 2009). The BAT5 protein localizes to the plastid
and loss-of-function mutants defective in BAT5 function con-
tained strongly reduced levels of aliphatic glucosinolates. Feeding
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FIGURE 6 | Molecular phylogenetic analysis of the MEX1 proteins. The
evolutionary history was inferred by using the maximum likelihood method
based on the WAG model (Whelan and Goldman, 2001). Sequence
alignment was performed with MUSCLE included in MEGA5 (Tamura
et al., 2011). Alignment quality was assessed by GUIDANCE giving an
alignment score of 0.783. The bootstrap consensus tree inferred from 500
replicates is taken to represent the evolutionary history of the taxa
analyzed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (500 replicates) are shown next to

the branches. A discrete gamma distribution was used to model
evolutionary rate differences among sites (five categories, +G,
parameter = 3.3094). The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 5.4532% sites). The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. The
analysis involved 14 amino acid sequences. All positions containing gaps
and missing data were eliminated. There were a total of 173 positions in
the final dataset. Evolutionary analyses were conducted in MEGA5
(Tamura et al., 2011).

experiments suggest that BAT5 transports MTOB and chain-
elongated 2-keto acids across the chloroplast envelope membrane,
indicating a role for BAT5 in the transport of GS intermediates
(Gigolashvili et al., 2009; Sawada et al., 2009).

Homologs of the sodium-coupled bile acid transporters are
also found in the algal genomes, however no data about their
localization or function are to date available.

THE PLASTIDIC FOLATE CARRIER
In addition to the plastidic folate carrier belonging to the MCF,
a second folate carrier was identified which belongs to the folate-
biopterin transporter (FBT) Family (TC 2.A.71). The FBT family
includes functionally characterized members from protozoa and
homologs are found in cyanobacteria (Synechocystis) and plants
(A. thaliana). The Synechocystis and Arabidopsis FBTs were iden-
tified based on their homology to the folate transporter of the
trypanosomatid protozoa Leishmania (Klaus et al., 2005). These
transporters are able to complement E. coli mutants impaired in
folate uptake or production; in particular they are capable of trans-
porting the monoglutamyl form of folate (Klaus et al., 2005).
The plant FBT likely originated by endosymbiotic gene transfer

(EGT) from the captured cyanobacterium and contributes to a
redundant folate uptake system involving also the abovementioned
host-derived FOLT1 transporter (Tyra et al., 2007).

THE PYRUVATE CARRIER
Plants that perform C4 photosynthesis require a massive flux of
metabolites across the membranes of their MC and bundle sheat
cells (BSC). In particular, pyruvate is formed in the chloroplasts
of the BSC by decarboxylation of the C4 acid malate and has to
be transported back to the MC chloroplasts to regenerate the CO2

acceptor PEP (Bräutigam and Weber, 2011). Pyruvate transport in
C4 plants has been shown to occur either in a proton- or sodium-
dependent manner (Ohnishi and Kanai, 1987, 1990). Accordingly,
a putative plastidic proton:sodium symporter (NHD1) is 16-fold
up-regulated in the C4 species Cleome gynandra with respect to the
C3 relative Cleome spinosa (Bräutigam et al., 2011). It is proposed
that NDH1 functions in exporting sodium out of the chloroplast
to sustain a gradient necessary for pyruvate import. In addition,
a strong up-regulation of a bile acid:sodium cotransporter was
observed in C. gyandra (Bräutigam et al., 2011) and in C4 Flave-
ria species (Gowik et al., 2011). This cotransporter is a member
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of the BASS Family (TC 2.A.28) and is not found in maize, a
species which displays a proton-dependent transport of pyruvate
(Bräutigam et al., 2008). The biochemical function NDH1 and
BASS2 was recently demonstrated by expression in an heterolo-
gous system of BASS2 alone and in presence of NDH1 (Furumoto
et al., 2011). Indeed, these proteins represent a two-translocator
system, consisting of the sodium:pyruvate cotransporter BASS2
and the sodium:proton antiporter NHD1 (Figure 7; Furumoto
et al., 2011).

CONCLUSION
The transport of organic compounds across the cyanobacterial
membrane was of crucial importance for establishing endosym-
biosis and insertion of protein translocators into the envelope was
necessary to take full advantage of the newly acquired metabolic
entity. The pPTs were most likely pioneers in settling a connection
between the host and the cyanobiont in order to tap the photo-
synthates, as suggested by their ubiquitous distribution among the
plastid-bearing organisms. The majority of the plastid transloca-
tors, including the PTs, are of host origin, indicating that establish-
ment of the plastid was a host-driven process. However, evidence
is accumulating which implies a small but substantial contribu-
tion from the intracellular parasite Chlamydia. The requirement of
three organisms in the early steps of endosymbiosis could explain
why this event occurred only once during evolution. Understand-
ing the metabolic connection between plastid and cytosol is also
crucial for future attempts to generate synthetic organelles, such
as synthetic plastids that harbor tailor-made metabolic capacities
and that are introduced into plastid-free recipient cells (Weber and
Osteryoung, 2010).

FIGURE 7 | Model for the pyruvate uptake into the plastid. The
two-translocator system responsible for pyruvate uptake into the plastid of
certain C4 species is based on a sodium:pyruvate cotransporter (BASS2)
and a sodium:proton antiporter (NHD1). NHD1 is able to establish a sodium
gradient across the envelope membrane, which in turn drives pyruvate
import by the cotransporter BASS2. Abbreviations: BASS2, BILE
ACID:SODIUM SYMPORTER FAMILY PROTEIN 2; NHD1, sodium:proton
antiporter; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PPT,
PEP/phosphate translocator.
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ATP is the common energy currency of cellular metabolism in all living organisms. Most
of them synthesize ATP in the cytosol or on the mitochondrial inner membrane, whereas
land plants, algae, and cyanobacteria also produce it on the thylakoid membrane during
the light-dependent reactions of photosynthesis. From the site of synthesis, ATP is trans-
ported to the site of utilization via intracellular membrane transporters. One major type
of ATP transporters is represented by the mitochondrial ADP/ATP carrier family. Here we
review a recently characterized member, namely the thylakoid ATP/ADP carrier from Ara-
bidopsis thaliana (AtTAAC). Thus far, no orthologs of this carrier have been characterized
in other organisms, although similar sequences can be recognized in many sequenced
genomes. Protein Sequence database searches and phylogenetic analyses indicate the
absence of TAAC in cyanobacteria and its appearance early in the evolution of photosyn-
thetic eukaryotes. The TAAC clade is composed of carriers found in land plants and some
green algae, but no proteins from other photosynthetic taxa, such as red algae, brown algae,
and diatoms.This implies thatTAAC-like sequences arose only once before the divergence
of green algae and land plants. Based on these findings, it is proposed thatTAAC may have
evolved in response to the need of a new activity in higher photosynthetic eukaryotes.This
activity may provide the energy to drive reactions during biogenesis and turnover of pho-
tosynthetic complexes, which are heterogeneously distributed in a thylakoid membrane
system composed of appressed and non-appressed regions.

Keywords: green alga, chloroplast, plant, photosynthesis, ADP/ATP carrier, thylakoid,TAAC phylogeny

INTRODUCTION
Oxygenic photosynthesis is a biophysicochemical process that con-
verts carbon dioxide into organic compounds using sunlight as a
source of energy. It occurs in the chloroplasts of land plants and
algae, and also in the cytoplasm of cyanobacteria, and uses water
as a source of electrons, releasing oxygen as a waste product (for
a recent review, see Hohmann-Marriott and Blankenship, 2011).
The chloroplast in algae and plants has evolved from a cyanobac-
terial ancestor via endosymbiosis with a primitive eukaryotic host.
It is a highly compartmentalized organelle, with three mem-
brane systems (outer envelope, inner envelope, and thylakoid) and
three soluble spaces (intermembrane space, stroma, and thylakoid
lumen). A wide variety of solute and metabolite transporters reside
within the different types of chloroplast membranes and mediate
communication between the cytosol, stroma, and lumen. Several
excellent reviews on the identification and functional characteri-
zation of these transporters have recently become available (Spetea
and Schoefs, 2010; Breuers et al., 2011; Flügge et al., 2011; Weber
and Linka, 2011).

Regarding their evolution, the majority of the inner envelope
metabolite transporters have been shown to have a host origin, dri-
ven by the requirement to establish communication between the

host cytosol and the cyanobiont (Facchinelli and Weber, 2011).
There are so far no evolutionary studies dedicated to solute trans-
porters from the outer envelope or thylakoid membranes, but
it is believed that they originate from proteins in the ancestral
cyanobacterial outer and thylakoid membranes, respectively.

Mitochondria and chloroplasts are the two organelles able to
synthesize ATP, which is the universal energy currency of cellu-
lar metabolism in all living organisms. The difference between
these organelles in this respect is that in all eukaryotes mito-
chondria produce ATP via oxidative phosphorylation on the inner
membrane, to be used during cell metabolism. Chloroplasts and
also cyanobacteria use sunlight as a source of energy to pro-
duce ATP (photophosphorylation) on the thylakoid membrane,
which is consumed during CO2 fixation in the stroma. In addi-
tion, ATP is used for energy-dependent reactions on the envelope
and thylakoid membrane or inside the thylakoid lumen (Spetea
and Thuswaldner, 2008).

ATP is the largest and most highly charged solute transported
across organellar membranes. Two structurally and phylogeneti-
cally different types of ATP transporters are represented in chloro-
plasts, namely ATP/ADP antiporters (AAA, TC #2.1.12, according
to Saier et al., 2009) and mitochondrial ADP/ATP carriers (AAC,
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TC #2.A.29.1.1). There are two ATP/ADP antiporters (AATPs)
in the inner envelope membrane of photosynthetic and het-
erotrophic plastids, supplying cytosolic ATP to the stroma (for
recent reviews, see Haferkamp et al., 2011; Traba et al., 2011). The
transport is electroneutral since the counter-ions for ATP4− are
ADP3− together with H2PO−

4 (Trentmann et al., 2008). AATPs
possess 12 putative transmembrane helices, and share a common
origin with the ATP/ADP antiporters found in the parasite bacte-
ria Rickettsia prowazekii and Chlamydia psittaci (Haferkamp et al.,
2011).

The mitochondrial ADP/ATP carriers are the first and most
studied members of the mitochondrial carrier (MC) family and
are present only in eukaryotic cells (Haferkamp et al., 2011; Traba
et al., 2011). Like the members of the AAA family, AACs are
exchangers, but the transport is electrogenic (ATP4−/ADP3−) and
proceeds in the opposite direction, since they transport matrix
ATP through the intermembrane space out into the cytosol. Yet
another functional difference from AAA is that AACs are sensitive
to specific inhibitors, such as bongkrekic acid and carboxyatracty-
loside (Klingenberg, 2008). The 3D structure of the bovine AAC
has been resolved at 2.2 Å resolution in a conformation stabi-
lized with carboxyatractyloside (Pebay-Peyroula et al., 2003). The
structure revealed six transmembrane helices and a selectivity filter
for adenine nucleotides, whose sequence could be used to predict
other AACs and even other MCs (Nury et al., 2010). From a total
of 58 MC in Arabidopsis thaliana, three classical mitochondrial
AACs have been characterized, with at least four more paralogous
sequences awaiting validation (Palmieri et al., 2011). In addition to
the mitochondrion, AAC members have also been found in per-
oxisomes, endoplasmic reticulum, amyloplasts, and chloroplasts
(Haferkamp et al., 2011; Traba et al., 2011).

Using western blotting and activity inhibition with an antibody
against the bovine AAC, the activity of an AAC was reported in the
spinach thylakoid membrane (Spetea et al., 2004). BLAST searches
with the bovine AAC against the Arabidopsis protein database
combined with prediction of chloroplast transit peptides revealed
one putative chloroplast AAC, encoded by the At5g1500 gene. The
corresponding protein was localized to the thylakoid membrane
of Arabidopsis (Thuswaldner et al., 2007; Zybailov et al., 2008),
and was annotated as the thylakoid ATP/ADP carrier (AtTAAC).
Subfractionation as well as immunocytochemical experiments
indicated the non-appressed regions as the precise location of
TAAC within the thylakoids (Thuswaldner et al., 2007). Another
chloroplast AAC is encoded by the At3g51870 gene and was ini-
tially localized to the envelope using western blotting (Spetea,
C., unpublished data) and mass-spectrometry based proteomics
(Ferro et al., 2010).

The AtTAAC sequence contains 415 amino acids that include
a predicted transit peptide of 60 amino acids. The sequence of
the processed form is 80 residues longer than that of bovine AAC,
explaining the observed difference between the two proteins in
the reported size in SDS gels (Spetea et al., 2004). The extra 80
residues are distributed as 50 in the N-terminus and 30 in the
C-terminus – regions containing many charged residues and a
five-glycine repeat that could play a role in the regulation of TAAC
activity. TAAC shares about 30% identity with bovine AAC, which
is concentrated in the six putative transmembrane helices and

to a lesser degree in the connecting loops (Thuswaldner et al.,
2007). The selectivity filter for adenine nucleotides, represented
by residues K-130, R-186, Y-282, and K-369, is fully conserved,
indicating adenine nucleotides as the most likely substrates for the
transport activity of TAAC.

Arabidopsis TAAC was characterized in E. coli as an ATP
importer in exchange for cytosolic ADP (Thuswaldner et al., 2007),
and its activity was found sensitive to bongkrekic acid (Thuswald-
ner, S., and Spetea, C., unpublished data). Pi is not a substrate
for transport by TAAC (Thuswaldner et al., 2007), implying the
requirement for a separate thylakoid Pi transporter. Indeed, such
a protein has been identified in Arabidopsis, and functionally char-
acterized in yeast and E. coli (Guo et al., 2008; Pavón et al., 2008).
When assessed in thylakoid membranes, TAAC transports stromal
ATP into the thylakoid lumen in exchange for ADP. The direc-
tion of TAAC-mediated transport determined in both E. coli and
thylakoids is opposite to the direction of transport by mitochon-
drial AACs (Thuswaldner et al., 2007). Therefore, to distinguish
it from the mitochondrial ADP/ATP carrier, the thylakoid protein
has been named ATP/ADP carrier. Through adenine nucleotide
exchange, TAAC was proposed to supply ATP for nucleotide-
dependent reactions in the thylakoid lumen (Spetea et al., 2004).
An extensive review on the structure, function,and evolution of the
MC family has become recently available and provides insights into
their roles in plants (Palmieri et al., 2011). This review focuses on
the evolutionary origin of the TAAC subfamily of the mitochon-
drial AACs, which aids in elucidating its function in the thylakoid
membrane.

WHEN AND WHERE IN THE TREE OF LIFE DID TAAC
ORIGINATE?
We assembled a set of protein sequences with which to place TAAC
in an evolutionary context. We extracted protein sequences from
the curated gene families at ARAMEMNON (Schwacke et al.,
2003)1 and from search results to specific clades and genomes
at NCBI2 and PHYTOZOME (Goodstein et al., 2011)3, respec-
tively. We added the best BlastP matches to AtTAAC from each
major eukaryotic division of life with an E-value <10−55. We also
added all 17 members of the Arabidopsis MC family (including
AtTAAC) that were listed as protein sequences related to TAAC at
ARAMEMNON. We also added the best BlastP hits to proteins
from several green plant clades, including Bryophyta, Chloro-
phyta, Lycopodiophyta, and Pinophyta. An alignment of these
sequences was made using MUSCLE (Edgar, 2004, implemented at
http://www.ebi.ac.uk). From the alignment (not shown) we could
see that only two copies in Arabidopsis (encoded by the At5g01500
and At3g51870 genes) and all other non-Arabidopsis land plant
proteins in this sample possessed a partly conserved N-terminal
motif, consisting of 19 amino acid residues directly upstream from
the first transmembrane helix delimited by Thuswaldner et al.
(2007).

For the first phylogenetic analysis we included amino acid
positions 121–369 in TAAC (spanning the six transmembrane

1http://aramemnon.uni-koeln.de/
2http://blast.ncbi.nlm.nih.gov/
3http://www.phytozome.net/
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domains), which resulted in 340 aligned positions. The analysis
was carried out using a Bayesian approach. We used four paral-
lel chains of a reverse model jump protein Bayesian analysis in
MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001). Each chain was
run for two million generations and sampled every 1,000 gener-
ations. The tree in Figure 1 shows a well-supported [posterior

probability (PP) = 1.0] N-terminal containing clade (the “TAAC
clade”) that includes land plants and some copies from Chloro-
phyta, but no proteins from other taxa. Sister to this clade with
strong support (PP = 1.0) is a clade (also PP = 1.0) containing pro-
teins from Chlorophyta that lack the N-terminal motif, including
proteins from Chlamydomonas, Chlorella, and Volvox.

FIGURE 1 | Protein phylogeny of 340 Muscle aligned positions of

selected members of the MC family. The analysis involved 51 protein
sequences, including 17 from Arabidopsis. The root position shown is
arbitrary. The mid-point root position is marked, as is the clade containing
all TAAC-like sequences (boxed in red). The clade of Green Plants is
marked in green. All plant sequences outside this clade are indicated by
green arrows. Accession numbers follow the gene annotation (where

available) and names of genera within which the proteins are found. The
position of Arabidopsis TAAC is highlighted in red. The scale bar indicates
substitutions per site. Posterior probabilities ≥0.90 of clades summarizing
two million Markov chain Monte Carlo generations (of a reversible model
jump protein Bayesian analysis in MrBayes 3.1.2) are shown above
branches. The results discussed are robust to an alternative alignment
(MAFFT, not shown).
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The best BlastP matches to proteins from the following taxa did
not contain the N-terminal motif, although they each possessed
the conserved six transmembrane domain structure: Amoebo-
zoa, Animalia, Euglenozoa, Fungi, Opisthokonta, Rhodophyta,
and Stramenopiles – the latter includes brown algae and diatoms
(nomenclature based on NCBI’s taxonomy). All other eukaryote
taxa at one hierarchical level below Eukaryota in NCBI’s taxonomy
were searched, but did not contain BlastP matches to AtTAAC with
E-values <10−55. Apart from TAAC, only one other protein from
Arabidopsis is also a member of the TAAC clade and contains this
motif, namely the one encoded by the At3g51870 gene. The amino
acid sequences of these two proteins are 67% identical.

The TAAC clade contains relatively short branches in relation
to the remainder of the phylogeny, making it unlikely that the root
resides within the clade. This is also consistent with mid-point
rooting (marked in Figure 1) as well as the phylogenetic pattern
expected among the plants that carry these proteins. Together, this
indicates that the TAAC clade contains several proteins orthol-
ogous to AtTAAC. This clade also contains duplicated copies
(paralogs) from several plant taxa (more are seen in our expanded
sample in Figure 2, details below), but these are inferred to have
arisen only after green plants diverged from other eukaryotes and
are expected due to the action of recent gene and/or genome dupli-
cation (e.g., in Arabidopsis, Bowers et al., 2003; legumes, Pfeil et al.,
2005; Physcomitrella, Rensing et al., 2007).

The position of the remaining 15 Arabidopsis MC proteins
(Figure 1) indicates that the MC protein family was present
very early in eukaryote evolution. Scattered across the tree

are, for example, homologs from Metazoa (Nematostella), Fungi
(Tuber), Amoebozoa (Dictyostelium), Stramenopiles (Aureococ-
cus), Euglenozoa (Leishmania), and Rhodophyta (Chondrus).
However, none of these homologs are part of the TAAC clade,
which contains only proteins from Chlorophyta and Streptophyta.
No matches within the BlastP cut-off used were found to other
photosynthetic organisms, such as Bacillariophyta (diatoms),
Cyanophyta (cyanobacteria), Glaucocystophyceae, Phaeophyceae
(brown algae), or Rhodophyta (red algae).

Therefore, we conclude that TAAC-like sequences arose only a
single time, after the clade including both Chlorophyta and Strep-
tophyta (the latter including land plants) diverged from the other
taxa in our sample, but earlier than the divergence of Chlorophyta
and Streptophyta. The phylogenetic results are robust to an alter-
native alignment based on MAFFT (Katoh et al., 2002), although
this is not shown here.

HOW DID THE TAAC COPIES IN ARABIDOPSIS AND OTHER
EUDICOTS EVOLVE?
We increased the sample of TAAC-like proteins in a more focused
phylogenetic inference in order to place the two Arabidopsis mem-
bers of the TAAC subfamily into context. For this purpose, we
sampled all copies from the species listed in Table 1 that contain
the N- and C-terminal motifs similar to TAAC and that were also
part of the TAAC clade. We focused on eudicots, because prelimi-
nary analyses indicated that the two Arabidopsis TAAC subfamily
members were placed in a clade containing proteins from eudicot
species only.

FIGURE 2 | Protein phylogeny of 379 Muscle aligned positions of

selected members of the MC family, focusing on theTAAC clade

(marked). The analysis involved 35 protein sequences, including two from
Arabidopsis. The root position is based on Figure 1. Accession numbers
follow the names of genera within which the proteins are found. The taxon

to which each subclade belongs is indicated. The position of Arabidopsis
TAAC is highlighted in red. The scale bar indicates substitutions per site.
Posterior probabilities ≥0.90 of clades, analyzed as in Figure 1, are shown
above branches. The results discussed are robust to an alternative alignment
(MAFFT, not shown).
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Table 1 | Copy number ofTAAC-like proteins found in various eudicot

plants.

Taxon Group (NCBI

taxonomy)

TAAC-like

copies

Arabidopsis thaliana (L.) Heynh Malvids 2

Thellungiella halophila O. E. Schulz Malvids 2

Eucalyptus grandis W. Hill Malvids 1

Carica papaya L. Malvids 1

Citrus sinensis Osbeck Malvids 1

Populus trichocarpa Torr and A. Gray Fabids 2

Medicago truncatula Gaertn Fabids 2

Glycine max (L.) Merr Fabids 5

Vitis vinifera L. Rosids incertae sedis 1

Mimulus guttatus DC Asterids 1

Aquilegia caerulea E. James Stem eudicots 2

We expanded our search for land plant sequences containing
the N-terminal motif by using BlastP with AtTAAC as the query
to specific genomes in Phytozome, as well as to Thellungiella
(Brassicaceae), because in earlier BlastP searches a Thellungiella
sequence closely related to TAAC was detected. We excluded pos-
sible allelic variants that differed by only a single amino acid
from our enumeration. The alignment of this set of sequences
was performed as before. From this alignment (Figure S1 in Sup-
plementary Material), we used amino acids 107–482 in TAAC
(corresponding to 375 aligned positions and including the N-
terminal and C-terminal motifs) in our second phylogenetic analy-
sis and also added the sister group of the TAAC clade (from
Figure 1) as an outgroup. The phylogenetic analysis was per-
formed as described for the data shown in Figure 1, with sample
information summarized in Table 2 and the results presented in
Figure 2.

The copy number of TAAC-like proteins in the eudicots exam-
ined here appears to be rather conservative, ranging from one
to five copies (Table 1). Arabidopsis, Medicago, and Populus each
have only two copies, but these are perhaps the best-known eudi-
cot genomes. Therefore, the copy number for the other species
may be underestimated. The lack of support for some key nodes
in the phylogeny (Figure 2) makes it difficult to pinpoint the tim-
ing of divergence of the two copies found in Arabidopsis. They
almost certainly diverged sometime before this genus diverged
from Thellungiella (perhaps 40–50 million years ago: Amtmann,
2009; Beilstein et al., 2010), but it is difficult to say how much
earlier this divergence might have been.

Unlike the Arabidopsis copies, one of the copies found in Aqui-
legia differs from its closest relative by a long branch (Figure 2).
In contrast, the rather recently diverged (in comparison to Ara-
bidopsis) multiple copies found in Selaginella and Physcomitrella
do not show this pattern. The long branch observed in Aquile-
gia may indicate functional shifts and positive selection may be
involved, as has been shown in, e.g., monkey pancreatic ribonu-
cleases (Zhang et al., 2002). These possibilities could be examined
further and may lead to novel research questions. However, in the
case of one Glycine sequence, poor assembly is a more likely expla-
nation for the long branch observed in that taxon (NB: alignment

positions 308–389 in Figure S1 in Supplementary Material), so
caution needs to be taken in specific cases.

HOW DOES THE N-TERMINAL MOTIF VARY WITHIN THE
TAAC SUBFAMILY?
The N-terminal motif may be helpful to identify potential mem-
bers of the TAAC subfamily. Furthermore, this clade shows com-
plete conservation of the ring of four positively charged residues
(Figure S1 in Supplementary Material) proposed to act as a selec-
tivity filter for adenine nucleotides (Thuswaldner et al., 2007),
confirming that these aligned proteins are all AACs.

Potentially important is that significant variation in the N-
terminal sequences (beyond just the 19 residue motif described
earlier) occurs among the proteins sampled here. For example,
several proteins contain many charged residues, including paired
charged ones, and a five-glycine repeat (Figure S1 in Supplemen-
tary Material). These may be implicated in ligand (e.g., calcium)
binding and large conformational changes that could regulate their
activity, as in the case of Ca2+-dependent members of the MC
family (Weber et al., 1997). However, some of these proteins do
not contain either of these features. For example, the Selaginella
sequences have only 13 residues upstream of the more conserved
N-terminal motif, few charged residues, and lack the five-glycine
repeat. One Micromonas protein appears to lack the N-terminal
motif altogether (Figure S1 in Supplementary Material). Variation
in the N-terminal motif among the land plant TAAC-like proteins
is smaller (Table 2), but so is the phylogenetic distance. It is tempt-
ing to speculate as to what the precise function of the N-terminal
residues might be, moreover, interesting research questions can
be formulated around these sequences. However, the sequences
(especially those apparently lacking the N-terminal motif) should
of course be verified before pursuing these lines of investiga-
tion, as technical problems (e.g., with the assembly), deposition
of incomplete sequences, etc., need to be ruled out first.

WHAT ARE THE POSSIBLE FUNCTIONS OF TAAC IN LAND
PLANTS AND GREEN ALGAE?
The phylogenetic analyses performed in this work indicate that
TAAC is absent in cyanobacteria and that the most recent com-
mon ancestor of green plants (Streptophyta + Chlorophyta) was
the earliest photosynthetic organism that we can identify to have
carried a TAAC-like protein. Although TAAC is a thylakoid pro-
tein and the thylakoid membrane originated with the thylakoid
membrane of an ancestral cyanobacterium, TAAC appears to
be eukaryote-specific, as are all mitochondrial AACs (Palmieri
et al., 2011). Nevertheless, in contrast to mitochondrial AACs,
which are found in both photosynthetic and heterotrophic eukary-
otes (Palmieri et al., 2011), only some photosynthetic eukaryotes,
more specifically, Chlorophyta and Streptophyta, carry TAAC-like
copies. Other photosynthetic eukaryotes (red algae, brown algae,
and diatoms) and, interestingly, even some Chlorophyta (Chlamy-
domonas and Volvox) do not appear to have such a protein, i.e.,
not one with a similar N-terminus nor placed in the TAAC clade,
whereas other Chlorophyta do (e.g., Chlorella; Table 2).

A potential answer to the question “why do not all photosyn-
thetic organisms carry TAAC-like proteins?” could be that TAAC
may fulfill specialized functions in the thylakoid membrane of
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Table 2 |The presence (green) or absence (red) ofTAAC-like proteins within the surveyed genomes is shown.

Clade Species Accessions used

(Figure 2 only)

Annotation1 N-terminal2 % AA

identity toTAAC

Accession

source

Eudicots Aquilegia caerulea AcoGoldSmith_v1.006656m MC3 protein 68 Phytozome

AcoGoldSmith_v1.006033m MC protein 58 Phytozome

Arabidopsis thaliana At5g01500 Thylakoid ATP/ADP

carrier (TAAC)

100 Phytozome

At3g51870 MC protein 68 Phytozome

Carica papaya evm.TU.supercontig_11.156 MC protein 58 Phytozome

Citrus sinensis orange1.1g039878m MC protein Not available Phytozome

Eucalyptus grandis Eucgr.A00503 MC protein 53 Phytozome

Glycine max Glyma03g10900 MC protein Not available Phytozome

Glyma03g08120 MC protein 58 Phytozome

Glyma01g28890 MC protein Not available Phytozome

Glyma07g18140 MC protein 53 Phytozome

Glyma18g42950 MC protein 58 Phytozome

Medicago truncatula Medtr3g166530 MC protein Not available Phytozome

Medtr3g025560 MC protein 58 Phytozome

Mimulus guttatus mgv1a008249m MC protein 47 Phytozome

Populus trichocarpa Pt0006s10070 MC protein 68 Aramemnon

Pt0016s12280 MC protein 63 Aramemnon

Thellungiella halophila BAJ33944 MC protein 68 NCBI

BAJ34636 MC protein 68 NCBI

Vitis vinifera XP_002274764 MC protein 47 NCBI

Monocots Oryza sativa LOC_Os01g16040 MC protein 26 Phytozome

Brachypodium distachyon Bradi2g09790 MC protein 37 Phytozome

Zea mays GRMZM2G178460 MC protein 53 Phytozome

Pinophyta Picea sitchensis ABR16962 MC protein (NCBI) 42 NCBI

Lycopodiophyta Selaginella moellendorffii XP_002977864 Putative MC protein (NCBI) 42 NCBI

XP_002979461 Putative MC protein (NCBI) 42 NCBI

Bryophyta Physcomitrella patens XP_001762055 Putative MC protein (NCBI) 37 NCBI

XP_001767235 Putative MC protein (NCBI) 42 NCBI

Chlorophyta Micromonas sp. RCC299 XP_002506340 Putative MC protein (NCBI) 15 NCBI

Micromonas pusilla XP_003063489 Amyloplast brittle-1 (BT1)

protein homolog (NCBI)

Not available NCBI

Ostreococcus lucimarinus XP_001421607 ADP/ATP transporter on

adenylate translocase;

provisional (NCBI)

26 NCBI

Chlorella variabilis EFN55833 As above 26 NCBI

EFN55770 ADP/ATP transporter on

adenylate translocase;

provisional (NCBI)

Not available NCBI

Volvox carteri XP_002945883 ADP/ATP transporter on

adenylate translocase;

provisional (NCBI)

Not present NCBI

Chlamydomonas reinhardtii XP_001696228 ADP/ATP transporter on

adenylate translocase;

provisional (NCBI)

Not present NCBI

Alveolata No hits <10−55

Amoebozoa Dictyostelium purpureum XP_003287896 Putative MC protein (NCBI) Not present NCBI

Apusozoa No hits <10−55

Centroheliozoa No hits <10−55

Cryptophyta No hits <10−55

(Continued)
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Table 2 | Continued

Clade Species Accessions used

(Figure 2 only)

Annotation1 N-terminal2 % AA

identity toTAAC

Accession

source

Euglenozoa Leishmania mexicana CBZ25891 Putative MC protein (NCBI) Not present NCBI

Fornicata No hits <10−55

Glaucocystophyceae No hits <10−55

Haptophyceae No hits <10−55

Jakobida No hits <10−55

Katablepharidophyta No hits <10−55

Malawimonadidae No hits <10−55

Opisthokonta Capsaspora owczarzaki EFW43855 MC protein (NCBI) Not present NCBI

Nematostella vectensis XP_001626526 Putative MC protein (NCBI) Not present NCBI

Trichoplax adhaerens XP_002114403 Putative MC protein (NCBI) Not present NCBI

Tuber melanosporum XP_002837709 Putative MC protein (NCBI) Not present NCBI

Xenopus tropicalis NP_001072712 MC protein (NCBI) Not present NCBI

Metarhizium acridum EFY93016 Putative MC protein (NCBI) Not present NCBI

Oxymonadida No hits <10−55

Parabasalia No hits <10−55

Rhizaria No hits <10−55

Rhodophyta Chondrus crispus ABV25602 Putative MC protein (NCBI) Not present NCBI

Gracilaria gracilis AAD17310 Putative MC protein (NCBI) Not available NCBI

Stramenopiles Phytophthora infestans XP_002906079 Putative MC protein (NCBI) Not present NCBI

Bacillariophyta (diatoms) No hits <10−55

Phaeophyceae (brown algae) No hits <10−55

Bacteria (including

cyanobacteria)

No hits <10−55

The taxon, species of origin, accession numbers, annotation, and sequence identity of the N-terminus relative to the Arabidopsis TAAC are indicated. The information

about Arabidopsis TAAC is highlighted in bold. The source of these data is given in the last column: Phytozome, ARAMEMNON, or NCBI. Not available, incomplete

gene model (no start codon); not present, the sequence appears to be complete, but lacks anything resembling the 19 amino acid N-terminal motif common to most

sequences in theTAAC clade. Green = taxa with genes in theTAAC clade. Red = taxa without genes in theTAAC clade. E-value for BlastP (http://blast.ncbi.nlm.nih.gov)

against Arabidopsis thaliana TAAC. For clades where TAAC type sequences are not found, the best hit (September 2011) is recorded instead, down to a threshold

of 10−55. We assume that matches with E-value <10−55 will not be closely related to the TAAC clade, given that many matches better than this are also not part of

this clade. “Putative” annotations include “hypothetical” annotations and annotations based on conceptual translations. 1Annotations come from Phytozome unless

stated otherwise in the table. 2N-terminal refers to the 19 residue N-terminal motif discussed in the text. 3MC, mitochondrial carrier.

land plants and most green algae. These membranes are orga-
nized in highly stacked (appressed) regions interconnected by
stroma-exposed (non-appressed) regions (Figure 3). Other pho-
tosynthetic organisms (cyanobacteria, red algae, brown algae, and
diatoms) display unstacked or weakly stacked thylakoids (for
details and references, see the legend to Figure 3). To explain
the apparent difference within green algae, it is relevant to con-
sider that Chlamydomonas has appressed thylakoids, but they do
not form regular grana stacks (de Vitry and Vallon, 1999). To our
knowledge, the thylakoid structure has not, thus far, been studied
in green algae other than Chlamydomonas, but they are expected
to have a similar organization to the land plant thylakoids. The
thylakoid organization depends on the type and arrangement of
light-harvesting antennae and on the distribution of photosyn-
thetic complexes (Figure 3). It was held for a long time that the
different macrocomplexes comprising the photosynthetic appara-
tus were organized linearly along thylakoid membranes. This view
is no longer valid since it has been established that these complexes
are laterally distributed, i.e., localized exclusively in the appressed
membranes (photosystem II), exclusively in the stroma-exposed

thylakoids (photosystem I, ATP synthase) or in both types of
membranes (cytochrome b6/f complex; Anderson, 2002). This
heterogenous composition of thylakoids is restricted to the green
algae and land plants (Figure 3).

The differences in thylakoid membrane organization among
cyanobacteria, green algae, and land plants may have implica-
tions for biogenesis and turnover of photosynthetic complexes,
such as photosystem II (PSII). The biosynthesis of complexes in
cyanobacteria occurs at contact sites with the plasma membrane,
whereas PSII repair takes place within thylakoid membranes (Zak
et al., 2001). In green algae, the site of PSII assembly during de
novo D1 synthesis is around a so-called pyrenoid, a specialized
sub-compartment within the chloroplast for CO2 fixation that
is different from the site of PSII repair – the stroma-regions of
the thylakoid membrane (Uniacke and Zerges, 2007). In land
plants, the location of thylakoid membrane complex biosynthe-
sis is uncertain. A widely accepted model is that PSII subunits
assemble in the non-appressed region of the thylakoid membrane
(Baena-González and Aro, 2002). The mechanism of PSII repair
in plants has been studied in detail and shown to have important
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FIGURE 3 | Evolution of thylakoid membrane organization and

composition. Cyanobacterial thylakoid membranes (shown in blue) are
located directly in the cytoplasm, are arranged in multiple (three to eight)
layers, and make contacts with the plasma membrane. They have attached
phycobilisomes for harvesting light, which protrude toward the cytoplasm,
thus preventing membrane stacking (Liberton and Pakrasi, 2008).
Chloroplasts have evolved via primary symbiosis from a cyanobacterial
relative. Thus, similar arrangement of the thylakoid membranes is observed in
red algae (shown in red), which also have attached phycobilisomes (Tsekos
et al., 1996). Thylakoid membranes in diatoms and brown algae (shown in
brown) are arranged in groups of three loosely appresed vesicles and contain
fucoxanthin–chlorophyll-protein complexes for harvesting light (Bertrand,
2010). Note the four-layer envelopes surrounding the chloroplast as compared
to the types found in other algae and plants, as a result of secondary
symbiosis. Thylakoid membranes in green algae and higher plants (shown in
green) are located inside the chloroplast, are organized in grana stacks (5–20

vesicles) interconnected by stroma-exposed lamellae, and contain
chlorophyll–protein complexes for harvesting light (Mustardy and Garab,
2003). Various 3D models of the organization of these thylakoid membranes
have been proposed and debated (Daum and Kühlbrandt, 2011). According to
the most accepted model, based on electron tomography (Daum et al., 2010;
Austin and Staehelin, 2011), grana should be seen as stacks of straight, exactly
parallel pairs of thylakoid membranes, each pairs of grana disks merging with
stroma lamellae by staggered membranes protrusions. Importantly, but not
shown in this figure, the plane of the stromal thylakoids is tilted by 10–25˚
relatively to the plane of the grana stack so that the stromal thylakoids display
a helix around the granum (Mustardy et al., 2008). The photosynthetic
apparatus is composed of four multisubunit complexes, namely the
water-oxidizing photosystem II (PSII), cytochrome b6/f (cytbf), photosystem I
(PSI), and the H+-translocating ATP synthase (CF0F1; Nelson and Ben-Shem,
2004). These complexes are laterally distributed in green algae and plants,
whereas in other algae and diatoms, they display a more uniform distribution.

differences from that in cyanobacteria, such as the shuttling of
PSII subcomplexes between the grana and stroma membranes,
which is accompanied by changes in the oligomeric structure of
the complex (Mulo et al., 2011).

The question arising is whether TAAC plays a role in the
biogenesis and turnover of plant photosynthetic complexes. Its
tissue expression pattern has been studied in detail, and supports

this possibility, as described below. AtTAAC was found highly
expressed in young photosynthetic organs, such as develop-
ing leaves, flower buds, and green siliques. Furthermore, it was
found expressed in etiolated seedlings, similar to the thylakoid
HCF136 protein, which was proven to be required for biogene-
sis of thylakoids and PSII assembly (Meurer et al., 1998; Plücken
et al., 2002). TAAC expression is strongly upregulated in leaves
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undergoing senescence or exposed to wounding, light stress, oxida-
tive stress, salt stress, and desiccation, pointing to an additional role
in supplying ATP for energy-dependent processes (e.g.,proteolysis,
folding) during turnover of photosynthetic complexes.

Thus far, no dedicated studies have been undertaken on the
role of TAAC activity during thylakoid biogenesis. Nevertheless,
its role during PSII repair has been studied in more detail by taking
advantage of taac mutants. Remarkably, the mutants grew slower
and were more sensitive to high light stress due to an inability
to degrade the reaction center D1 protein (Yin et al., 2010). A
model for its function during PSII repair cycle in plants under
high light stress is presented in Figure 4. Briefly, ATP translo-
cated by TAAC into the lumen is converted to GTP, which is then
bound to the PsbO lumenal extrinsic subunit of the PSII dimeric
complex (Spetea et al., 2004; Lundin et al., 2007a). The GTPase
activity of this protein regulates the monomerization and partial
disassembly of PSII, pre-requisite steps for the proteolytic degra-
dation of the D1 protein (Lundin et al., 2007b). Replacement of
the damaged D1 with a new copy requires coordination between
its degradation, synthesis, insertion, and assembly of the new copy
in the PSII complex. We propose that the novel mechanism of
ATP transport and GTP signaling across thylakoid membranes,
discussed above, may be a plant-specific feature for the following
reasons: the D1 degradation is GTP dependent in plants but not
in cyanobacterial thylakoids (Spetea et al., 1999); GTP binding to
PsbO may be a plant-specific feature, since putative GTP bind-
ing sequence domains are not found conserved in cyanobacteria
or the green alga Chlamydomonas PsbOs (Lundin et al., 2007a);
TAAC belongs to the MC family, which is eukaryotic specific
(Palmieri et al., 2011). Thus, we speculate that TAAC is associated

with the need for highly controlled regulation of PSII repair in a
highly stacked thylakoid membrane system requiring shuttling of
complexes between the appressed and non-appressed regions.

CONCLUSION
Study of the adenine nucleotide carrier TAAC in chloroplast thy-
lakoids is interesting because it has revealed similarities but also
differences from classical mitochondrial AACs. Most MC (includ-
ing AACs) are present in both phototrophic and heterotrophic
eukaryotes, suggesting functions required for basic eukaryotic
processes that take place inside the mitochondria and other
organelles. On the other hand, TAAC-like proteins have been
found only in green plants, indicating at the earliest an appear-
ance after the endosymbiosis of a phototrophic prokaryote with
the most recent common ancestor of land plants and green algae.
Essentially, TAAC is an AAC with additional N (and C) motifs,
apart from the chloroplast targeting sequence. The pathway by
which TAAC arrived in the chloroplast and the precise function of
the N-motif in TAAC activity remain to be investigated. Neverthe-
less, based on the phylogenetic study presented here, we propose
that TAAC may fulfill functions that may be required in the con-
text of the more complex organization of thylakoid membranes
in green algae and land plants, such as biogenesis and repair of
photosynthetic complexes. Some of the lumenal enzymes partic-
ipating in the biogenesis/turnover processes may require ATP or
other nucleotides resulting from inter-conversion, and therefore
ATP must be translocated. This would not be unexpected, taking
into consideration the increasing evidence for a complex role of
the thylakoid lumen in photosynthetic regulation and plant cell
signaling, expanding its function beyond an energetic perspective

FIGURE 4 | Proposed model for role of the thylakoid ATP/ADP

carrier (TAAC) during photosystem II (PSII) repair cycle in plants.

The plant thylakoid membrane is organized in grana stacks (appressed
region) and stroma-exposed (non-appressed region) lamellae. The
composition of the thylakoid membrane is heterogenous, although its
lumenal space is continuous. TAAC is located in the stroma lamellae
and exchanges stromal ATP for lumenal ADP. ATP is inter-converted to
GTP by the lumenal nucleoside diphosphate kinase (NDPK). The active
PSII dimer is located in the grana regions and contains lumenal extrinsic

PsbO proteins. During illumination with excess light, the reaction center
D1 protein may be oxidatively damaged and needs to be replaced. The
PsbO subunit of the damaged monomer binds and hydrolyzes GTP,
leading to its dissociation and partial disassembly of the monomeric
complex on the way to the stroma-exposed regions. Here the D1
protein is degraded and replaced with a new copy synthesized by the
chloroplast ribosomes and co-translationally inserted in the membrane.
Monomers assemble into the dimers and migrate to the grana
regions.
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(for a recent review, see Spetea, 2011). Thus, learning about TAAC
evolution can be very important to understand its functional
importance in green plants.
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Mitochondria play a key role in respiration and energy production and are involved in mul-
tiple eukaryotic but also in several plant specific metabolic pathways. Solute carriers in
the inner mitochondrial membrane connect the internal metabolism with that of the sur-
rounding cell. Because of their common basic structure, these transport proteins affiliate
to the mitochondrial carrier family (MCF). Generally, MCF proteins consist of six mem-
brane spanning helices, exhibit typical conserved domains and appear as homodimers in
the native membrane. Although structurally related, MCF proteins catalyze the specific
transport of various substrates, such as nucleotides, amino acids, dicarboxylates, cofac-
tors, phosphate or H+. Recent investigations identified MCF proteins also in several other
cellular compartments and therefore their localization and physiological function is not only
restricted to mitochondria. MCF proteins are a characteristic feature of eukaryotes and bac-
terial genomes lack corresponding sequences. Therefore, the evolutionary origin of MCF
proteins is most likely associated with the establishment of mitochondria. It is not clear
whether the host cell, the symbiont, or the chimerical organism invented the ancient MCF
sequence. Here, we try to explain the establishment of different MCF proteins and focus
on the characteristics of members from plants, in particular from Arabidopsis thaliana.

Keywords: mitochondrial carrier family, MCF, solute carriers, evolution, function, mitochondria, plant,

Arabidopsis thaliana

ENDOSYMBIOSIS AND THE ESTABLISHMENT OF PLASTIDS
AND MITOCHONDRIA
Already in 1883, the botanist A. Schimper observed that the
division process of chloroplasts resembles that of bacteria and
he stated briefly that plants represent a consortium of two dif-
ferent organisms (Schimper, 1883; Ward, 1883). Mereschkowsky
(1905) focused on plastid evolution in his publication “On the
nature and origin of the chromatophores in the plant kingdom”
and again proposed that chloroplasts are “semi-autonomous,”
endosymbiotic entities of plant cells. About 20 years later Wallin
(1923, 1927) postulated that also mitochondria represent a kind
of foreign/bacterial cell that thrives in the eukaryotic host. Many
striking observations supported a relatedness of bacteria and
mitochondria, and in particular of cyanobacteria and chloro-
plasts however, the pioneering idea of an endosymbiotic ori-
gin of these organelles was disregarded for a long time. The
endosymbiotic theory was reinvented 1967 by Lynn Margulis
(Sagan, 1967) and gained broader scientific attention in the
1970s and 1980s. Detailed electron microscopical data, microbi-
ological investigations, and most importantly the identification
of the mitochondrial and the plastidial genome unequivocally
clarified that these organelles originated from formerly free-
living bacteria that were taken up by another cell (Gray, 1992;
Delwiche, 1999). Deciphering organellar and nuclear genomes
demonstrated that mitochondria and plastids each evolved by
a single endosymbiotic event. Mitochondria were derived from
an alpha-proteobacterium whereas chloroplasts originated from

a photosynthetic cyanobacterium (Lang et al., 1997; Delwiche,
1999; Martin et al., 2002; Raven and Allen, 2003; Gray et al.,
2004; Rodriguez-Ezpeleta et al., 2005; de Duve, 2007). In con-
trast to the origin of mitochondria, plastid evolution is rather
complicated due to additional endosymbioses (secondary, tertiary
endosymbioses), due to secondary loss of the plastid, or due to
replacement of existing plastids by new ones (Delwiche, 1999;
Keeling, 2010).

Although mitochondria and chloroplasts arose by indepen-
dent evolutionary processes, both share important similarities
concerning reduction, modification, and integration of the sym-
biont into the context of the host cell and have relict bacterial
features in common. Establishment of these organelles was accom-
panied by massive gene transfer from the symbiont to the host
nucleus (Martin and Herrmann, 1998; Kurland and Andersson,
2000). Accordingly, the symbiont became metabolically highly
impaired due to the loss of genes (and their corresponding func-
tions) and had to be genetically and physiologically integrated
within the host cell. Moreover, plastids and mitochondria are
surrounded by two membranes. This feature is traced back to
their endosymbiotic ancestry from Gram-negative bacteria. The
inner organelle membrane represents the former bacterial plasma
membrane and the outer organelle membrane descended from
the outer bacterial membrane (Cavalier-Smith, 2000; Gross and
Bhattacharya, 2009a). Similar to the situation in Gram-negative
bacteria, the outer membrane of mitochondria and plastids har-
bors mainly β-barrel proteins and allows a rather unselective
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passage of several, small molecules. The inner organellar or bac-
terial membrane constitutes the permeability barrier and harbors
carriers mediating a highly specific and selective solute transfer
(Cavalier-Smith, 2000; Gross and Bhattacharya, 2009a). Accord-
ingly, bacterial transport systems were already present in the
ancient organelle. Because of the genetic reduction the symbiont
lost its independence and relied on additional protein and metabo-
lite provision from the host (Martin and Herrmann, 1998; Kurland
and Andersson, 2000). Specific transport systems for solute and
protein import into the symbiont were required to compensate
for its genetic deficits and to functionally embed the organelle
into the host. Pre-existing transport systems in the two surround-
ing membranes had to be adapted or new systems had to be
established prior to or at least synchronously with the trans-
fer of symbiotic genes to the nucleus (Gross and Bhattacharya,
2009a,b; Alcock et al., 2010; Bohnsack and Schleiff, 2010). More-
over, targeting of nuclear encoded proteins to the mitochondrion
or plastid and their passage through the two membranes had to be
established, guaranteed, and controlled. Protein import systems
of mitochondria and plastids consist of specialized translocase
complexes in the inner and in the outer membrane (Gross and
Bhattacharya, 2009a,b; Alcock et al., 2010; Bohnsack and Schleiff,
2010; Lithgow and Schneider, 2010). An N-terminal extension
generally characterizes nuclear encoded proteins with plastidial
destination and also several mitochondrial proteins are initially
synthesized with mitochondrial presequences that serve as matrix-
targeting signals (Lithgow, 2000; Bruce, 2001; Patron and Waller,
2007).

MITOCHONDRIA AND MITOCHONDRIA-RELATED
ORGANELLES
Mitochondria are the main sites of cellular respiration and ATP
supply and thus represent an important and characteristic com-
ponent of eukaryotes. To date no lineage has been shown to
have lost or replaced this organelle and also additional endosym-
bioses apparently did not occur during mitochondrial evolution.
However, mitochondria are not homogenous at all; they exhibit
substantial genetic, functional, and morphological differences.
Interestingly, certain anaerobic or microaerophilic protists pos-
sess“anaerobic mitochondria”or mitochondria-related organelles,
called hydrogenosomes or mitosomes (Embley and Martin, 2006;
Hackstein et al., 2006). Similar to the aerobic “powerhouses,” also
“anaerobic” mitochondria and hydrogenosomes are involved in
energy production. In the respiratory chain of mitochondria oxy-
gen acts as electron acceptor and water is produced, whereas in
hydrogenosomes electrons are transferred to protons resulting in
hydrogen generation (Embley and Martin, 2006; Hackstein et al.,
2006).“Anaerobic”mitochondria use other electron acceptors than
oxygen or protons, like nitrate or fumarate (Embley and Mar-
tin, 2006; Hackstein et al., 2006). Mitosomes represent extremely
reduced mitochondrial relatives not capable for ATP generation.
Accordingly, these mitochondrial remnants rely on ATP import
to fuel interior processes (at least iron–sulfur cluster biosynthesis)
with energy (Chan et al., 2005; Tsaousis et al., 2008; Williams et al.,
2008).

There is ample evidence that mitochondria, hydrogenosomes,
and mitosomes evolved from one common facultative anaerobic

ancestor (van der Giezen et al., 2002; Voncken et al., 2002; Emb-
ley et al., 2003; Embley and Martin, 2006; Hackstein et al., 2006;
Williams et al., 2008). However, the nature of the host is uncer-
tain and still debated (de Duve, 2007; Gross and Bhattacharya,
2009a). The hydrogen hypothesis describes metabolic interac-
tion and tight association as a possible reason for the fusion
of a facultative aerobic alpha-proteobacterium with an anaero-
bic methane-producing Archaean (Martin and Müller, 1998). In
presence of O2 alpha-proteobacteria respire organic compounds
and produce carbon dioxide and water, whereas under anaero-
bic conditions they perform fermentation and hydrogen instead
of water is delivered. Archaeal bacteria can use the H2 and CO2

as sole energy and carbon sources. It is imaginable that ancient
methanogenic archaea – due to tight interaction with alpha-
proteobacteria – became independent on abiotic H2 and thus were
able to colonize new niches. Gain of H2 and CO2 was probably
enhanced by enlargement of the contact area between the two
species and led to complete surrounding and engulfment of the
proteobacterium (Martin and Müller, 1998). During evolution the
archaebacterium converted from autotrophy (using H2 and CO2)
to heterotrophy (using organic molecules from the environment),
gained typical eukaryotic features and the alpha-proteobacterium
was reduced to an organelle. Absence of O2 supported the estab-
lishment of “early” hydrogenosomes and its presence caused the
generation of mitochondria. The conversion of typical aerobic
mitochondria into anaerobic organelles and massive reduction
to mitochondrial remnants apparently happened several times
and might explain why “anaerobic mitochondria,” hydrogeno-
somes, and mitosomes occur in phylogenetically diverse lineages
(Tjaden et al., 2004; Embley and Martin, 2006; Hackstein et al.,
2006).

The hydrogen hypothesis tightly connects the establishment of
the first eukaryote with the establishment of the first mitochon-
drion. A second hypothesis bases on a more separated, successive
evolution of eukaryotes and mitochondria (Cavalier-Smith, 1983).
This hypothesis suggests that primitive early branching eukaryotes
(“Archaezoa”) evolved in a pre-mitochondrial era. These “Archae-
zoa” harbored an internal membrane system and were able to
perform phagocytosis and thus possessed important prerequisites
for the capture of the symbiont.

STRUCTURAL FEATURES OF MCF CARRIERS
The mitochondrial carrier family (MCF) is a large family of pro-
teins with about 30 members in yeast and more than 50 in humans
and plants (Palmieri et al., 2000b; Picault et al., 2004; Wohlrab,
2006). MCF proteins are highly heterogenous in terms of sub-
strate specificity and transport mode but all possess a molecular
mass of about 30–35 kDa, and exhibit an identical basic structure
with six transmembrane domains. MCF proteins are composed
of three repetitive modules that take a tilted position in the
membrane (Kuan and Saier, 1993; Pebay-Peyroula et al., 2003;
Nury et al., 2006). The three repeated homologous regions are of
about 100 amino acids in length and each repeat comprises two
membrane spanning domains (Saraste and Walker, 1982). Fur-
thermore, the odd-numbered transmembrane domains are kinked
and characterized by a conserved MCF motif at the kink (Jezek
and Jezek, 2003; Nury et al., 2006). Three loops connect the six
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transmembrane spanning regions at the matrix side and each loop
contains a short amphipathic helical domain with a second con-
served MCF motif (Figure 1; Nury et al., 2006). The N- and the
C-terminal parts as well as the hydrophilic loops between trans-
membrane helix 2 and 3 and helix 4 and 5 are exposed to the
intermembrane space.

Although MCF proteins are described to exhibit a dimeric
structure in their native membrane, more recent analyses sug-
gest that the monomer might be one functional entity (Kunji and
Crichton, 2010). The crystal structure of the monomeric ADP/ATP
carrier (AAC) in complex with the inhibitor carboxyatractyloside
represents the overexpanded form of the cytosolic-state (c-state;
Pebay-Peyroula et al., 2003; Klingenberg, 2008). It resembles a
cup or a basket with the closed bottom directed to the matrix
and a wide opening facing the intermembrane space and pos-
sesses a channel-like interior structure. Two salt-bridge networks
are suggested to act as gates of the carrier (Nury et al., 2006).
In the c-state, one network closes the carrier at the matrix side
and the open entry faces the cytosol whereas in the matrix-
state (m-state), the other network closes the cytosolic part of
the carrier and the internal cavity becomes accessible from the
matrix. The mitochondria-specific anionic phospholipid cardi-
olipin resides between two monomers and was shown to play an
import role in the biogenesis and stability of MCF proteins (Jiang
et al., 2000; Klingenberg, 2009). Furthermore, transport studies
demonstrated that cardiolipin addition enhances the activity of
the recombinant mitochondrial AAC and also of other MCF pro-
teins (Jiang et al., 2000; Heimpel et al., 2001). It can be assumed that
dimer formation occurred early in MCF evolution because differ-
ent present-day MCF proteins appear as dimers in their native
membranes.

EVOLUTION OF MCF PROTEINS
The common basic structure of all present-day MCF proteins sug-
gests that all carriers arose from one single ancestral sequence that
was duplicated and differentiated in several rounds. So far, the
evolutionary origin of the first MCF protein is not clarified. The
threefold repetitive structure of MCF carriers (Kuan and Saier,
1993) most likely reflects also the structure of the first MCF
protein. During its evolution, pre-existing gene fragments were
probably fused to a basic module encoding a protein with two
transmembrane helices (Figure 1). Two subsequent gene dupli-
cations of this basic module and fusion of the three identical
copies probably gave rise to the ancestor of all MCF proteins (pre-
MCF protein, Figure 1). It is imaginable that the postulated single
basic module itself also arose from gene duplication of a fragment
encoding a single transmembrane domain (Palmieri et al., 2011).
The ancestral MCF protein might have originated prior to, dur-
ing or after establishment of the mitochondrial organelle. It might
have been introduced by the proteobacterial symbiont or by the
host (archaebacteria or “Archaezoa”) or was newly invented in the
consortium. The fact that MCF proteins or sequences that sub-
stantially resemble the postulated basic module have never been
identified in bacterial species argues against a bacterial origin.
Whereas, the presence of MCF proteins in almost all eukaryotes
(very few exceptions exist) tightly connects the MCF ancestry with
the eukaryotic cell.

Taken the “Archaezoa” hypothesis as a possible evolutionary
basis, the first MCF sequence might have been established in the
early amitochondriate eukaryote to fulfill a function in a differ-
ent organelle. In fact, MCF proteins are not only restricted to
mitochondria but also present in many other cellular compart-
ments (Bedhomme et al., 2005; Bouvier et al., 2006; Thuswaldner

FIGURE 1 | Schematic diagram of the possible scenario explaining the

establishment of the first MCF protein. Conserved MCF motives in the
secondary structure of the protein are indicated (motif). The odd-numbered
transmembrane regions contain one conserved MCF motif (PxD/ExxK/RxK/R)
and the proline residue induces the kinked form (Nury et al., 2006). A second
MCF motif (D/EGxxxxaK/RG) is located in the helical region of the connecting
loop (Nury et al., 2006). (A) In the genome of the host or engulfed bacterium

a basic MCF sequence originated by fusion of different smaller gene
fragments. The new sequence encodes the postulated basic module of the
MCF consisting of two transmembrane helices and of a connecting loop with
a helical region. (B) Twofold duplication of the basic sequence and insertion in
the genome resulted in the coding sequence of the pre-MCF protein.
(C) Gene modification resulted in the establishment of further/different MCF
carriers that still exhibit the conserved structure and the MCF motives.

www.frontiersin.org January 2012 | Volume 3 | Article 2 | 205

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Traffic_and_Transport/archive


Haferkamp and Schmitz-Esser Evolution of plant MCF proteins

et al., 2007; Kirchberger et al., 2008; Leroch et al., 2008; Linka
et al., 2008; Palmieri et al., 2009; Bernhardt et al., 2011; Rieder and
Neuhaus, 2011). However, the majority of MCF proteins reside in
the inner mitochondrial membrane. Accordingly, their main meta-
bolic role and thus probably also their origin is rather connected
with mitochondria. Moreover, organisms that harbor relicts of
mitochondria contain only few or no MCF proteins (Chan et al.,
2005; Tsaousis et al., 2008; Williams et al., 2008). The impor-
tant relevance of MCF proteins with respect to mitochondria is
further supported by the fact that these proteins represent the
only solute carriers in the inner mitochondrial membrane whereas
membranes from other organelles harbor a mixture of different
transport proteins which belong to different families and appar-
ently originated due to different events. For example, carriers of
the inner envelope of the chloroplast were derived from proteins
of other organelles, some have clearly cyanobacterial ancestors
(endosymbiotic gene transfer), others were acquired by horizon-
tal gene transfer (from other bacteria, such as chlamydial species;
Tyra et al., 2007).

It is tempting to speculate that the basic module of MCF pro-
teins was newly created from the scratch by fusion of smaller
DNA segments (Figure 1) shortly before or during endosymbiosis
and that establishment of the first MCF protein drove or at least
supported mitochondrial genesis. Gene duplications and modifi-
cations were apparently required to obtain diverse MCF proteins
with different characteristics. Carriers of the MCF mediating the
exchange of adenine nucleotides are a characteristic feature of all
present-day mitochondria, of mitochondria-derived hydrogeno-
somes and were also detected in mitosomes (Chan et al., 2005;
Tsaousis et al., 2008; Williams et al., 2008; Klingenberg, 2009).
Because of this wide distribution and because of the important
role of mitochondria in energy production it can be hypothesized
that the first MCF protein was also involved in energy passage
(ADP/ATP exchange). However, due to the fact that present-day
MCF proteins exhibit a broad range of different substrate spectra
(Figure 2) one might also assume that the first MCF protein was
not a highly specific carrier but rather an “all-rounder” mediating
the translocation of various solutes. A supposed relatively broad
substrate spectrum of the first MCF protein might have provided
an advantageous basis for fast establishment of a subset of differ-
ent, more specific carriers. Some present-day MCF carriers exhibit
relatively broad substrate specificities; although certain substrates
are often preferred and others are transported with lower affinity or
velocity. This suggests that the carriers binding pocket is not always
highly selective and restrictive and that several substrates loosely fit
in (Nury et al., 2006; Klingenberg, 2008). Interestingly, recent stud-
ies of metazoan MCF carriers showed that the ratio of hydrophobic
amino acids at specific helix–helix interfaces increased during their
evolution which indicates a trend toward a higher selectivity and
to smaller substrates (Gong et al., 2010).

Most eukaryotic organisms possess a large set of MCF pro-
teins and phylogenetic analyses of the corresponding amino
acid sequences demonstrate that the various MCF carriers from
plants (Arabidopsis thaliana), animals (Homo sapiens), and fungi
(Saccharomyces cerevisiae) build independent clades (Figure 3;
Figures A1–A5 in Appendix; Palmieri et al., 2011). The branch-
ing pattern of these main clades generally does not reflect the

affiliation to the different organismic groups but is rather caused
by differences in functional properties (Palmieri et al., 2011).
For example the cluster containing basic amino acid and carni-
tine/acylcarnitine carriers is clearly separated from the clusters
comprising phosphate carriers (PiC), iron transporters, adenine
nucleotide carriers, etc. (Figure 3). Almost every functional clus-
ter comprises carriers from animals, yeast, and plants. This fact
suggests that functionally different carriers probably evolved by
multiple events of gene duplication, sequence alterations, and
protein specification before the separation of the three eukary-
otic kingdoms. A basic set of MCF carriers with different trans-
port properties, substrate specificities, and localization might have
already existed in ancient protists and these carriers were the evo-
lutionary basis for the functional groups that are still required and
retained in present-day eukaryotes (Figure 3). Multi-gene families
are often arranged in physical clusters in the respective genomes.
A collective grouping of the respective members is indicative for
their establishment by recent gene duplications (Sappl et al., 2004).
However, sequences encoding different eukaryotic MCF carriers
are generally widely distributed across the different chromosomes
and most are separated by a high number of other genes. This pat-
tern also argues against recent duplication events as basis of many
MCF proteins.

Some functional groups are not present in all eukaryotic lin-
eages (Palmieri et al., 2011). Succinate/fumarate carriers are appar-
ently absent in animals or yeasts lack uncoupling proteins (UCPs;
Figure A1 in Appendix). The presence of a functional group in
two of the three lineages suggests that the remaining lineage lost
the respective carrier function because it was compensated by
other transporters and/or no more required. The presence of a
carrier function in solely one lineage however, might be indica-
tive for its new invention after the separation of the eukaryotes.
A mitochondrial GTP/GDP carrier exists only in yeasts and the
subgroup of plastidial adenine nucleotide carriers and Brittle1
proteins is restricted to plants (Figure 3). In the functional clades,
paralogs/isoforms of one species often form a highly related sub-
group (Figures A1–A5 in Appendix). The relation in between
these paralogs is more pronounced than that to the corresponding
orthologs from other species. The three AACs from Arabidop-
sis for example, form a small sub-cluster distinct from that of
the yeast isoforms and from the human orthologs (Figure A2 in
Appendix). This phylogenetic positioning suggests that the addi-
tional isoforms evolved by gene duplications independently in the
different eukaryotic lineages (Palmieri et al., 2011).

In certain functional clades, plants exhibit a higher number
of proven or predicted MCF paralogs. This might indicate that
gene duplication and/or gene retention occurred more often in
plants. Immotile plants might exhibit additional mcf genes that are
differentially regulated (expressed) to react more flexible to chang-
ing environmental conditions, biotic or abiotic stresses. However,
also mobile algae possess a higher number of MCF paralogs than
human or yeast, at least in some functional clades (Palmieri et al.,
2011). It is tempting to assume that plants require additional MCF
proteins because they possess an additional organelle, the plas-
tid. MCF proteins that are directly or indirectly associated with
plastid function might have originated by gene duplication of
the mitochondrial pendant and rerouting to the plastid, like the
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FIGURE 2 | Schematic overview of a plant cell detail presenting the

occurrence of MCF carriers in membranes of different compartments.

MCF proteins were identified in the inner membrane of mitochondria and
plastids, in the thylakoids, in the endoplasmic reticulum (ER), in peroxisomes,
and in the plasma membrane (separating the cytosol and the apoplast). Three
ADP/ATP carriers (AAC1–3), the ATP/AMP carrier (ADNT1), putative
ATP–Mg/Pi carriers (APC?), and the NAD/adenine nucleotide exchanger
mediate the passage of ATP, ADP, AMP, or of the adenylated cofactor NAD
across the inner mitochondrial membrane. The mitochondrial transport of
carboxylates is mediated by three dicarboxylate carriers (DIC1–3), by a
dicarboxylate/tricarboxylate carrier (DTC), and by a carrier probably specific for
succinate/fumarate exchange. The controlled flux of protons reduces the
mitochondrial membrane potential (ΔΨ) and is catalyzed by two proven and
one predicted uncoupling protein (UCP1–3). The transport of the cofactor
thiamine pyrophosphate in exchange with thiamine monophosphate or
(d)NTPs is probably catalyzed by a postulated mitochondrial thiamine

pyrophosphate carrier (TPC?). Basic amino acids leave and enter the
mitochondrion via the carriers BAC1 and BAC2 (BAC1–2) and the
carnitine/ac(et)ylcarnitine carrier and the S-adenosylmethionine carrier
(SAMC1) provide carbon moieties to the organelle. The three carriers PiC1–3
allow the net import of phosphate that can act as substrate of ATP synthesis
and as counter exchange substrate of other MCF proteins. Plastids also
harbor MCF proteins. An adenine nucleotide exporter (pANT1), a
NAD/adenine nucleotide exchanger (NDT1), a possible folate carrier (FOLT1),
and a Mitoferrin-like protein reside in the inner envelope membrane and
provide important substrates and cofactors to the plastid. In addition to its
localization in mitochondria, the carrier SAMC1 was also identified in the
plastid. ATP provision to the thylakoid and to the ER is probably facilitated by
the respective ATP/ADP exchangers – TAAC and ER-ANT1. Peroxisomes
contain specific adenine nucleotide carriers (PNC1/2) as well as the NAD
transporter PXN. In the plasma membrane, the protein PM-ANT1 might be
involved in the provision of extracellular ATP.

plastidial NAD transporter (NDT1) which is a close homolog to
the mitochondrial NAD transporter (NDT2; Figure A3 in Appen-
dix; Palmieri et al., 2009). Furthermore, plastids might have gained
MCF proteins also due to dual targeting of previously mitochon-
drial localized carriers. Recent studies revealed that several MCF
proteins exhibit dual targeting and thus might fulfill functions in
different organelles, like mitochondria as well as plastids (Agrimi
et al., 2004; Bouvier et al., 2006; Palmieri et al., 2006a; Bahaji et al.,
2011a,b). The existence of certain plastid-specific MCF proteins
suggests that the respective gene duplications and modifications
occurred after separation of the plant lineage. It is important
to mention that plant specific MCF proteins (e.g., the adenine
nucleotide carriers ER-ANT1 and PM-ANT1) do not only com-
prise plastidial carriers (Leroch et al., 2008; Rieder and Neuhaus,
2011).

THE FUNCTIONAL SUBGROUPS OF THE MCF FROM
ARABIDOPSIS
Plant and algal genomes contain a high number of MCF coding
sequences. In the past decades, the function of more and more car-
riers was identified; however, the physiological role of the majority
of plant MCF proteins is still unclear. Not even one-half of the 58
MCF proteins of the frequently analyzed model plant Arabidopsis
thaliana are biochemically characterized in detail. In rare cases,
the physiological impact of carriers was deduced from metabolic
defects of corresponding loss-of-function mutants. Import studies
performed with intact yeast or E. coli cells expressing the respec-
tive carriers, or with the purified, recombinant proteins recon-
stituted into lipid vesicles, allowed the identification of specific
inhibitors and the determination of detailed biochemical prop-
erties, like substrate specificities, transport kinetics, modes, and
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FIGURE 3 | Phylogenetic relationships of MCF proteins. A phylogenetic
tree based on amino acid sequences of the MCF proteins from Homo
sapiens, Saccharomyces cerevisiae, and Arabidopsis thaliana is shown. The
tree was calculated with MEGA5 using the maximum likelihood treeing
method and the JTT model of amino acid substitution. The analysis involved
164 amino acid sequences (Table S1 in Supplementary Material). All positions
containing gaps and missing data were eliminated. There were a total of 147
positions in the final dataset. Nodes that are supported by bootstrap values
(maximum likelihood and maximum parsimony, 1000 replications) higher than

70 are indicated by black dots. Different functional groups (clusters or
sub-clusters) are shaded: basic amino acid carriers, carnitine/acylcarnitine
carriers, and SAM transporters in green, carriers for carboxylates,
dicarboxylates, tricarboxylates, glutamate, and aspartate in yellow,
mitochondrial phosphate carriers in orange, iron transporters in gray,
uncoupling proteins in purple, peroxisomal ADP/ATP carriers, pyrimidine
nucleotide, FAD, and NAD carriers in very pale blue, adenine nucleotide and
thiamine pyrophosphate transporters transporters in blue). The shaded
subsets are displayed in detail in Figures A1–A5 in Appendix.
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electrogenicity (Palmieri et al., 2000a; Picault et al., 2004). Accord-
ing to the transport characteristics, four functional subfamilies
of the MCF from human, yeast, and Arabidopsis were recently
proposed (Palmieri et al., 2011). The first subfamily comprises
nucleotide and nucleotide derivate transporters. MCF proteins
mediating the passage of di- and tricarboxylates or keto acids
constitute the second subfamily. Amino acid carriers and carni-
tine/acylcarnitine carriers are affiliated to a third functional group
and transporters with other substrates like UCPs (H+ passage) or
PiCs represent the fourth subdivision. The MCF subfamilies can
be further sub-divided into functionally related groups (for exam-
ple AACs, ATP–Mg/Pi transporters, and NAD transporters, etc.,
constitute the subfamily of nucleotide and dinucleotide carriers;
Palmieri et al., 2011). Each of these MCF groups is character-
ized by typical triplets in conserved important domains (such as
regions extending into the translocation cavity). Subgroups that
share some substrates often also share some of these characteristic
triplets (Palmieri et al., 2011). The affiliation of a biochemically
yet uncharacterized MCF protein to one functional group seems
to be a proper basis allowing the prediction of its putative trans-
port substrates and thus of a possible physiological function. In
the following, we focus on functional groups and subgroups of our
phylogenetic analysis (Figure 3; Table S1 in Supplementary Mate-
rial) and describe the properties of biochemically characterized
members from Arabidopsis.

MITOCHONDRIAL ADP/ATP TRANSPORTERS AND HIGHLY
RELATED PROTEINS
Arabidopsis possesses three typical AACs (AAC1: At3g08580,
AAC2: At5g13490, and AAC3: At4g28390; Figure 2) involved in
mitochondrial energy export (Haferkamp et al., 2002). These
carriers are structurally and functionally highly related to their
orthologs from animals or yeast, they exhibit identical substrate
specificities and inhibitor sensitivities and their transport char-
acteristics are similarly influenced by the membrane potential
(Haferkamp et al., 2002). However, in contrast to the mitochon-
drial AACs from other organisms, plant AACs are characterized by
an N-terminal extension (approximately 60 amino acid residues in
length) that is not essential for but might support correct targeting
to the mitochondrion. In phylogenetic analyzes of MCF carriers
AACs cluster together (Palmieri et al., 2011). However, the plant
paralogs are separated from fungal and animal AACs (Figure A2
in Appendix). Interestingly, the Arabidopsis genome encodes two
additional AAC-related proteins (At5g17400, At5g56450) that
share significant homology to the AACs (Figure A2 in Appendix).
Recently, the physiological function of these carriers was clarified.

The first AAC-related carrier (At5g17400) lacks the mitochon-
drial targeting sequence of plant AACs. This carrier was shown
to reside in the plant ER (Leroch et al., 2008) and therefore was
called ER-located adenine nucleotide transporter 1 (ER-ANT1;
Figure 2). When heterologously expressed in E. coli, the recom-
binant protein was able to mediate ATP/ADP exchange and thus
ER-ANT1 might fuel ATP dependent processes in the ER lumen,
like protein translocation, folding, or maturation. Interestingly,
yeast and animals do not possess a definite ER-ANT1 ortholog or
AAC-related proteins (with comparably high sequence similarities
to mitochondrial AACs) and apparently use another MCF member

or a completely different carrier-type for energy provision to the
ER. The existence of other/additional ER-located ATP importers
is also supported by the fact that ER-ANT1 Arabidopsis knock out
mutants (although impaired in growth) are still able to survive
and to produce fertile seeds (Leroch et al., 2008).

The second functionally investigated AAC-related carrier (PM-
ANT1: At5g56450) is N-terminally slightly longer (plus 20 amino
acids) than ER-ANT1 but a sequence extension comparable to that
of the plant mitochondrial AACs is missing (Rieder and Neuhaus,
2011). The GFP-fusion-protein was targeted to the plant plasma
membrane, the recombinant carrier (PM-ANT1) showed ATP and
ADP uptake into E. coli and probably also accepts a broad range of
(desoxy) nucleotides as substrates. Until now the transport mode
of PM-ANT1 is not clarified, however, its relatedness to AAC pro-
teins might suggest a function in nucleotide exchange. In animal
systems but also in plant cells extracellular ATP (eATP) represents
an important signal molecule and the localization of PM-ANT1
in the plasma membrane indicates a possible role in eATP supply
and metabolism (Figure 2; Rieder and Neuhaus, 2011). PM-
ANT1 from Arabidopsis is highly expressed in developing pollen
and mutant plants reduced in PM-ANT1 activity are impaired in
flower development, in particular in anther dehiscence. Therefore,
PM-ANT1 was suggested to mediate ATP export specifically from
pollen cells and that enhanced eATP acts as a signal received by the
anther stomium cells. In addition to the PM-ANT1 also other pro-
teins or mechanisms have to be involved in eATP release, because
solely the flowers of the mutant plants show developmental or
metabolic defects whereas other plant organs seem to be unaf-
fected (Rieder and Neuhaus, 2011). In fact, several other transport
processes were identified to be involved in ATP release from ani-
mal but also plant cells. The lack of clear orthologs of ER-ANT1
and PM-ANT1 in yeast or animals (Figure A2 in Appendix) sug-
gests that these proteins were newly invented or retained to fulfill
specific functions in plants.

CARRIERS (POSSIBLY) INVOLVED IN ADENINE NUCLEOTIDE
TRANSPORT
Several MCF carriers from Arabidopsis (At1g78180, At5g64970,
At3g51870 At5g01500, At1g14560, At4g26180, At4g01100,
At3g53940, At3g55640, At2g37890, At5g61810, At5g07320, and
At5g51050) show lower but still important amino acid similar-
ities to the AACs and the AAC-related proteins and thus can
be supposed to mediate adenine nucleotide transport (Figure 3;
Figure A2 in Appendix). Two of these carriers were characterized
and proven to catalyze the exchange of adenine nucleotides or
related compounds.

The first one (At4g01100) is affiliated to a phylogenetic sub-
group containing mitochondrial CoA and phospho-adenosyl-
phosphate (PAP) transporters from human (including the Graves’
disease carrier) and yeast (Fiermonte et al., 2009; Palmieri et al.,
2011; Figure A2 in Appendix). This carrier was named ade-
nine nucleotide transporter (ADNT1: At4g01100) because the
reconstituted recombinant protein transported several adenylated
(desoxy) nucleotides and adenosine 5-sulfophosphate (APS) in
a counter exchange mode, whereas CoA transport was not mea-
surable (Palmieri et al., 2008b). Whether also PAP represents a
further substrate of ADNT1 was not investigated. Localization
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studies revealed that the ADNT1–GFP-fusion-protein is targeted
to mitochondria. Several facts supported the idea that ADNT1
might stimulate mitochondrial energy provision of heterotrophic
tissues by facilitating the import of cytosolic AMP in exchange
with mitochondrial ATP (Figure 2). First, the carrier favors AMP
instead of ADP as counter exchange substrate of ATP. Second, the
adnt1 gene is highly expressed in non-photosynthetic as well as
in fast growing tissues. Third, roots of ADNT1 loss-of-function
mutants are shorter in size than that of wild type plants and are
impaired in mitochondrial respiration (Palmieri et al., 2008b).

The second characterized protein with moderate similarities
to the AAC proteins (At5g01500) does not clearly affiliate to
the AACs or to the CoA and PAP carrier subgroup (Figure 3).
This carrier was shown to mediate ATP/ADP exchange across the
bacterial plasma membrane when heterologously expressed in E.
coli and localization studies revealed a presence in the thylakoid
membrane (Figure 2; Thuswaldner et al., 2007). Investigations of
TAAC loss-of-function mutants led to the assumption that TAAC
mediated ATP provision to the thylakoid lumen plays a role in
photoinhibition and photoprotection of photosystem II and in
the regulation of the electrochemical H+ gradient across the thy-
lakoid membrane (Yin et al., 2010). However, it is important to
mention that TAAC is not only located in thylakoids but also
in the plastid envelope and thus a dual targeting of the carrier
is likely (Thuswaldner et al., 2007). Furthermore, increased tran-
script and protein abundance in growing and heterotrophic tissues
points to an alternative/additional function of TAAC in developing
and “thylakoid free” plastids. Due to certain important structural
similarities to CoA/PAP transporters and ADNT1 it was recently
suggested that TAAC accepts further substrates than solely ATP
and ADP (Palmieri et al., 2011). The high sequence similarity of
one functionally uncharacterized carrier (At3g51870) and TAAC
indicates a similar biochemical function (Figure 3).

In human and yeast, Mg2+–ATP/Pi carriers (APC, Sal1p)
are involved in the replenishment of the mitochondrial purine
nucleotide pool in accordance to organellar demands (Fiermonte
et al., 2004; Traba et al., 2008, 2009). These carriers catalyze an
electroneutral Mg2+–ATP/phosphate exchange and hence, allow
net provision of ATP. Three of the remaining putative adenine
nucleotide carriers (At5g07320, At5g51050, At5g61810) form a
well supported sub-cluster with the human APCs (Figure A2
in Appendix). Accordingly, these proteins are supposed to cat-
alyze net nucleotide provision however, their biochemical and
physiological characteristics have not been analyzed yet.

PLASTIDIAL NET ADENINE NUCLEOTIDE TRANSPORTERS
AND BRITTLE PROTEINS
Two further proteins from Arabidopsis (At4g32400, At3g20240)
exhibit at least moderate similarities to the different groups of
adenine nucleotide carriers. These carriers are absent in yeast and
human and thus probably originated after the establishment of the
plant kingdom (Leroch et al., 2005; Comparot-Moss and Denyer,
2009). One of these carriers (pANT1: At4g32400) was shown to
reside in plastids and to mediate a net transport of adenylated
nucleotides (Kirchberger et al., 2008). In yeast and human the de
novo synthesis of nucleotides takes place in the cytosol whereas
in plants these pathways are located in the plastid (Zrenner et al.,

2006). Accordingly, pANT1 might possibly supply newly synthe-
sized adenine nucleotides to the cytosol (Figure 2). The potential
Arabidopsis APC proteins are supposed to mediate net uptake of
these molecules into mitochondria. Recent investigations demon-
strated that pANT1 exhibits also a mitochondrial localization
(Bahaji et al., 2011b). The N-terminal extension alone possesses
the capacity to guide GFP to the plastid whereas the N-terminally
truncated (mature carrier) is targeted to mitochondria. Until now,
the physiological role of such a net adenine nucleotide transporter
in mitochondria is unclear (Bahaji et al., 2011a). In the context
of a possible evolution of this protein by gene duplication of a
mitochondrial adenine nucleotide carrier sequence and by addi-
tion of a plastidial targeting sequence one might speculate that
the interior targeting information represents a relict of an ancient
mitochondrial localization.

Both carriers (the plastidial adenine nucleotide transporter
pANT1 and At3g20240) form a well supported subgroup with
functionally related carriers from other plants including, ADP glu-
cose carriers (Brittle1, BT1) from cereals (Figure 3; Kirchberger
et al., 2007; Comparot-Moss and Denyer, 2009). In most plants,
ADP glucose, the carbohydrate precursor for starch production, is
synthesized in the plastid. However, culture forms of cereals with
high starch levels possess a cytosolic variant of the ADP glucose
pyrophosphorylase (AGPase; Denyer et al., 1996; Beckles et al.,
2001). Accordingly, in these plants ADP glucose has to be trans-
ported from the cytosol into the plastids. The protein BT1 is highly
abundant in plastids of maize endosperm (Cao et al., 1995). Fur-
thermore, a maize mutant with a defect in the brittle1 locus is
impaired in starch synthesis and possesses enhanced cytosolic ADP
glucose levels in immature kernels (Shannon et al., 1998). BT1
shows important similarities to pANT1. Actually, they exhibit 79%
identity and 89% similarity in the transport domain and identical
substrate contact points (Traba et al., 2011). However, BT1 facili-
tates the exchange of ADP glucose with ADP or AMP (Kirchberger
et al., 2007) whereas pANT1 catalyzes a unidirectional transport of
AMP, ADP, and ATP but not of ADP glucose. Accordingly, modifi-
cation of the substrate spectrum and the change from uniporter to
antiporter apparently requires only minor modifications. In fact,
the transport mode of some MCF carriers can be changed solely by
treatment with reducing agents and hence modifications of thiol
groups are sufficient to convert the transport properties (Dierks
et al., 1990).

ADP glucose transporters are restricted to monocotyledonous
cereals with starch-rich tissues (Comparot-Moss and Denyer,
2009) and form a phylogenetic clade closely related to two clades
containing proven or suggested plastidial adenine nucleotide
transporters (clade pANT1 and clade pANT2; Figure A2 in Appen-
dix). Clade one consists of pANT1 proteins from diverse plant
lineages whereas the pANT2s clade comprises solely members
from cereals and grasses. The monocot-specific genes of pANT2
and the ADP glucose carriers are suggested to have originated
by segmental or whole-genome duplication (Comparot-Moss and
Denyer, 2009). The first pANT was probably established before
the separation of monocotyledonous and dicotyledonous plants
and pant gene duplication in the monocotyledonous line probably
gave rise to the homologs pANT1 and pANT2. In ancestral grasses
an additional gene duplication of a pANT gene (maybe pANT2)
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occurred and provided the basis for the establishment of the ADP
glucose transporter (Comparot-Moss and Denyer, 2009).

POTENTIAL THIAMINE PYROPHOSPHATE CARRIERS IN
ARABIDOPSIS
Thiamine pyrophosphate is a coenzyme involved in diverse meta-
bolic pathways. In insects, human, and yeast MCF proteins specific
for this cofactor (thiamine pyrophosphate carriers, TPC) have
been identified (Marobbio et al., 2002; Lindhurst et al., 2006;
Iacopetta et al.,2010). Generally,nucleotides and deoxynucleotides
represent additional substrates of the TPCs and in fact, the human
TPC was initially described to act as a deoxynucleotide carrier
(Iacobazzi et al., 2001). TPCs from the different eukaryotic lineages
exhibit overlapping substrate spectra, however, they also differ in
certain aspects (like in the preference of different nucleotides).
The proteins from human and Drosophila melanogaster act in a
strict antiport mode (Iacopetta et al., 2010) whereas the yeast pen-
dant is also capable for substrate uniport (Marobbio et al., 2002).
In contrast to the other characterized TPC the insect homolog
does not accept thiamine monophosphate (ThMP) as substrate
(Marobbio et al., 2002). The Arabidopsis genome encodes two
homologous sequences (At3g21390 and At5g48970) similar and
related to the TPCs and thus, one or both of the correspond-
ing proteins might act as a transporter of this cofactor in plant
mitochondria (Figure 2; Palmieri et al., 2011). The TPCs clearly
constitute a phylogenetic group distantly related to the groups of
adenine nucleotide carriers (Figure 3).

PEROXISOMAL MCF PROTEINS, FAD, AND NAD CARRIERS IN
A. THALIANA
Further phylogenetic groups of MCF carriers also rather distantly
related to the mitochondrial adenine nucleotide carriers comprise
nucleotide transporters from peroxisomes, mitochondrial pyrim-
idine nucleotide carriers (PyrNC), NAD/ADP exchangers, and
FAD transporters (Palmieri et al., 2011; Figure 3; Figure A3 in
Appendix). Until now, in Arabidopsis, three MCF proteins with
peroxisomal localization (At3g05290, At5g27520, and At2g39970)
have been identified. The peroxisomal nucleotide carriers PNC1
(At3g05290) and PNC2 (At5g27520) are functionally similar to
their peroxisomal counterpart from yeast (ANT1; Palmieri et al.,
2002; Linka et al., 2008). They catalyze the specific exchange of
ATP with ADP or AMP (Figure 2) and are able to complement a
yeast mutant (Δant ) deficient in peroxisomal ATP uptake (Linka
et al., 2008). Investigations of transgenic Arabidopsis lines demon-
strated that PNC1 and PNC2 play an essential role in energy
provision to plant peroxisomes and that lack of these proteins
significantly impairs fatty acid breakdown and other peroxisomal
reactions (Linka et al., 2008).

Nicotinamide adenine dinucleotide (NAD) and its phosphory-
lated derivative NADP are characteristic factors of redox home-
ostasis. In addition to their basic role in cellular metabolism
these pyridine nucleotides were shown to control intracellular
processes, like Ca2+ signaling or transcriptional regulation. NAD
is synthesized in the cytosol but is required in several compart-
ments and thus has to be delivered to the respective organelles.
Recently, two plant homologs (NDT1: At2g47490 and NDT2:
At1g25380) of the mitochondrial NAD transporters from yeast

(NDT1: YIL006W and NDT2: YEL006W) were identified (Todisco
et al., 2006; Palmieri et al., 2009). Complementation of yeast dou-
ble mutants lacking its mitochondrial NDTs suggested that also
the plant MCF homologs mediate NAD import into mitochon-
dria. Import studies with reconstituted plant NDTs demonstrated
that both proteins perform a fast NAD counter exchange with
various nucleotides – preferentially with ADP or AMP as well as
a slow unidirectional NAD transport. However, GFP-based tar-
geting analyzes revealed a mitochondrial localization only for
plant NDT2, whereas plant NDT1 apparently resides in plastids
(Figure 2; Palmieri et al., 2009). Plastids and mitochondria of
fast growing tissues require high amounts of NAD. Significant net
NAD uptake via the plant NDTs is probably facilitated by interac-
tion with a net adenine nucleotide transporter that provides the
counter exchange adenylates to the respective organelle.

Just recently the function of the third peroxisomal MCF protein
(At2g399970) was identified. Because of certain similarities and
to the peroxisomal adenine nucleotide carriers (PNCs from Ara-
bidopsis and ANT1 from yeast) this protein initially was assumed
to catalyze ATP transport. However, it was not able to restore ATP
import into peroxisomes of the yeast Δant mutant (Linka et al.,
2008; Bernhardt et al., 2011). Biochemical studies demonstrated
that this peroxisomal protein (called PXN) catalyzes NAD uptake
in exchange with mainly AMP but also with NADH, ADP, and with
nicotinate adenine dinucleotide, an intermediate of NAD synthesis
(Figure 2). The absence of a functional peroxisomal NAD carrier
in Arabidopsis mutants led to an impaired NAD-dependent β-
oxidation and to the accumulation of oil bodies in the seedlings
(Bernhardt et al., 2011). Apart from its possible role as a peroxiso-
mal redox shuttle (NAD/NADH exchange) this carrier might also
be (directly or indirectly) involved in net uptake of NAD and in
the establishment of the peroxisomal NAD pool.

Similar to NAD also FAD operates as an important cofactor
in multiple cellular pathways and in different organelles. More-
over, FAD synthesis involves cytosolic reactions, mitochondrial,
and plastidial enzymes and thus precursors and intermediates
must enter and leave the respective compartments. Complemen-
tation studies with a yeast mutant deficient for its mitochondrial
folic acid carrier suggested that the Arabidopsis MCF protein
FOLT1 (At5g66380) acts as a transporter for folic acid and folate
derivates (Tzagoloff et al., 1996; Bedhomme et al., 2005). FOLT1
was targeted to plastids when fused to GFP (Figure 2). At first
glance Arabidopsis does not encode a clearly identifiable second
FOLT isoform. The absence of a visible phenotype in Arabidopsis
mutant plants lacking functional FOLT1 however is indicative for
the existence of an alternative plastidial folate transport system
(Bedhomme et al., 2005). Interestingly, a transporter of the major
facilitator superfamily was shown to mediate FAD transport into
plastids (Klaus et al., 2005).

Generally, the plastidial NAD and FAD carriers form a phylo-
genetic sub-cluster together with their functional mitochondrial
counterparts as well as with mitochondrial PyrNC from yeast
and human (Figure 3; Figure A3 in Appendix). The peroxisomal
NAD and adenine nucleotide transporters from different species
exhibits low (plant and human) or rather insignificant support
(yeast; Figure 3; Figure A3 in Appendix). Nevertheless, the phy-
logenetic relation of functional homologs from one species is
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well supported and argues for their establishment by recent gene
duplications.

TRANSPORTERS FOR DI- AND TRICARBONIC ACIDS
Di- and tricarboxylates are important substrates and intermedi-
ates of the mitochondrial Krebs cycle and they are required in
several other metabolic processes, for example in the de novo syn-
thesis of amino acids and nucleotides, in gluconeogenesis or in the
glyoxylate cycle.

In Arabidopsis, three mitochondrial dicarbonic acid carri-
ers (DIC1: At2g22500, DIC2: At4g24570, and DIC3: At5g09470;
Figure 2) were recently identified (Palmieri et al., 2008a). DIC1
and DIC2 are highly expressed in different tissues, whereas dic3-
RNA is hardly detectable (restricted to flower buds and siliques).
Similar to their counterparts from yeast or animals (Palmieri et al.,
1996; Fiermonte et al., 1998), DIC1–3 are able to transport malate,
oxaloacetate, succinate, maleate, malonate, phosphate, sulfate, and
thiosulfate; however they exhibit slightly different substrate prefer-
ences than their non-plant orthologs (Palmieri et al., 2008a). DIC
mediated transport of dicarboxylates in exchange with phosphate
or sulfate allows the provision of substrates for mitochondrial
reactions/respiration. Whereas malate/oxaloacetate exchange by
the DIC proteins might be an important factor of the mito-
chondrial redox shuttle (metabolic interaction with cytosolic and
mitochondrial NAD-dependent malate dehydrogenases).

The dicarboxylate/tricarboxylate carrier from Arabidopsis
(DTC: At5g19760; Figure 2) exhibits high similarities to the DICs
and was shown to mediate an electroneutral transport of different
single protonated tricarboxylates (citrate, isocitrate, and aconitate)
in exchange with a broad variety of unprotonated dicarboxylates
(2-oxoglutarate, oxaloacetate, malate, maleate, succinate, and mal-
onate; Picault et al., 2002). Due to these exchange capacities DTC
is able to adapt and control the amount of Krebs cycle interme-
diates according to the cellular metabolism. In fact, in every plant
tissue dtc transcripts were detectable, however at different levels
(Picault et al., 2002). Apart from a proposed basic metabolic role
in the Krebs cycle DTC was additionally supposed to be involved
in the mitochondrial provision of organic acids for ammonium
assimilation (in the plastids) because the dtc gene expression was
significantly increased by nitrate application (after a nitrate star-
vation phase; Picault et al., 2002). Interestingly, plants seem to
contain “hybrid” carriers when compared to animals and yeast.
The DTC from Arabidopsis possesses characteristics overlapping
with that of the mammalian oxoglutarate and citrate carriers and
the DIC proteins from Arabidopsis exhibit combined properties
of the DICs and oxaloacetate/sulfate carrier (OAC) from yeast
(Catoni et al., 2003a,b).

One MCF sequence (At5g01340: SFC1) from Arabidopsis forms
a subgroup with the succinate/fumarate carrier from yeast (ACR1)
but also exhibits moderate similarities to the citrate and oxodi-
carboxylate carriers from yeast and human (Fiermonte et al.,
2001; Palmieri et al., 2001a, 2011; Catoni et al., 2003b). The yeast
carrier ACR1 accepts a broad spectrum of di- and tricarboxy-
lates with preference of succinate and fumarate (Palmieri et al.,
1997). The plant carrier SFC1 was suggested to act in a similar
way (Figure 2) and to exhibit overlapping biochemical proper-
ties as ACR1 because it complemented the growth phenotype of

a yeast mutant lacking this mitochondrial protein (Catoni et al.,
2003b). The expression pattern of the sfc1 gene indicates a possi-
ble involvement of the carrier in gluconeogenesis, in particular of
young (germinating) seedlings and pollen, as well as in ethanolic
fermentation (Catoni et al., 2003b).

Phylogenetic analyses of members of the MCF showed that
carriers transporting di- and tricarboxylates form two distinct
clusters (Figure 3; Figure A1 in Appendix; Catoni et al., 2003b).
One cluster comprises the diverse DIC proteins, the DTC from
plant and the human oxoglutarate carrier (OGC). Moreover, plant
DIC isoforms are highly homologous and clearly separated from
the DICs of yeast and animals and therefore, most likely arose
by gene duplication of one common ancestral plant dic sequence
(Figure A1 in Appendix; Catoni et al., 2003b). UCPs from dif-
ferent organisms as well as a group consisting of an OAC from
yeast, two putative homologs from human and a so far biochem-
ically uncharacterized transporter from Arabidopsis (At4g03115)
are more distantly related to the DIC proteins but also affiliated
to the first cluster (Catoni et al., 2003b; Palmieri et al., 2011). The
succinate/fumarate carriers from plant and yeast (SFC1,ACR1) are
clearly separated from the cluster containing the DIC proteins and
are rather related to citrate carriers and different carbonic acid and
amino acid transporters from yeast and human (citrate, oxodicar-
boxylate oxoglutarate, glutamate, aspartate carriers; Catoni et al.,
2003b; Palmieri et al., 2011).

UNCOUPLING PROTEINS IN ARABIDOPSIS
Uncoupling proteins are generally known to mediate the passage
of protons across the inner mitochondrial membrane (Figure 2)
in a nucleotide-sensitive and fatty-acid-dependent manner (Klin-
genberg, 1990; Garlid et al., 1996). UCP activity reduces the
proton gradient and hence ATP production, it stimulates res-
piratory (enzyme) activity and finally leads to heat generation.
Accordingly, UCPs were thought to play an exclusive role in ther-
mogenesis of newborn, cold-acclimated, and hibernating animals
and to be absent in yeast or plants. However, UCP proteins were
identified in diverse plant lineages and UCP1 from Arabidopsis
(also called PUMP1: At3g54110) and related proteins from other
plants were demonstrated to play a role in proton transport at low
temperatures or in thermogenesis (Vercesi et al., 1995; Borecky
et al., 2001; Ito et al., 2003, 2006). The expression of the remaining
two Arabidopsis UCPs (UCP2: At5g58970 and UCP3: At1g14140)
indicates a different physiological function (Watanabe et al., 1999;
Borecky et al., 2006). The activation of plant UCPs by reactive
oxygen species and their expression pattern in non-thermogenic
plants suggests that the primary role of most plant UCPs is not
the organ specific production of heat but rather the regulation of
mitochondrial energy synthesis in response to stress factors (Laloi,
1999; Ito et al., 2003, 2006; Borecky et al., 2006; Vercesi et al., 2006).
Plant UCP1 and UCP2 form a subgroup related to human UCP1–
3 whereas the third UCP from Arabidopsis clusters with human
UCP4 and UCP4-related proteins and thus was supposed to rep-
resent a rather ancient UCP form (Figure A1 in Appendix; Hanak
and Jezek, 2001). As mentioned in the previous chapter UCPs and
DICs exhibit important amino acid sequence similarities and phy-
logenetic relation (Figure 3; Borecky et al., 2006). And in fact, prior
to their biochemical investigation it was controversially discussed
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whether the DIC proteins from plants represent dicarbonic acids
carriers or UCPs (Millar and Heazlewood, 2003; Picault et al., 2004;
Borecky et al., 2006).

BASIC AMINO ACID AND CARNITINE CARRIERS
In plants, basic amino acids serve as an important nitrogen source
and are mobilized from storage proteins during seed germina-
tion. Following protein degradation the basic amino acid arginine
enters plant mitochondria where it is converted by arginase to
urea and ornithine (Goldraij and Polacco, 2000). Ornithine acts
as precursor for the synthesis of glutamine, proline, polyamines
and alkaloids (and also arginine) and accordingly has to leave the
mitochondrion.

In Arabidopsis two carriers for basic amino acids (BAC1:
At2g33820 and BAC2: At1g79900; Figure 2) were identified by
complementation of the yeast mutant arg11 defective in mitochon-
drial ornithine/arginine transport (carrier: ORT1; Catoni et al.,
2003a; Hoyos et al., 2003; Palmieri et al., 2006b). Transport stud-
ies with reconstituted recombinant proteins revealed that BAC1
and BAC2 mediate the exchange of the basic amino acids arginine,
lysine, ornithine, and histidine (Hoyos et al., 2003; Palmieri et al.,
2006b). BAC2 has a broader substrate spectrum than BAC1; it
additionally transports citrulline and is less stereospecific because
it also allows the passage of d-amino acids at high rates. BAC1 is
most likely preferentially involved in the mobilization of storage
proteins, whereas BAC2 was shown to contribute to proline accu-
mulation in response to hyperosmotic stress (Hoyos et al., 2003;
Toka et al., 2010).

In phylogenetic analyzes, the Arabidopsis carriers BAC1, BAC2,
and BOU1 (“A BOUT DE SOUFFLE”; At5g46800) are posi-
tioned in an MCF subgroup consisting of basic amino acid
carriers and carnitine carriers as well as of so far biochem-
ically non-characterized MCF proteins from animals or yeast
(Figure 3; Figure A4 in Appendix). The BOU1 protein exhibits
important structural similarities to BAC1 and to the ornithine
carriers from yeast and human and was suggested to fulfill a
role in the degradation of storage lipids during seedling ger-
mination. In peroxisomes fatty acids are mobilized and oxi-
dized and subsequently delivered to mitochondria to undergo
respiration. BOU1 was hypothesized to catalyze the exchange
of ac(et)ylcarnitine and carnitine at the mitochondrial mem-
brane and by this to supply carbons to the mitochondrion
(Figure 2; Lawand et al., 2002). Because plant peroxisomes export
the majority of carbons in form of citrate and not in form of
ac(et)ylcarnitine and because an acyl-CoA carnitine acetyltrans-
ferase has not yet been identified in plants the primarily sup-
posed function is questionable (Pracharoenwattana et al., 2005).
Accordingly, a detailed investigation of the functional character-
istics of BOU1 is required to further clarify its physiological role.
Just recently, the mammalian carnitine–acylcarnitine carrier-like
protein (SLC25A29) with palmitoylcarnitine transporting activ-
ity (Sekoguchi et al., 2003) was shown to additionally trans-
port basic amino acids, because it was able to rescue impaired
ornithine transport when overexpressed in fibroblasts lacking the
ornithine carrier (ORT1; hyperornithinemia–hyperammonemia–
homocitrullinuria syndrome; Camacho and Rioseco-Camacho,
2009).

It is important to mention that MCF carriers for the transport
of non-basic amino acids are known in animals and fungi but not
in plants. Carriers specific for glutamate were identified in human
(Fiermonte et al., 2002) and for glutamate and aspartate in human
and yeast (Palmieri et al., 2001b; Cavero et al., 2003). These carriers
are phylogenetically related to carboxylate carriers from different
organisms (Figure A1 in Appendix).

S -ADENOSYLMETHIONINE CARRIERS
In nearly all cellular methylation-processes the amino acid deriv-
ative S-adenosylmethionine (SAM) acts as a C1-group donor,
however, in specific reactions it also operates as a provider of
amino, ribosyl, or aminopropyl groups. SAM is exclusively syn-
thesized in the plant cytosol and has to be imported into mito-
chondria as well as into plastids where it is required as substrate
for, e.g., methylation of organellar DNA, RNA, and proteins (Han-
son and Roje, 2001). For re-methylation the resulting product
S-adenosylhomocysteine (SAHC) has to be exported from the
respective organelle into the cytosol. Arabidopsis possesses two
homologs (SAMC1: At4g39460 and SAMC2: At1g34065) to the
SAM transporters from yeast and mammalia (Marobbio et al.,
2003; Agrimi et al., 2004). The SAM transporters form a (sub)-
cluster clearly separated from other amino acid carriers (Figure 3).

The amino acid sequence of both plant proteins possesses an
N-terminal extension. The N-terminal sequence of SAMC1 targets
GFP to the plastid, whereas the full-length SAMC1 resides in both,
chloroplasts and mitochondria (Figure 2; Bouvier et al., 2006;
Palmieri et al., 2006a). SAMC1 was shown to mediate the counter
exchange of SAM and SAHC, to be of higher abundance than
SAMC2 and to be expressed in various plant tissues (Bouvier et al.,
2006; Palmieri et al., 2006a). Furthermore, Arabidopsis plants lack-
ing functional SAMC1 exhibit a dwarf phenotype and are impaired
prenyl-lipid metabolism (Bouvier et al., 2006). In comparison
to SAMC1 the paralog SAMC2 is rather poorly investigated; its
biochemical properties, subcellular localization, and physiological
function are still unclear. However, due to high sequence similar-
ities to SAMC1 and phylogenetic relation to SAM carriers from
other organisms, a function of SAMC2 in SAM transport seems
very likely (Figure A4 in Appendix).

PHOSPHATE TRANSPORTERS AND MITOFERRIN-LIKE
PROTEINS
Apart from ADP also phosphate has to be imported to fuel energy
regeneration in mitochondria with substrates. Accordingly, mito-
chondrial ATP/ADP exchange requires a concerted phosphate
transport. PiCs in the inner mitochondrial membrane physiolog-
ically interact with AAC proteins, they catalyze a Pi/H+ symport
(or Pi/OH− antiport) and by this supply phosphate for ATP syn-
thesis (Pratt et al., 1991; Stappen and Krämer, 1994). Arabidopsis
encodes three proteins (At5g14040: PiC1, At3g48850: PiC2, and
At2g17270: PiC3; Figure 2) related to mitochondrial PiC from
human and yeast. In phylogenetic analyses all PiCs proteins form
a (sub)-cluster separated from functionally different MCF proteins
(Figure 3; Palmieri et al., 2011).

Complementation studies with a yeast mutant deficient in
mitochondrial phosphate import confirmed that PiC1 and PiC2
from Arabidopsis act as PiCs (Hamel et al., 2004). The function
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of the third putative Arabidopsis PiC (more distantly related to
the PiC1 and 2 plant isoforms, Figure A5 in Appendix) remains
to be experimentally proven. AAC1 and PiC1 are supposed to
be the predominant carriers providing the substrates for ATP
synthesis because they are expressed in several tissues and show
highest abundance in the mitochondrial membrane (Millar and
Heazlewood, 2003).

Two so far uncharacterized carriers from Arabidopsis
(At1g07030 and At2g30160) exhibit high similarities and well sup-
ported phylogenetic relation to mitochondrial iron transporters
from animals (Mitoferrin 1 and 2) and yeast (MRS3 and 4; Müh-
lenhoff et al., 2003; Shaw et al., 2006; Froschauer et al., 2009;
Paradkar et al., 2009). Therefore, these carriers might represent
the plant homologs (Figure A5 in Appendix). The functional clus-
ter of iron transporters is separated from functionally different
MCF carriers but contains an additional member that exhibits
lower similarities and a more distant relationship (with low boot-
strap support) to the Mitoferrins (Figure 3). The corresponding
protein is called Mitoferrin-like transporter (AtMfl1: At5g42130),
is a component of the inner plastid envelope and investigations
of mutant plants suggested its involvement in iron metabolism
(Tarantino et al., 2011). Accordingly, AtMfl1 was supposed to
mediate iron uptake into the chloroplast (Figure 2).

Interestingly, just recently the PyrNC from yeast (Marobbio
et al., 2006) that clusters with the NAD and FAD carriers (Figure 3;
Figure A3 in Appendix) was also suggested to be involved in
mitochondrial iron transport (Yoon et al., 2011).

CONCLUSION
Until now the biochemical properties of many MCF members
from plants are not or only poorly investigated. The vast majority
of biochemically characterized plant MCF proteins comprises car-
riers from Arabidopsis, whereas carriers from other plant species

or algae are clearly underrepresented. However, the investigation
of MCF proteins that are restricted to plants and algae allows
elucidating plant specific functions and properties. Phylogenetic
analyses demonstrate that the various MCF carriers from Ara-
bidopsis, human, and yeast build independent clades. Generally,
the branching pattern of these main clades reflects differences
in their biochemical and physiological properties and MCF pro-
teins with similar functions often form distinct clusters. Sev-
eral functional MCF groups can be deduced from phylogenetic
analysis (Table S1 in Supplementary Material). These functional
groups are generally in line with the groups recently proposed
by Palmieri et al. (2011). The affiliation to a phylogenetic clus-
ter or sub-cluster (containing functionally characterized carriers
from other organisms) might help to get an idea about puta-
tive transport substrates of functionally uncharacterized pendants.
Proteins of unknown function that possess functionally charac-
terized paralogs or orthologs apparently are the most promising
candidates for fast elucidation of their biochemical properties.
However, proteins are not always clearly affiliated to a func-
tional MCF cluster or form a cluster with solely biochemically
uncharacterized MCF proteins. The identification of the func-
tional properties of these proteins (of no distinct cluster, or of
an uncharacterized cluster) is a particular challenge and of signifi-
cant importance. It will extend our knowledge about the capacities
of MCF proteins; it will provide new and probably unexpected
insights into the general capacities of MCF proteins and rep-
resents an important basis for the characterization of related
carriers.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at
http://www.frontiersin.org/Plant_Traffic_and_Transport/10.3389/
fpls.2012.00002/abstract
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APPENDIX

FIGURE A1 | Phylogenetic relationships of putative and proven carbonic

acid carriers and uncoupling proteins. Detailed subsets of the phylogenetic
tree shown in Figure 3 are displayed (yellow and purple shaded subsets).

Nodes that are supported by bootstrap values (maximum likelihood and
maximum parsimony, 1000 replications) higher than 70 are indicated by black
dots.
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FIGURE A2 | Phylogenetic relationships of putative and proven adenine

nucleotide transporters. A subset of the phylogenetic tree shown in
Figure 3 is displayed [majority of the blue shaded subset, the mitochondrial

Mg2+–ATP/Pi carrier (Sallp) is included in the subset of Figure A3]. Nodes that
are supported by bootstrap values (maximum likelihood and maximum
parsimony, 1000 replications) higher than 70 are indicated by black dots.
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FIGURE A3 | Phylogenetic relationships of peroxisomal adenine

nucleotide carriers, pyrimidine nucleotide, FAD, and NAD carriers. A
subset of the phylogenetic tree shown in Figure 3 is displayed [pale blue

shaded subset and the mitochondrial Mg2+–ATP/Pi carrier (Sallp)]. Nodes that
are supported by bootstrap values (maximum likelihood and maximum
parsimony, 1000 replications) higher than 70 are indicated by black dots.

FIGURE A4 | Phylogenetic relationships of putative and proven basic

amino acid carriers, carnitine/acylcarnitine carriers, and

S-adenosylmethionine carriers. Detailed subsets of the phylogenetic tree

shown in Figure 3 are displayed (green shaded subsets). Nodes that are
supported by bootstrap values (maximum likelihood and maximum parsimony,
1000 replications) higher than 70 are indicated by black dots.
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FIGURE A5 | Phylogenetic relationships of putative and proven

phosphate and iron carriers. Detailed subsets of the phylogenetic tree
shown in Figure 3 are displayed (orange and gray shaded subsets).

Nodes that are supported by bootstrap values (maximum likelihood and
maximum parsimony, 1000 replications) higher than 70 are indicated by
black dots.
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In land plants, peroxisomes play key roles in various metabolic pathways, including the most
prominent examples, that is lipid mobilization and photorespiration. Given the large number
of substrates that are exchanged across the peroxisomal membrane, a wide spectrum of
metabolite and cofactor transporters is required and needs to be efficiently coordinated.
These peroxisomal transport proteins are a prerequisite for metabolic reactions inside plant
peroxisomes.The entire peroxisomal “permeome” is closely linked to the adaption of pho-
tosynthetic organisms during land plant evolution to fulfill and optimize their new metabolic
demands in cells, tissues, and organs. This review assesses for the first time the distribu-
tion of these peroxisomal transporters within the algal and plant species underlining their
evolutionary relevance. Despite the importance of peroxisomal transporters, the majority
of these proteins, however, are still unknown at the molecular level in plants as well as in
other eukaryotic organisms. Four transport proteins have been recently identified and func-
tionally characterized in Arabidopsis so far: one transporter for the import of fatty acids and
three carrier proteins for the uptake of the cofactors ATP and NAD into plant peroxisomes.
The transport of the three substrates across the peroxisomal membrane is essential for the
degradation of fatty acids and fatty acids-related compounds via β-oxidation.This metabolic
pathway plays multiple functions for growth and development in plants that have been cru-
cial in land plant evolution. In this review, we describe the current state of their physiological
roles in Arabidopsis and discuss novel features in their putative transport mechanisms.

Keywords: plant, peroxisomes, transport proteins, metabolites

INTRODUCTION
Peroxisomes are eukaryotic organelles, which have been iden-
tified in various photosynthetic organisms, from single algal
cells to land plants (Igamberdiev and Lea, 2002). Overall our
knowledge of how peroxisomes are distributed across the plant
kingdom and their versatile roles is limited (Igamberdiev and
Lea, 2002; Gabaldon, 2010). Peroxisomes adapted coincidently
as land plants derived from the freshwater green algal ances-
tor that is closely related to the modern Charophytes. Going
from water to terrestrial habits led to the development of a
complex plant body composed of specialized organs, such as
leaves, roots, flowers, and seeds (Langdale, 2008). Plant peroxi-
somes underwent specialization during land plant evolution and
thus contain highly variable and dynamic enzymatic content
depending on the specific organ function (Igamberdiev and Lea,
2002).

In vascular plants, peroxisomes are assigned to many processes,
including storage oil mobilization via β-oxidation of fatty acids
coupled with glyoxylate cycle, photorespiration, membrane lipids
turnover, and branched amino acid breakdown during leaf senes-
cence, purine catabolism for nitrogen remobilization, biosynthesis
of plant hormones, photomorphogenesis, and pathogen defense
(Kaur et al., 2009; Reumann, 2011). Most of these pathways are
shared between peroxisomes and other organelles. Peroxisomes

are required to scavenge oxidative reactions catalyzed by flavin-
containing oxidoreductases (oxidases) that produce highly toxic
hydrogen peroxide (del Rio et al., 2006; Nyathi and Baker, 2006).
Peroxisomes compartmentalize these lethal steps of metabolism,
because they contain efficient ROS-scavenging systems, like cata-
lases, to prevent poisoning of the cell (del Rio et al., 2006; Nyathi
and Baker, 2006). Thus, peroxisomes have been described as
organelles at the crossroad (Erdmann et al., 1997). Most of our
current knowledge is based on detailed studies of fatty acid oxida-
tion and photorespiration, which are both present in algae as well
in plants.

During land plant evolution a major innovation was the devel-
opment of seeds allowing spermatophytes to proliferate and spread
to drier areas (Linkies et al., 2010). In seed oil storing dicotyledo-
nous plants (dicots), peroxisomes are involved in storage reserve
mobilization to support seedling growth and development until
the seedlings become photoautotrophic (Graham, 2008). Upon
germination, the fatty acids are released from the seed oil tria-
cylglycerols (TAGs) and degraded via β-oxidation to acetyl-CoA,
which is subsequently condensated via glyoxylate cycle to 4-carbon
compounds (Figure 1). The resulting dicarbonic acids are fur-
ther converted in mitochondria to malate, which is then either
exported for sucrose synthesis or used as a substrate for respiration
(Graham, 2008).
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FIGURE 1 |Transport processes across the peroxisome membrane

involved in β-oxidation. The COMATOSE (CTS) transporter facilitates the
import of fatty acids from the cytosol to the peroxisomal matrix. The
peroxisomal long-chain acyl-coenzyme A synthetase (LACS) activates the
free fatty acid (FA) to enter β-oxidation for a stepwise release of acetyl-CoA.
For the energy consuming esterification of FAs with coenzyme A (CoA), ATP
is required and provided by the import via the PCN proteins. The released
AMP is the counter-substrate for the next round of ATP import. The
reduction equivalent NAD is reduced during β-oxidation. The PXN transport
most likely imports NAD to set-up a sufficient NAD pool in the peroxisomes
and the main route for NADH regeneration is enabled via the not yet
molecularly identified oxaloacetate (OAA)–malate (Mal) shuttle system.

Many monocotyledonous plants (monocots), such as cereal
grasses, store starch in the endosperm of their seeds to fuel seedling
establishment. In this case, β-oxidation coupled with the glyoxy-
late cycle plays another critical role (Igamberdiev and Lea, 2002).
Both pathways together metabolize TAGs that are present in con-
siderable amounts in the aleurone layer and in the scutellum,
not only to provide energy or carbon skeletons for the synthe-
sis of starch-hydrolyzing enzymes secreted into the endosperm,
but also to allow the export of dicarbonic acids, which causes an
acidification of the endosperm required for α-amylase activities
(Drozdowicz and Jones, 1995).

Beside the breakdown of fatty acids during seedling develop-
ment, β-oxidation enzymes are also present in other plant organs,
such as seeds, leaves, roots, and flowers (Pracharoenwattana and
Smith, 2008). Fatty acid oxidation and the glyoxylate cycle con-
tribute to multiple processes, including seed development, seed
dormancy, flower fertility, turnover of membrane lipids, and
branched amino acids during senescence, the generation of jas-
monic acid in response to wounding, and auxin biosynthesis to
drive root hair and cotyledon cell expansion during seedling devel-
opment (Baker et al., 2006; Poirier et al., 2006; Strader et al.,
2010).

Many algae that mainly store starch as their storage reserve are
capable of accumulating TAGs, particularly under abiotic stress

conditions, such as nutrient deprivation or high-light exposure
(Thompson, 1996; Hu et al., 2008). The enzymes involved in the
TAG degradation have not been intensively studied at the bio-
chemical and molecular levels in algae (Thompson, 1996). It was
demonstrated that the charophyte Mougeotia metabolizes fatty
acids via the β-oxidation pathway located in the peroxisomes as
it is in embryophytes (Stabenau et al., 1984). It is proposed that
storage oil turnover in algae contributes primarily to the assembly
of membrane lipids to drive rapid cell division after the cessation
of nutrient limitations (Thompson, 1996).

Leaves, which are the major photosynthetic parts of the plant,
developed after the conquest of land by leafless plants (Dolan,
2009). When land plants appeared, atmospheric oxygen had risen
and carbon dioxide (CO2) fallen substantially. In such a high-
oxygen containing environment the CO2-fixing enzyme Ribulose-
1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) favors
the oxygenation of RuBP, producing the toxic compound phos-
phoglycolate (2PG; Bauwe et al., 2010). Plants scavenge 2PG to
the Calvin cycle intermediate 3-phoshoglycerate (3PGA) by a
sequence of reactions called the photorespiratory C2 cycle. Thus a
high photorespiration rate is a necessary precondition for plants
to invade terrestrial habitats (Bauwe et al., 2010).

The metabolic steps are distributed between chloroplasts, per-
oxisomes, and mitochondria (Bauwe et al., 2010). Leaf-type per-
oxisomes contain many key enzymes of the photorespiratory
pathway, most notably glycolate oxidase and hydroxypyruvate
reductase (Reumann and Weber, 2006). A defect in one of these
peroxisomal enzymes causes lethality under low CO2 conditions
(Reumann and Weber, 2006). A complete C2 photorespiratory
cycle is also found in C4 species, although they recently innovated a
sophisticated CO2 concentration mechanism (CCM; Bauwe et al.,
2010). It seems that despite the existence of an active CCM,
photorespiration is still essential for C4 metabolism.

Since the photorespiratory pathway was transferred from
cyanobacteria via endosymbiosis, a complete C2 cycle has been
demonstrated in certain green algae (Bauwe et al., 2010). In algae,
photorespiration proceeds with lower rates. Due to their ability to
concentrate CO2 around Rubisco via carbonic anhydrase, the gly-
colate production is suppressed (Stabenau and Winkler, 2005).
Few algae metabolize glycolate via the mitochondrial glycolate
(d-lactate) dehydrogenase. This reaction is coupled with electron
transport in mitochondria (Paul and Volcani, 1976). In case of
high photorespiration rates, however, most algae excrete glycolate
into the surrounding medium (Stabenau and Winkler, 2005).

Both pathways, the breakdown of fatty acids and the photores-
piratory C2 cycle, necessitate an efficient flux of metabolites and
cofactors between peroxisomes and other cellular compartments.
These transport processes across the single bilayer are important,
because they connect and control the peroxisomal metabolism
with that of the other organelles (Theodoulou et al., 2011). A
“two-channel” concept describes the permeability of the perox-
isome membrane that consists of channel-forming proteins or
“porins” along with specific transport proteins (Antonenkov and
Hiltunen, 2006; Visser et al., 2007).

Peroxisomal channels allow free diffusion of small compounds
with molecular masses less than 300 kDa, as it known for the outer
membrane from mitochondria and plastids (Antonenkov and
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Hiltunen, 2006; Visser et al., 2007). In addition, selective transport
proteins are responsible for the exchange of “bulky” substrates,
such as cofactors (ATP, NAD) or fatty acids and their derivatives
(Antonenkov and Hiltunen, 2006; Visser et al., 2007). Despite the
importance of these porins and transporters, our knowledge is
limited in plants, as well as in other eukaryotic organisms. The
molecular identity of the channel-forming pore and most of the
transporters has not been discovered so far (Theodoulou et al.,
2011).

The present review describes the current state of knowledge
of the peroxisomal transport processes in plants. Considerable
progress has recently been made in the identification of peroxi-
somal transporters in Arabidopsis (Theodoulou et al., 2011). To
date, the proteins of two transporter families are known to reside
in the peroxisomal membrane: The peroxisomal ATP-binding
cassette (ABC) transporter involved in the import of substrates
for β-oxidation and three members of the mitochondrial carrier
(MC) family required for the influx of the cofactors ATP or NAD,
respectively. This review summarizes their biochemical transport
properties and their metabolic role for peroxisomes. In the con-
text of land plant evolution, we analyzed the presence of these
peroxisomal transporters in algae and other plant species.

THE PEROXISOMAL ABC TRANSPORTER
The peroxisomal ABC transporter imports the substrates for β-
oxidation, such as fatty acids or related derivatives, into plant
peroxisomes (Theodoulou et al., 2006, 2011). Several indepen-
dent forward genetic screens identified the peroxisomal ABC
transporter in Arabidopsis, here referred to as COMATOSE (CTS,
At4g39850; Theodoulou et al., 2006, 2011). Pro- and eukaryotic
ABC transporters (TC 3.A.1), in general, are composed of two
transmembrane domains and two ABC. The energy from the
ATP hydrolysis drives the transport of various molecules across
the membrane, often against concentration gradients (Higgins,
1992).

The Arabidopsis CTS encoded by a single gene is functional
as a full-length ABC protein with two dissimilar halves. Interest-
ingly, the non-plant peroxisomal ABC transporter from human
and yeast are half-transporters (Wanders et al., 2007). Among the
Arabidopsis ABC superfamily, that consists of more than 100 mem-
bers, CTS belongs to the subgroup D (Verrier et al., 2008). In
contrast, the second protein of this subgroup (At1g54350) repre-
sents a half-size transporter, but its function and putative plastidic
localization remain to be analyzed (Verrier et al., 2008).

FUNCTION OF THE PEROXISOMAL ABC TRANSPORTER IN PLANTS
Analysis of Arabidopsis cts null mutants demonstrated that CTS
is a transporter with relatively broad spectrum of substrates for
β-oxidation. It mediates the uptake of several biologically impor-
tant molecules into peroxisomes, including fatty acids or fatty
acid-derived signaling molecules, such as precursors of auxin and
jasmonic acid (Baker et al., 2006; Theodoulou et al., 2006). The
loss-of-function led to variable phenotypes, reflecting different
roles of β-oxidation in a number of developmental processes in
Arabidopsis (Baker et al., 2006; Theodoulou et al., 2006).

The cts mutant alleles exhibit a classical sucrose-dependent
phenotype, as mutants defective in β-oxidation. The mutant

seedlings are arrested in growth and development due to a block
in storage oil mobilization (Zolman et al., 2001; Footitt et al., 2002;
Hayashi et al., 2002). High levels of fatty acids in these cts seedlings
suggest that CTS transports TAG-derived fatty acids for perox-
isomal β-oxidation to fuel seedling establishment. This seedling
growth phenotype can be rescued in the presence of an exogenous
carbon source, such as sucrose (Zolman et al., 2001; Footitt et al.,
2002; Hayashi et al., 2002).

Besides mobilization of storage oil during early seedling
growth, CTS provides peroxisomal β-oxidation with fatty acids
that are hydrolyzed from membrane lipids during lipid turnover
(Baker et al., 2006). This process has not only house-keeping func-
tion; it plays a crucial role under conditions, when carbon and
energy status are low (Kunz et al., 2009; Slocombe et al., 2009).
For instance, under extended darkness conditions, β-oxidation
respires fatty acids as an energy source. In case of the cts mutant,
free fatty acids, most likely derived from plastidial lipids, dramati-
cally accumulate, which causes a rapid lethal phenotype compared
to wildtype (Kunz et al., 2009; Slocombe et al., 2009).

The root growth of the cts mutants is resistant against
the protoauxin indole-3-butyric acid (IBA) or the proherbicide
2,4-dichlorophenoxybutyric acid (2,4-DB; Zolman et al., 2001;
Hayashi et al., 2002). Due to the loss of CTS both compounds
cannot be taken up into peroxisomes, where they are converted
into the active auxin indole-3-acetic acid (IAA) and the herbi-
cide 2,4-dichlorophenoxyacetic acid (2,4-D), respectively, which
both severely inhibit primary root elongation and cotyledon cell
expansion (Zolman et al., 2001; Hayashi et al., 2002; Strader et al.,
2010). Since several other pathways contribute to auxin biosyn-
thesis, β-oxidation-dependent conversion of IBA to IAA is not
essential for other auxin-dependent cellular responses. Notably,
in the cts mutant the elongation of stamen filaments is inhibited,
which could be restored by auxin application. This observation
indicates an involvement of peroxisomal β-oxidation to supply
auxin (Footitt et al., 2007).

COMATOSE also plays a role in jasmonic acid (JA) biosyn-
thesis, demonstrated by the fact that the levels of both basal and
wound-inducible JA are reduced in the cts mutants (Theodoulou
et al., 2005). It is assumed that CTS imports 12-oxo-phytodienoic
acid (OPDA), an intermediate of the JA biosynthesis, into the
peroxisomes, where it is further converted by three rounds of β-
oxidation to JA (Theodoulou et al., 2005). Because the cts mutant
still contains residual JA levels, it suggests an alternative route for
the peroxisomal OPDA uptake (Theodoulou et al., 2005). Pos-
sible transport mechanisms could be either the existence of an
unidentified transporter or a passive transport by anion trapping
(Theodoulou et al., 2005).

Unlike other mutants involved in JA biosynthesis, cts plants
are not male-sterile, implying that they have sufficient residual JA
to produce fertile pollen (Theodoulou et al., 2005). However, the
reduced fertility, observed for cts mutants, is caused by an inability
to mobilize reserve lipids in both pollen and female gametophytic
tissues (Footitt et al., 2007). Therefore, during fertilization, CTS
is required to import fatty acids released from stored oil into per-
oxisomes, where they are broken down via β-oxidation to support
energy for pollen germination and tube growth (Footitt et al.,
2007).
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Mutations in the CTS locus results in seeds that fail to ger-
minate, even in the presence of sucrose, which led to the name
COMATOSE (Russell et al., 2000; Footitt et al., 2002; Pinfield-Wells
et al., 2005). Only when the seed coat was nicked could cts seeds
germinate. cts embryos have the potential to germinate, but they
are unable to rupture the seed coat (Kanai et al., 2010). Transcrip-
tome analysis of the cts seeds revealed the molecular mechanism
for this phenomenon. The transcription factor ABSCISIC ACID-
INSENSITIVE 5 (ABI5) is up-regulated in the mutant and as a
consequence, cts seeds contain high transcript levels of polygalac-
turonase inhibiting proteins (Kanai et al., 2010). These proteins
inhibit the degradation of pectin in the seed coat, and thus prevent
seed coat rupture during germination (Kanai et al., 2010).

Since other β-oxidation mutants also showed a seed dormant
phenotype, CTS might import a molecule into the peroxisomes,
which is processed via β-oxidation to generate an as-yet uniden-
tified signal molecule for ABI5 gene repression (Kanai et al.,
2010). Recently, it has been reported that the cts seeds contain
elevated levels of 12-oxo-phytodienoic acid (OPDA; Dave et al.,
2011). Given the fact that CTS imports OPDA into peroxisomes
(Theodoulou et al., 2005), OPDA might be the regulator that trig-
gers, along with ABA, ABI5 protein abundance in cts seeds (Dave
et al., 2011).

TRANSPORT FUNCTION OF THE PEROXISOMAL ABC TRANSPORTER
Based on the phenotypic mutant analysis, CTS imports various
β-oxidation substrates into peroxisomes; but it is still a matter for
debate whether the accepted substrates are free fatty acids or acti-
vated acyl-CoA esters (Theodoulou et al., 2006, 2011). Supportive
evidence for the uptake of free acids via CTS is the presence of
several acyl-activating enzymes (AAEs) in peroxisomes from Ara-
bidopsis (Fulda et al., 2004; Koo et al., 2006; Wiszniewski et al.,
2009). These proteins differ in their substrate specificity and cat-
alyze the esterification of fatty acids or other related molecules,
such as the JA precursor or IBA, with coenzyme A (CoA). Such
an ATP-dependent activation is essential prior to entering β-
oxidation (Fulda et al., 2004; Koo et al., 2006; Wiszniewski et al.,
2009). Accordingly, a mutation in these activating enzymes inhibits
peroxisomal β-oxidation, resulting in arrested seedling growth,
reduced jasmonic acids levels, or IBA resistance (Fulda et al., 2004;
Koo et al., 2006; Wiszniewski et al., 2009). Since the cts mutant
displays the same defects, this implies that CTS and activation
reaction operate in the same – rather than parallel – pathways.
Thus, CTS delivers the unesterified fatty acids to the peroxisomal
matrix, where they are subsequently activated.

Alternatively, it cannot be excluded that CTS imports the acti-
vated CoA esters, as it is known for the yeast homolog. In yeast, the
peroxisomal ABC transporter, which consists of two heterodimers
named PXA1 and PXA2, is involved in the transport of long-
chain acyl-CoA esters (Hettema et al., 1996). Expression of CTS
in the pxa1Δ pxa2Δ double mutant rescued the growth pheno-
type on oleic acid (Nyathi et al., 2010). This complementation
assay indicates that CTS is able to transport acyl-CoA esters across
the peroxisomal membrane, which is required to metabolize oleic
acids as the sole carbon source via β-oxidation. Another implica-
tion for activated fatty acids as potential substrates is that acyl-CoA
esters, but not fatty acids, stimulate the basal ATPase activity of

CTS (Nyathi et al., 2010). In case CTS transports acyl-CoA esters,
the β-oxidation substrates have to be activated in the cytosol. How-
ever, the corresponding cytosolic enzymes have not been identified
so far.

A third model combines the opposite assumptions: CTS
imports CoA esters into peroxisomes, the CoA moiety is cleaved
off either by CTS or by peroxisomal thioesterases inside the peroxi-
some to drive the import, and the peroxisomal acyl-CoA activating
enzymes re-esterify the β-oxidation substrates (Fulda et al., 2004).
At this point the key experiment will be the in vitro transport stud-
ies using reconstituted CTS protein to determine the biochemical
identity of its substrates. In summary, CTS is the entry point for
the substrates of the peroxisomal β-oxidation, which is a crucial
pathway for plant growth and development.

THE PEROXISOMAL MC-TYPE CARRIER
Transport proteins that belong to the large MC family (TC 2.A.29)
reside in the peroxisomal membrane (Picault et al., 2004; Hafer-
kamp, 2007; Palmieri et al., 2011). This family is named after its
prominent member the mitochondrial ATP/ADP carrier (AAC),
which is highly abundant in the inner mitochondrial membrane.
AAC was one of the first transporter identified at molecular levels
and up to now the best biochemically characterized transporter.
Members of this family are present in all eukaryotes. The MC
members have common structural features. They arose by tandem
intragenic triplication. Each replicate contains two a-helical TMDs
and a characteristic signature motif (PFAM PF00153; Picault et al.,
2004; Haferkamp, 2007; Palmieri et al., 2011). Recently, the three
dimensional structure of AAC has been solved, suggesting that
MCs are functional as a monomer (Kunji and Crichton, 2010).
Despite their related structure, MCF members cover a wide range
of transported substrates, exhibit different transport mechanisms,
and are distributed to various subcellular membranes.

The Arabidopsis genome encodes for 58 MCs, while three
members are localized into peroxisomes (Picault et al., 2004;
Haferkamp, 2007; Palmieri et al., 2011). These peroxisomal MC-
type transporters are involved in the import of cofactors, such
as ATP and NAD (Arai et al., 2008; Linka et al., 2008; Bernhardt
et al., 2012). These striking findings for specific ATP and NAD
uptake systems refute early biochemical data that the peroxisomal
membrane is impermeable for these cofactors (Antonenkov et al.,
2004). These transport proteins allow plant peroxisomes to share
a common pool of cofactors with the cytosol.

THE PEROXISOMAL ATP TRANSPORTERS
The peroxisomal adenine nucleotide carrier (PNC) transports ATP
into the matrix of plant peroxisomes to fuel ATP-dependent reac-
tions. Arabidopsis peroxisomes contain two PNC proteins, PNC1
(At3g05290) and PNC2 (At5g27520; Arai et al., 2008; Linka et al.,
2008). A candidate gene approach identified the two related Ara-
bidopsis PNC proteins based on sequence similarity to the soybean
and yeast homolog, which both are prominent membrane proteins
in peroxisomes from Glycine max and Saccharomyces cerevisiae
(Arai et al., 2008; Linka et al., 2008).

Functional complementation studies verified the ATP trans-
port function of the PNC proteins using a yeast mutant lacking the
endogenous peroxisomal ATP carrier Ant1p (Palmieri et al., 2001).
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This yeast mutant is unable to use medium-chain fatty acids as sole
carbon source. Yeast metabolizes medium-chain fatty acids exclu-
sively via peroxisomal β-oxidation. A prerequisite is the import of
medium-chain fatty acids and their activation in the peroxisomal
matrix. Thus, a lack of the Ant1p inhibits fatty acid breakdown
(Palmieri et al., 2001) and expression of PNC1 or PNC2 rescued
the growth phenotype of the yeast mutant, demonstrating that
both are able to supply yeast peroxisomes with ATP (Linka et al.,
2008).

Further, in vitro ATP uptake experiments using recombinant
proteins provide a direct proof that PNCs indeed facilitate ATP
import (Arai et al., 2008; Linka et al., 2008). Expression and
functional integration of PNC2 into the Escherichia coli mem-
brane revealed ATP and ADP uptake activities into intact bacterial
cells, while PNC1 could not be expressed (Arai et al., 2008).
Interestingly, the presence of AMP did not inhibit the uptake of
external ATP (Arai et al., 2008). On the other hand, reconstitu-
tion of the two Arabidopsis carriers expressed in yeast led to high
ATP uptake activities into liposomes, but only when lipid vesi-
cles were preloaded with another adenine nucleotide (Linka et al.,
2008). This clearly shows that PNC1 and PNC2 function as an
antiporter that catalyzes the strict counter-exchange of adenine
nucleotides (Linka et al., 2008). In contrast to the E. coli uptake
studies, the reconstitution systems strongly suggest that PNC pro-
teins accept all adenine nucleotides, including AMP (Linka et al.,
2008).

FUNCTION OF THE PEROXISOMAL ATP TRANSPORTER IN PLANTS
Plant peroxisomes need ATP to drive their energy consuming
reactions. For instance, the activation of β-oxidation substrates
depends on peroxisomal ATP, before they are introduced into this
cycle and in Arabidopsis, PNC1 and PNC2 supply peroxisomes
with cytosolic ATP. The action of β-oxidation is severely impaired
when both PNC genes are repressed via RNA interference (RNAi;
Arai et al., 2008; Linka et al., 2008).

The RNAi lines were compromised in seedling establishment
in the absence of sucrose (Arai et al., 2008; Linka et al., 2008). The
seed oil-derived fatty acids cannot enter the β-oxidation pathway
and dramatically accumulate in the iPNC1/2 lines (Arai et al.,
2008; Linka et al., 2008). The apparent seedling phenotype is
consistent with that of the double knockout mutant for the two
acyl-activating enzymes LACS6 and LACS7 in Arabidopsis (Fulda
et al., 2004).

The PNC-mediated ATP import is also crucial for peroxisomal
enzymes that activate IBA and 2,4-DB (Arai et al., 2008; Linka et al.,
2008). An impaired ATP uptake into peroxisomes results in par-
tial resistance against these compounds, which inhibit root growth
when converted by a full functional β-oxidation (Arai et al., 2008;
Linka et al., 2008). Whether additional ATP-dependent activa-
tion steps for β-oxidation are affected in the PNC1/2i plants, such
as JA precursor, is currently under investigation (Linka, personal
communication).

In sum, the phenotypic analysis of the iPNC1/2 plants shows
that (i) there are no other ATP-generating systems in plant perox-
isomes, such as substrate-level phosphorylation, and that (ii) the
PNC-mediated transport pathway is the only source for intrap-
eroxisomal ATP. Interestingly, the sucrose-dependent phenotype

is only partially rescued by exogenous sucrose, indicating a fur-
ther function of the peroxisomal ATP pool beyond β-oxidation.
Latest peroxisomal proteomic approaches detected kinases and
other ATP-consuming enzymes, e.g., chaperones, in Arabidopsis,
but their functions remains to be determined (Reumann et al.,
2007, 2009). A future aim will be to elucidate whether PNC pro-
teins are required to supply these yet-to-be defined steps with
external ATP.

TRANSPORT FUNCTION OF THE PEROXISOMAL ATP TRANSPORTER
Consistent with the substrate specificities obtained by in vitro
uptake studies and their in planta role for β-oxidation, PNC
proteins most likely facilitate exchange of cytosolic ATP for per-
oxisomal AMP under physiological conditions: PNCs import
ATP into peroxisomes, which is then hydrolyzed to AMP by
the acyl-CoA synthetases. In turn, PNCs export the result-
ing AMP back to the cytosol, where it is recycled to ATP
(Linka et al., 2008). Although PNC catalyze the ATP/AMP
exchange in vivo, the following important physiological ques-
tions regarding the transport mechanism are not yet clari-
fied.

(i) How is the nucleotide pool in plant peroxisomes loaded in the
first place? In yeast, the peroxisomal ATP transporter Ant1p
catalyzes in vitro a unidirectional net import of ATP, in addi-
tion to the antiport. Such a uniport mechanism allows a net
influx of ATP into yeast peroxisomes early in their genesis
(Lasorsa et al., 2004). Both Arabidopsis ATP transporters, how-
ever, facilitate under the experimental conditions only the
exchange of adenine nucleotides (Linka et al., 2008). So it
is tempting to speculate that an unidentified uniporter for
adenine nucleotides resides in the membrane of plant per-
oxisomes. Alternatively, PNCs are able in vivo to mediate
unidirectional transport since they rescued the loss of the yeast
carrier without any obvious remaining phenotype.

(ii) Is the transport of ATP and AMP mediated by PNCs electro-
genic or electroneutral? An exchange of ATP4− versus AMP2−
would result in a net transfer of two negative charges. In case
of the AAC, the electrogenic nature of ADP/ATP transport
is crucial for its physiological role. The membrane potential
of the inner mitochondrial membrane generated by the res-
piration chain favors the export of ATP synthesized in the
mitochondrial matrix and the entry of cytosolic ADP (Traba
et al., 2010). For peroxisomes, there are no reports describ-
ing that an ATPase or electron transport chain energized the
membranes. The uptake of ATP into peroxisomes might be
driven by a concentration gradient. Especially during post-
germinative growth, the LACS proteins directly consume ATP
and produce AMP in the peroxisomal matrix and favor AMP
export to the cytosol (Stitt et al., 1982). Under these condi-
tions, the ATP import catalyzed by PNCs is favored. This is
also supported by the kinetic properties of the PNC proteins.
The apparent inhibition constant (K i) of AMP is three times
higher than for ATP, indicating that AMP inhibits ATP import
only at high concentrations of AMP in the cytosol (Linka et al.,
2008).
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If the PNCs catalyze an electroneutral transport, counter-ions are
required to compensate the charge difference of the ATP/AMP
exchange (Figure 2). PNCs might perform a proton-coupled
transport, like it was demonstrated for the yeast carrier ANT1p
(Lasorsa et al., 2004). Consequently, PNCs transfer protons into
peroxisomes and as a result generate a pH gradient across the per-
oxisomal membrane. To validate this scenario, the pH of plant
peroxisomes has to be determined. For human fibroblasts, Chi-
nese hamster ovary cells, and yeast reports about the peroxisomal
pH are controversial describing a basic, acidic or neutral lumen
for peroxisomes (Dansen et al., 2000; Jankowski et al., 2001;
Lasorsa et al., 2004; van Roermund et al., 2004). Notably, cal-
culated isoelectric points of the peroxisomal proteins found by
proteomic approaches suggest that the peroxisomal lumen is basic
(Reumann et al., 2004). To avoid acidification due to the proton-
compensated ATP/AMP exchange, maintenance of the peroxiso-
mal pH is mandatory to ensure a constant internal environment
for optimal enzyme activities. Despite the extensive studies of the
peroxisomal proteome, there is no evidence for a proton-pumping
ATPase at the peroxisomal membrane in any eukaryotic organ-
isms. Alternatively, the “Donnan equilibrium” might maintain the
alkaline pH in peroxisomes. The positively net charge of proteins
inside peroxisomes drives the free penetration of hydroxyl ions
across the peroxisomal membrane. As a result the pH inside perox-
isomes is kept more basic than outside (Antonenkov and Hiltunen,
2006; Rokka et al., 2009).

Conversely, an export of pyrophosphate (PPi) from the peroxi-
somal matrix could balance the electrogenic ATP/AMP exchange.
Beside the electroneutrality, this co-transport also prevents the
accumulation of PPi inside peroxisomes, which is produced during

FIGURE 2 | Electroneutral transport mechanisms for the peroxisomal

ATP carrier. Based on the literature concerning similar transport
mechanisms, two modes of transport actions for ATP can be hypothesized.
(A) Electroneutral ATP/AMP counter-exchange is accomplished by
co-transport of protons. The import of 2H+ must be compensated by the
Donnan equilibrium. (B) Electroneutral ATP/AMP counter-exchange is
maintained by a three substrate-model. AMP and PPi are exchanged for
ATP and no proton net import is needed. Both models are under
investigation (N. Linka, personal communication).

the intraperoxisomal ATP-dependent activation of β-oxidation
substrates (Fulda et al., 2004). The plastidial ATP transporter, for
example, mediates such a phosphate-coupled transport. It imports
ATP from the cytosol into plastids in exchange with stromal ADP
and inorganic phosphate (Pi) and hence maintains the cellular
phosphate homeostasis (Trentmann et al., 2008). For the PNCs, Pi

as a third efflux substrate can be excluded, because none of the Ara-
bidopsis encoded pyrophosphatases are targeted to peroxisomes,
which could decompose PPi into two Pi molecules. Thus the export
of PPi from the peroxisomal matrix is essential. The reconstitu-
tion of peroxisomal membranes from mammals revealed phos-
phate/pyrophosphate transport activities (Visser et al., 2005). The
existence of a phosphate carrier would reject the hypothesis that
PNCs catalyze an ATP/AMP + PPi antiport. However, the corre-
sponding gene for this postulated transport process has not yet
been assigned (Visser et al., 2005).

Concisely stated, additional transport studies are required
to understand in more detail how the PNC proteins trans-
port ATP across the peroxisomal membrane, e.g., influence of
protonophores on ATP/AMP exchange or stimulation of internal
PPi on ATP uptake against AMP.

THE PEROXISOMAL NAD CARRIER IN ARABIDOPSIS
The transport of NAD into plant peroxisomes is mediated via
the peroxisomal NAD carrier PXN (At2g39970; Bernhardt et al.,
2012). The existence of a transport protein that imports cytoso-
lic NAD into peroxisomes has been controversially discussed for
decades (Rottensteiner and Theodoulou, 2006). The biosynthe-
sis of NAD in the cytosol necessitates the import of NAD into
peroxisomes for numerous reduction/oxidation (redox) reactions
(Noctor et al., 2006; Hashida et al., 2009).

Proteomic studies detected an abundant membrane protein
with an apparent mass of 38 kDa in the purified peroxisomal
membrane fraction of etiolated pumpkin cotyledons by Edman
degradation (Fukao et al., 2001). The peptide sequence obtained
showed a high sequence similarity to the PXN. Since its discov-
ery 10 years ago, it has been assumed that PXN represents the
peroxisomal ATP transport due to its close relationship to the
mitochondrial AAC (Fukao et al., 2001). This hypothesis was
recently disproved, considering that PXN was unable to comple-
ment the growth phenotype of the ant1Δ yeast mutant that is
impaired in the peroxisomal ATP uptake (Linka et al., 2008). Fur-
ther phylogenetic analysis exhibited that At2g39970 clusters with
recently identified NAD carrier from plastids and mitochondria
(Palmieri et al., 2009), proposing a NAD transport function for
PXN (Bernhardt et al., 2012).

The in vitro synthesized PXN protein demonstrated the uptake
of NAD into liposomes, which were preloaded with NAD (Bern-
hardt et al., 2012). No significant NAD uptake activities were
detectable in the absence of a counter-exchange substrate. This
compelling result points out that PXN transports NAD in an
antiport mechanism, like the plastidial and mitochondrial NAD
transporters (Bernhardt et al., 2012). Further analysis identi-
fied NADH, AMP, and ADP as suitable efflux substrates for the
NAD import (Bernhardt et al., 2012). The highest NAD uptake
rates against AMP indicated that PXN preferentially mediates the
NAD/AMP antiport, like the other previously characterized NAD
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carriers from Arabidopsis and yeast (Todisco et al., 2006; Palmieri
et al., 2009). However, PXN is unique in terms of its capability
to transport in vitro NAD in its reduced form (Bernhardt et al.,
2012).

Based on the in vitro transport data, PXN imports NAD against
AMP. But how does PXN achieve a net influx of NAD to fuel NAD-
dependent reactions? To balance the loss of peroxisomal AMP, two
scenarios can be proposed for a net NAD influx (Bernhardt et al.,
2012). An unknown peroxisomal carrier might be involved in the
unidirectional re-import of cytosolic AMP into peroxisomes. The
presence of an adenylate uniporter could refill the peroxisomal
adenine nucleotide pool (Figure 3A). In Arabidopsis a peroxiso-
mal Nudix hydrolase with a typical peroxisomal targeting signal
might provide the efflux substrates for PXN (Reumann et al.,
2004). This enzyme favors in vitro the hydrolysis of NADH to
AMP and NMNH (Ge et al., 2007; Ge and Xia, 2008). The net
import of one NAD molecule occurs, when PXN imports two
NAD molecules against one AMP molecule and one NMNH mol-
ecule. Both efflux substrates derived form the hydrolysis of one
NADH molecule (Figure 3B). In the cytosol they can be fed in the
salvage pathway to regenerate NAD (Noctor et al., 2006; Hashida
et al., 2009).

FUNCTION OF THE PEROXISOMAL NAD CARRIER IN PLANTS
Redox reactions play fundamental roles in plant peroxisomes
(Cousins et al., 2008; Pracharoenwattana and Smith, 2008). For
instances, the multifunctional protein strictly requires NAD as
a cofactor for the oxidative degradation of fatty acids (Gra-
ham, 2008; Quettier and Eastmond, 2009). The peroxisomal NAD
carrier might be involved in the uptake of NAD to fuel β-oxidation.

A link between the function of PXN and fatty acid breakdown is
indicated by the publicly available microarray database Arabidopsis
eFP Browser (Winter et al., 2007). PXN is ubiquitously expressed
in all tissues, but dry mature seeds store high amounts of PXN
mRNA, indicating a possibly involvement in early developmental
stages upon germination (Nakabayashi et al., 2005). The steady
state transcript level of PXN is also up-regulated in senescent
leaves and thus might be required for the process of senescence
(van der Graaff et al., 2006).

Consistent with the gene expression on the transcript level
are the results of the immunoblot analysis using the related
pumpkin protein of PXN (PMP38). Like the enzymes of the β-
oxidation, PMP38 is highly abundant in young etiolated pumpkin
seedlings (Fukao et al., 2001). Once the transition to photoau-
totrophic metabolism occurred, the protein amount was markedly
decreased. In addition, an accumulation of PMP38 protein was
observed during in vivo senescence when green pumpkin cotyle-
dons were kept in extended darkness (Fukao et al., 2001). For
both processes, NAD-dependent β-oxidation plays a pivotal role
in mobilization of storage or membrane lipids (Baker et al., 2006;
Graham, 2008).

Surprisingly, Arabidopsis loss-of-function mutants did not dis-
play an apparent sucrose-dependent phenotype, indicating that
the storage oil mobilization was not completely blocked during
seedling establishment (Bernhardt et al., 2012). A detailed analy-
sis, revealed that the fatty acid breakdown was delayed, because
fatty acids accumulated and oil bodies were still present in the pxn
seedlings (Bernhardt et al., 2012). Nevertheless, the pxn mutants
were able to metabolize a sufficient portion of the seed storage oil
that enabled normal seedling growth. Taken together, PXN deliv-
ers the peroxisomal β-oxidation with NAD to ensure its optimal
operation during storage oil mobilization (Bernhardt et al., 2012).

The intermediate seedling phenotype suggests, for instances,
the existence of a second NAD import system in the perox-
isomal membrane that builds up the peroxisomal NAD pool
together with PXN. Alternatively, plant peroxisomes already con-
tain a “catalytic” amount of NAD for their metabolism, when
they derive from the ER (Hoepfner et al., 2005). Since peroxi-
somes are highly dynamic organelles and they multiply via fis-
sion according to their metabolic demand (Kaur and Hu, 2009),
each division would dilute the intraperoxisomal NAD content.
Hence, PXN might replenish a certain NAD level in peroxisomes
instead of setting it up. Thirdly, NAD is taken up together with
its NAD-dependent enzymes from the cytosol via the peroxisomal
protein importomer. This large pore allows the passage of fully
folded and assembled proteins across the membrane (Meinecke
et al., 2010). In yeast, it has been shown that the FAD-dependent
acyl-CoA oxidase binds its cofactor in the cytosol, where it is

FIGURE 3 |Transport modes for a net NAD influx via the peroxisomal

NAD carrier. The proposed net import of NAD by the transport protein PXN is
strictly accompanied by an export of AMP. (A) NAD import is hypothesized to
be supported by an AMP uniporter to provide a peroxisomal AMP
counter-substrate pool in the first place. (B) Alternatively, an in silico predicted

peroxisomal Nudix hydrolase is postulated to degrade NADH to AMP and
reduced nicotinamide mononucleotide (NMNH). Both function as a
counter-substrate and deliver a net import of NAD. A NMNH/NAD carrier has
not been described and NMNH has not been tested for PXN (N. Linka,
personal communication).
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synthesized, and is then targeted to the peroxisomes (Titorenko
et al., 2002).

In contrast to its proposed function as a net NAD importer,
PXN might catalyze in vivo the import of NAD in exchange
with NADH. This unique transport feature of PXN would lead
in vivo to the transfer reducing equivalents across the peroxisomal
membrane (Bernhardt et al., 2012). It is widely accepted that the
peroxisomal malate/oxaloacetate shuttle is the exclusive route for
the exchange of the oxidized and reduced forms of NAD with the
cytosol (Mettler and Beevers, 1980). In the course of β-oxidation
NAD is reduced to NADH, which is re-oxidized by the peroxiso-
mal malate dehydrogenase (PMDH) via the reversible reduction
of oxaloacetate to malate (Pracharoenwattana et al., 2007, 2010).
This enzyme is part of this redox shuttle together with the so
far unidentified transporters exchanging these two dicarbonic
acids. Since PXN and the peroxisomal redox shuttle are redun-
dant in their function, it would explain the partial inhibition of
β-oxidation in the pxn mutants as well as in plants deficient in

PMDH activities (Pracharoenwattana et al., 2007, 2010; Bernhardt
et al., 2012).

Future analyses are required to elucidate the in vivo role of the
peroxisomal NAD carrier in plants. For example, further investi-
gations will address whether other peroxisomal NAD-dependent
processes, such as photorespiration, depend on PXN. The pxn
plants that were grown under photorespiratory conditions did
not exhibit an obvious phenotype (Linka, personal communi-
cation); however, a detailed metabolic analysis remains to be
done.

DISTRIBUTION OF THE PEROXISOMAL TRANSPORTER
PROTEINS WITHIN THE PLANT KINGDOM
To date, members of the ABC transporter and MC fami-
lies represent carrier proteins of the peroxisome membrane in
plants. Their function and peroxisomal localization have so far
been investigated only in Arabidopsis. We conducted a compre-
hensive BLASTP analysis (Altschul et al., 1997) using protein

FIGURE 4 | Distribution of the peroxisomal transporter involved in

the uptake of fatty acids, ATP, and NAD in green plants. Homologs
genes for CTS (At4g39850), PNC1 (At3g05290), PNC2 (At5g27520),
and PXN (At2g39970) were identified in 22 fully sequenced plant
genomes from PLAZA 2.0 (http://bioinformatics.psb.ugent.be/plaza)

using BLASTP (Altschul et al., 1997). For rice only Oryza sativa ssp.
japonica was taken into account. The reciprocal hit was chosen if it
was in both directions among the three best hits in the other genome.
As a cut-off value we used a normalized sequence identity greater than
25%.
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database of 22 fully sequenced plant genomes from PLAZA 2.0
(http://bioinformatics.psb.ugent.be/plaza), including 5 algae, 1
moss, and 17 land plants. To identify homologs for CTS, PNCs,
and PXN, the reciprocal best hit was chosen if it was in both direc-
tions among the three best hits in the other genome (Figure 4).
This finding indicates that the evolution of these peroxisomal
transporters was an early event before plants evolved. The four
plant-specific peroxisomal transporters were already present in
the eukaryotic host cells before the cyanobacterial endosymbiont
was engulfed. This is consistent with the fact that peroxisomes
are eukaryotic organelles and present in animals, plants, and
fungi. The peroxisomal transport proteins from plants most likely
derived from already existing host membrane proteins and are
conserved in green plants.

It is not surprisingly that members of the ABC transporter and
MC families reside in the peroxisomal membrane. Both families
have extensively expanded during evolution. The members are
highly abundant in various eukaryotes, display a broad substrate
spectrum, and are widely distributed in all types of cellular mem-
branes, such as mitochondria, plastids, peroxisomes. The diversity
within a species is driven by duplication of genes that allow for the
acquisition of new functions. This contributes to plant complexity
and diversification,allowing the plant peroxisomes to adapt during
land plant evolution.

Among most of the analyzed land plants, the putative CTS
genes encode for a full size ABC protein. This gene struc-
ture appears to be conserved in land plants with a few excep-
tions. In algae the candidates for the peroxisomal ABC trans-
porter represent a half-size transporter, like the human and yeast
homologs (Table 1). The presence of CTS-related proteins in
algae is contradictory to earlier reports, stating that no peroxi-
somal ABC transporter genes were found in the algal genomes
(Schulze and Kolukisaoglu, 2006).

Regarding the peroxisomal MC-type proteins, at least two dif-
ferent candidates have been identified within the green plants that
might be putative ATP or NAD transporters (Table 2). One excep-
tion is the single-cell chlorophyte Chlamydomonas, the genome
of which encodes only for one peroxisomal MCF-type gene that
is related to PXN. In contrast, two paralogs for the peroxiso-
mal ATP carrier are found in Arabidopsis, the apple, and the
moss Physcomitrella. In case of Arabidopsis, PNC1 and PNC2
are derived from the recent chromosome re-arrangement in the
genome (Palmieri et al., 2011).

The conducted candidate gene approach was based on pro-
tein sequence similarity. None of the predicted candidates have
been experimentally investigated up to now. Future efforts are
required to confirm the predicted function of the MC- or ABC pro-
teins from algae, moss, and land plants, including measurements

Table 1 | Plant homologs of the peroxisomal ABC transporter from Arabidopsis.

Organism CTS (PLAZA gene ID) Identity (%) Length (AA) Molecular weight (kDa) Sub-group

L. japonicus No hit – – – –

M. trunculata MT3G36770 77 1335 150.15 FS

G. max GM11G38160 77 1287 144.79 FS

M. domestica MD07G005530 76 1952 220.18 FS

M. esculenta ME05923G00060 76 796 89.49 HS

R. communis RC30186G00190 75 1339 151.05 FS

P. trichocarpa PT05G07590 78 987 110.4 HS

A. thaliana AT4G39850 100 1337 149.6 FS

A. lyrata AL7G02070 98 1337 149.55 FS

C. papaya CP00213G00160 81 465 51.76 HS

V. vinifera VV19G09290 26 697 78.83 HS

O. sativa OS01G73530 72 1326 147.95 FS

B. distachyon BD2G61780 74 1251 140.38 FS

S. bicolor SB03G047010 72 1324 148.03 FS

Z. mays ZM08G17060 72 1326 148.26 FS

S. moellendorffii SM00029G00480 62 1306 145.81 FS

P. patens PP00150G00750 65 1271 141.49 FS

O. lucimarinus OL02G00720 32 583 64.69 HS

O. tauri OT02G06480 26 722 79.43 HS

Micromonas. sp. RCC299 No hit – – – –

V. carteri No hit – – – –

C. reinhardtii CR15G00650 26 753 81.34 HS

The table summarizes the information of the genes used for the distribution analysis of the CTS gene (Figure 4). The following information is listed: PLAZA gene

identity (ID) number of the reciprocal hit in the individual genome, relative identity of the genes to the Arabidopsis homolog, molecular weight, amino acid (AA) length,

and molecular structure half or full size (HS or FS). The pairwise normalized identities were calculated by dividing the number of identical positions by the length of

the shorter protein. As a cut-off value we used a normalized sequence identity greater than 25%. In case for A. thaliana the best match was the query sequence

itself and has been highlighted in bold.
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Table 2 | Plant homologs of the peroxisomal MC-type transporter from Arabidopsis.

Organism PNC1 (PLAZA gene ID) Identity (%) PNC2 (PLAZA gene ID) Identity (%) PXN (PLAZA gene ID) Identity (%)

L. japonicus LJ5G027490 63 LJ5G027490 63 LJ0G084980 55

M. trunculata MT5G33690 70 MT5G33690 64 MT5G64320 66

G. max GM02G11800 72 GM02G11800 67 GM18G03400 66

M. domestica MD00G459280 71 MD00G150490 72 MD01G023270 51

M. esculenta ME03905G00190 72 ME03905G00190 71 ME04268G00320 70

R. communis RC30128G01600 76 RC30128G01600 71 RC29669G00050 69

P. trichocarpa PT13G02220 76 PT13G02220 70 PT10G18860 69

A. thaliana AT3G05290 100 AT5G27520 100 AT2G39970 100

A. lyrata AL3G05130 98 AL6G27740 99 AL4G26590 90

C. papaya CP00994G00020 69 CP00994G00020 68 CP00091G00750 60

V. vinifera VV05G04420 68 VV05G04420 64 VV13G03870 69

O. sativa OS05G32630 69 OS05G32630 67 OS03G15860 65

B. distachyon BD2G26480 68 BD2G26480 65 BD1G67180 63

S. bicolor SB09G019430 68 SB09G019430 68 SB01G040130 63

Z. mays ZM08G13190 67 ZM08G13190 66 ZM08G15920 47

S. moellendorffii SM00005G05600 57 SM00005G05600 59 SM00006G03610 58

P. patens PP00086G00350 58 PP00022G01420 55 PP00090G00790 57

O. lucimarinus OL01G02450 39 OL01G02450 37 OL20G02530 39

O. tauri OT01G02440 35 OT01G02440 33 OT14G02730 37

Micromonas. sp. RCC299 MRCC299_16G02440 27 MRCC299_16G02440 26 MRCC299_13G00830 38

V. carteri VC00102G00130 27 VC00102G00130 26 VC00025G00570 42

C. reinhardtii No hit – No hit 0 CR07G08520 30

The table summarizes the information of the genes used for the distribution analysis of the MC-type transporters PNC1, PNC2, and PXN (Figure 4). Following

information is listed: PLAZA gene identity (ID) number of the reciprocal best hit in the individual genome, relative identity of the genes to the Arabidopsis homolog.

The pairwise normalized identities were calculated by dividing the number of identical positions by the length of the shorter protein. As a cut-off value we used a

normalized sequence identity greater than 25%. In case for A. thaliana the best matches were the query sequences itself and have been highlighted in bold.

of substrate specificity using the recombinant proteins and
verification of the peroxisomal localization by GFP fusion.

CONCLUSION
Future efforts will discover additional peroxisomal transport
proteins. Recent proteome studies using purified peroxisomes
revealed only the identification of highly abundant membrane
proteins that have been already known, such as CTS, PXN, PNC,
and a number of biogenesis proteins. This indicates that the
other peroxisomal transporters are underrepresented in the perox-
isome membrane. A challenge will be to enrich sufficient amounts
of peroxisomal membrane proteins for upcoming proteomic
approaches. Complementary strategies bear good prospects of
elucidating the peroxisomal permeome, including co-expression
analyses, mutant studies in combination with metabolic profil-
ing, and genome-wide localization studies of putative transport
proteins tagged with GFP.

For decades, several researchers have searched for the postu-
lated transporter that transfers the intermediates of the glyoxylate
cycle and photorespiration in plants. This missing link is impor-
tant to understanding how the flux through the photorespiration
is mediated. Recently, it has been hypothesized that the peroxiso-
mal membrane protein with a molecular mass of 22 kDa (PMP22)
might be a candidate for peroxisomal porin in plants (Reumann,
2011). To address this, the channel activities have to be determined
using electrophysiological techniques in the near future.

Transporters connect the highly compartmentalized metabolic
network in plant cells, tissues, and organs and unite the sepa-
rate parts. A deeper knowledge of the organism-wide permeome
will have a major impact on our understanding and designing
of metabolic fluxes. This is also true for the subset of trans-
porters in the peroxisomal membrane. Important pathways such
as β-oxidation, glyoxylate cycle, photorespiration, branched amino
acid breakdown, purine catabolism, biosynthesis of plant hor-
mones, and pathogen defense resides completely or in part in
peroxisomes. Fine-tuning the flux via transporters is a promis-
ing approach for applied sciences. Peroxisomal research should
be intensified in order to show the biotechnological potential and
also to close the knowledge gap compared to other organelles.
There is still a lot to learn about peroxisomal transporters and
a comprehensive understanding of the transport mechanism
is required in model organisms prior the transfer into crop
plants.
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The main source of phosphorus for plants is inorganic phosphate (Pi), which is character-
ized by its poor availability and low mobility. Uptake of this element from the soil relies
heavily upon the PHT1 transporters, a specific family of plant plasma membrane proteins
that were identified by homology with the yeast PHO84 Pi transporter. Since the discovery
of PHT1 transporters in 1996, various studies have revealed that their function is controlled
by a highly complex network of regulation.This review will summarize the current state of
research on plant PHT1 multigenic families, including physiological, biochemical, molecular,
cellular, and genetics studies.
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INTRODUCTION
Phosphorus is an essential macro-element for life. It plays a key
role in many crucial processes such as heredity (DNA, RNA), cellu-
lar compartmentalization (membrane lipids), energy metabolism
(ATP), and phosphorylation-based signaling mechanisms (Poirier
and Bucher, 2002; Vance et al., 2003; Misson et al., 2005; Jouhet
et al., 2007). Despite its abundance in the environment (ranked
as the 11th most abundant element), phosphorus is neither easily
accessible nor evenly distributed in most soils. For example, 20–
80% of phosphorus in soil can be present as organic pools (mostly
composed of plant and microorganism residues), which cannot be
absorbed directly by the plants (Richardson,1994). In plants,phos-
phorus represents 0.1–0.5% of the dry weight, and this element is
acquired in the form of phosphate [inorganic phosphate (Pi)], an
inorganic form of P. Depending on the pH, several anions can exist
( PO3−

4 , HPO2−
4 , H2PO−

4 ), however between pH 5–6 the predom-
inant form is dihydrogen phosphate ion ( H2PO−

4 ). Analysis of
Pi uptake indicates that this latter form is favored for transport
into the plants, since maximum Pi uptake is typically observed
within this pH range (Ullrich-Eberius et al., 1984; Furihata et al.,
1992; Schachtman et al., 1998). Two factors restrict the availabil-
ity of this anion in soil: (i) its assimilation by microbes and (ii) its
capacity to strongly interact with most of the cations. In acidic soils
(30% of soils worldwide), aluminum and iron are abundant and
often combined with Pi. This interaction can strongly limit their
bioavailability for biological processes (Von Vexhull and Mutert,
1998). Conversely, in vitro experiments have demonstrated that a
high Pi level can reduce the pool of some metals in Arabidopsis, by a
factor of 4–5 (Hirsch et al., 2006). The importance of Pi chelation

by cations or organic compounds is apparent, when juxtaposed
against the poor efficiency of phosphate fertilizers, where up to
80% of provided Pi cannot be acquired by the crops. Furthermore,
Pi is poorly mobile in the soil, as its diffusion coefficient is very
low (from 10−12 to 10−15 m2 s−1). As a consequence, Pi uptake by
the plant creates a depleted area around the roots (Ullrich-Eberius
et al., 1984; Furihata et al., 1992; Schachtman et al., 1998). There-
fore, Pi can easily be considered as one of the least available plant
macronutrients (Raghothama, 1999).

Before the modern intensification of agriculture, farmers relied
mostly on phosphorus naturally present in soils or from manure.
However, as a growing world population has put high demands
on food production (with adverse effects on soil degradation),
agriculture has become dependent on external sources of phos-
phate fertilizers (such as guano, ground bones, and phosphate
rock) to increase crop yields (Cordell et al., 2009). Phosphate
rock is an abundant and cheap source of phosphorus, and has
quickly become the main source of Pi for fertilizer production.
Despite this abundance, phosphate rock is still a non-renewable
resource, which required 10–15 million years for its production
(Cordell et al., 2009). As of 2009, the total mineable phosphate
rock reserves were estimated at 15–16 billion tons (containing
approximately 30% Pi), according to the US Geological Survey
(an organization that collects data worldwide to estimate levels
of our natural resources). The gravity of the situation is apparent
when it is taken into consideration that 170 million tons of phos-
phate rock were extracted that same year for fertilizer production.
The demand for phosphate rock will only steadily increase, with
the mounting concerns to feed a growing global population, and
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the development of plant culture dedicated to biofuel produc-
tion. These facts clearly strengthen the estimate of remaining Pi
rock reserves. According to these data, our Pi rock reserves should
be exhausted in only 50–100 years (Gilbert, 2009; Gross, 2010). A
700% increase in the price of Pi was observed in 2008, foreshadow-
ing the impact that Pi scarcity can have on the economy (Cordell
et al., 2009). This underscores an urgent need for an alternative
to the use of phosphate rock reserves, which are largely devoted
(82%) to fertilizer production. Moreover, this production process
demands the exploitation of high quality Pi reserves in order to
avoid contamination by toxic heavy metals such as cadmium or
isotopes of the natural decay series of uranium or thorium (Oth-
man and Al-Masri, 2007; Casacuberta et al., 2011; Da Conceicao
et al., 2011). Improving our knowledge of Pi acquisition and use
by plants will undoubtedly have a positive effect on reducing the
dependency on fertilizer supply for crop production.

Inorganic phosphate concentration in plant tissues has been
measured at 5–20 mM (Raghothama, 1999), whereas the level
available in soils is typically less than 10 μM (Bieleski, 1973). This
sharp concentration gradient between the plant and the soil illus-
trates the crucial role of Pi transporters. The study of the PHT1
family of phosphate transporters is particularly appropriate, due
to their presence in the plant plasma membrane (at the interface
between the cell and the external medium). Several reviews have
focused on this family of transporters (Raghothama, 1999; Smith
et al., 2000; Rausch and Bucher, 2002; Smith and Barker, 2002;
Bucher, 2007), since the identification of phosphate transporters
in Arabidopsis thaliana in 1996 (Muchhal et al., 1996). More recent
advances have revealed novel processes that control this family
of transporters. The present article will synthesize this literature
with special attention to PHT1 regulation and the plant model A.
thaliana.

IDENTIFICATION OF PHT1 PHOSPHATE TRANSPORTERS
Beginning in the early 1990s, several high affinity phosphate trans-
porters were cloned in various fungi. The first one, PHO84, was
identified in the yeast Saccharomyces cerevisiae (Bun-Ya et al.,
1991). Several years later, transporter homologs were found in
Neurospora crassa (Versaw, 1995; Versaw and Metzenberg, 1995)
and in the mycorrhizal fungus Glomus versiforme (Harrison and
Van Buuren, 1995). Their discovery enabled the identification of
phosphate transporters in plants. Two separate approaches were
used for their identification in Arabidopsis, either by the heterolo-
gous complementation of the yeast pho84 mutant by plant cDNA
(Muchhal et al., 1996) or by the identification of Arabidopsis ESTs
closely related to these proteins (Mitsukawa et al., 1997; Smith
et al., 1997). Later, their function as phosphate transporters was
confirmed in planta by the analysis of Arabidopsis mutants such as
pht1;1 and pht1;4 and the corresponding double mutant (Misson
et al., 2004; Shin et al., 2004). The nearly simultaneous identi-
fication of these genes by several teams introduced some initial
confusion to the literature, as different nomenclatures were pro-
posed (PT or PHT) by these authors. Adding to this confusion, as
the genes turned out to belong to a wide multigenic family, sev-
eral authors published descriptions of different homologs under
the same name (Muchhal et al., 1996; Smith et al., 1997; Oku-
mura et al., 1998). Not until the complete sequencing of the A.

thaliana genome in 2000 was it revealed that the PHT1 family is
comprised of nine members (PHT1;1 through PHT1;9; Figure 1).
Their names have now been unified according to the rule of the
Commission on Plant Gene Nomenclature (Rausch and Bucher,
2002).

Homologs of PHT1 transporters have been characterized in
a wide range of species, since their initial identification in Ara-
bidopsis. This non-exclusive list includes: potato (Leggewie et al.,
1997), Lupinus albus (Liu et al., 2001), tomato (Daram et al., 1998;
Liu et al., 1998a), Catharanthus roseus (Kai et al., 1997), Medicago
truncatula (Liu et al., 1998b; Xiao et al., 2006), barley (Smith et al.,
1999), tobacco (Baek et al., 2001), lotus (Nakamori et al., 2002),
rice (Paszkowski et al., 2002; Ming et al., 2005), maize (Nagy et al.,
2006), wheat (Tittarelli et al., 2007), Populus trichocarpa (Loth-
Pereda et al., 2011) as well as more distant organisms such as
Chlamydomonas (Chang et al., 2005).

PHT1 STRUCTURE
Sequence analysis of different PHT1 transporters highlights an
amino acid sequence conserved from fungi to plants. Hydropho-
bicity analysis predicts that these transporters share a common
topology with 12 membrane-spanning domains, which are sep-
arated into two groups of six domains by a charged hydrophilic
loop (Raghothama, 1999). Both C- and N-termini are expected
to be oriented inside the cell, with the protein inserted in the
plasma membrane (Raghothama, 1999). The PHT1 family mem-
bers encode closely related proteins, as indicated by a greater than
76% identity in their protein sequences between various plant
species (A. thaliana, tomato, M. truncatula, potato, and C. roseus;
Raghothama, 1999; cf. Figure 1 for examples). Strong homologies
for this protein family are also observed between plants and yeast:
Arabidopsis PHT1 and yeast PHO84 proteins share 34% identity
and around 50% similarity.

In Arabidopsis, these transporters range in size from 520 to 550
amino acids, with an estimated molecular weight around 58 kDa.
As previously reported in Medicago (Chiou et al., 2001) or in
Arabidopsis (Figure 2) this weight is lower than expected. More-
over, these western blots exhibit also higher weight molecular
bands that are compatible with the presence of multimeric pro-
teins (Figure 2; Chiou et al., 2001). This hypothesis will require
further experiments for validation, such as those performed for
NRT2.1 (Wirth et al., 2007). In these experiments multimers were
also identified on SDS PAGE gel before validation by crosslinking.
Nevertheless, this view is also supported by the semi-dominant
character of the pht1;1–3 mutation in Arabidopsis (Catarecha et al.,
2007), a trait generally associated with multimeric transporters
(Ludewig et al., 2003; Loque et al., 2007) in which incorporating
the inactive subunits into the multimeric pore affects its global
structure.

PHT1 ARE Pi:H+ CO-TRANSPORTERS
The study of Pi uptake kinetics in planta using radioactive Pi
isotopes (P33 or P32) identified two distinct phases, which were
interpreted as the co-existence of a high and a low affinity system
(Cogliati and Clarkson, 1983; Drew and Saker, 1984; Drew et al.,
1984). Pi uptake kinetics have been measured for several species
(Lemna gibba, Brassica nigra, C. roseus, tobacco, Arabidopsis), with
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FIGURE 1 | Sequence alignment of several PHT1 transporters from

Medicago truncatula (Mt), Arabidopsis thaliana (At), Hordeum vulgare

(Hv), and Oryza sativa (Os). High or low affinity characterized PHT1 are
indicated by orange or green colors respectively. Stars indicate the 7 amino

acids with non-conservative changes between the three low affinity (MtPT1,
Mt PT2, MtPT3) and the high affinity transporters (MtPT5) identified by Liu
et al. (2008). The serine identified in AtPHT1.1 (Bayle et al., 2011) that
regulates exit from the ER is boxed and the putative ER exit site is underlined.

K m values for the high affinity system in the range of 2.5–
12.3 μM, whereas K m values for the low affinity system were
usually observed between 50 and 100 μM (Ullrich-Eberius et al.,

1984; Lefebvre et al., 1990; Furihata et al., 1992; Shimogawara and
Usuda, 1995; Dunlop et al., 1997). In rare cases, only high affin-
ity phosphate transporters could be detected (Drew and Saker,
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FIGURE 2 | Western blot analysis of PHT1;1, PHT1;2, and PHT1;3 on

root membrane protein extracts reveal the presence of potential

multimers. Plants were grown in vitro on medium supplemented with high
(500 μM) or low (10 μM) Pi content (+P or −P respectively). Five
micrograms of membrane protein were loaded per lane, on 10%
acrylamide SDS PAGE gels before protein transfer onto nitrocellulose
membranes. (A) The primary antibody was designed against two peptides
common to PHT1;1, PHT1;2, and PHT1;3. In parallel, an anti GFP antibody
(Roche) was used for control western blots at the same dilution (B). Lanes
were loaded as follows: (1) Transgenic line expressing 35S:PHT1;1:GFP
construct; and wild type control on +P (2) or −P (3) and Bio-Rad Precision
Plus Protein Standards (4). GFP tagged (∗) and untagged (#) PHT1
monomeric form, putative multimers (>) and cleaved GFP (−).

1984), and it remains to be determined if this is linked to the plant
samples or the experimental design.

Inorganic phosphate uptake is an energy-mediated process that
promotes the alkalinization of the medium, which points toward
a Pi/H+ co-transport (Ullrich and Novacky, 1990). The mea-
surements of phosphate absorption and proton flux revealed a
stoichiometry of two to four protons for each phosphate ion trans-
ported across the plasma membrane (Ullrich-Eberius et al., 1981,
1984; Sakano, 1990).

It should be noted that phosphate transporters (in particu-
lar PHT1 proteins) can also transport Pi analogs such as phos-
phite (Ticconi et al., 2001; Varadarajan et al., 2002) and arsenate
(Lee et al., 2003; Catarecha et al., 2007; Wu et al., 2011). This
last compound is highly toxic and can be found in the soil or
water of certain areas. Interestingly, both arsenate and phosphite,
like Pi, down-regulate PHT1 transcription (Ticconi et al., 2001;
Varadarajan et al., 2002; Catarecha et al., 2007).

A RANGE OF AFFINITIES
Several approaches have been used to investigate the Pi transport
properties of the various PHT1 family members. One approach
relies on the complementation by plant phosphate transporters of
the yeast pho84 mutant or pho84/pho89 double mutant (PHO84
and PHO89 are the two major high affinity Pi transporters present
in yeast). The K m values measured for several PHT1 family mem-
bers were: 280 and 130 μM, for two of the potato PHT1 trans-
porters (Muchhal et al., 1996; Leggewie et al., 1997; Liu et al.,
1998b); 97 μM for the rice OsPT6 (Ai et al., 2008) or 23 μM for
OsPT8 (Jia et al., 2011); and 192 μM for Medicago MtPT1 (Liu
et al., 1998b).

Although a range of affinities can be determined from yeast
complementation assays, in most cases these measurements greatly
exceed the expected K m calculated from in planta radioactive
Pi uptake experiments (from 2.5 to 100 μM as mentioned in a

previous section). This suggests that yeast complementation can
only partially reflect the behavior of PHT1 proteins in plants, and
it is important to keep this information in mind when predicting
the affinities of PHT1 proteins in the plant.

Because of the discrepancies between the in planta affinities and
the values obtained in yeast, alternative methods may be needed
for precise Pi uptake measurements. One such technique is the het-
erologous transformation of Xenopus oocytes with PHT1 trans-
porters, although measured affinities based on this method can
also largely differ from the expected values in planta. For instance,
the rice Pi transporter OsPT2 exhibits low affinity characteristics in
the mM scale, when expressed in oocytes (Ai et al., 2008). By con-
trast, using the same method reveals a K m value of 19 μM for the
barley high affinity Pi transporter HvPHT1 (Preuss et al., 2011).
One revealing potential study could be to compare values obtained
for both systems (yeast vs. oocytes) for several transporters.

To avoid using a heterologous system, the kinetic parameters
can be investigated by gene over-expression in plant cell culture.
This technique was used to estimate K m values for AtPHT1;1
(3.1 μM, Mitsukawa et al., 1997), and for barley HvPHT1;1
(9.06 μM) and HvPHT1;6 (385 μM, Rae et al., 2003). These data
are much closer to the affinities expected for Pi uptake measure-
ments in planta, although the high Km determined for HvPHT1;6
reinforces the idea that PHT1 members could encode both high
and low affinity transporters.

One study has attempted to identify which amino acid alter-
ations are responsible for the variation observed in transporter
affinity, in M. truncatula. The results indicate that slight varia-
tions in the protein sequence of the PHT1 proteins could influence
their affinity for Pi transport (Liu et al., 2008): when several M.
truncatula PHT1 transporters with an 84% amino acid identity
were expressed in yeast, their K m ranged broadly from 13 to
858 μM. Analysis of the transporter sequences revealed that only
seven amino acids showed non-conservative changes between the
three low affinity (MtPT1, Mt PT2, MtPT3) and the high affin-
ity transporters (MtPT5). These amino acid positions are located
all along the protein sequence (Figure 1). The predicted struc-
tural model hypothesizes that they are clustered in two regions of
the protein: one on the extracellular surface, and one within the
membrane (Liu et al., 2008). The authors posit that these particu-
lar extracellular membrane areas could be directly responsible in
controlling the PHT1 affinities. Nevertheless, sequence compar-
isons with other PHT1 transporters that exhibit distinct affinities
for Pi could not reveal a correlation with these results (Figure 1).
This suggests either independent evolution in separate species, or
that the amino acids identified from the M. truncatula data cannot
account for affinity changes in other species.

SPATIAL DISTRIBUTION
Most members of the PHT1 family exhibit strong expression in
roots, and this property is shared between monocotyledonous and
dicotyledonous species (Muchhal et al., 1996; Leggewie et al., 1997;
Smith et al., 1997; Liu et al., 1998a,b; Schunmann et al., 2004a;
Koyama et al., 2005; Nagy et al., 2006; Xiao et al., 2006; Tittarelli
et al., 2007; Jia et al., 2011; Loth-Pereda et al., 2011). However,
PHT1 proteins are also detected in aerial organs such as leaves or
flowers (Figure 3).
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More precisely, in situ hybridization performed in tomato
revealed the presence of LePT1 transcript in the root cap and
in the external layers of the root (Daram et al., 1998; Liu et al.,
1998a). Similar experiments in M. truncatula and A. thaliana
localized MtPT1 and AtPHT1;4 in the root epidermis and root
hairs (Chiou et al., 2001; Misson et al., 2004). Immunoblot analyses

of tomato LePT1 (Muchhal and Raghothama, 1999) and potato
StPT2 (Gordon-Weeks et al., 2003), or use of translational GFP
fusions with either AtPHT1;1, AtPHT1;2, or AtPHT1;4 (Gonzalez
et al., 2005; Bayle et al., 2011) have all provided similar results,
localizing these transporters mainly in epidermis and root hairs.
Additionally, translational fusion experiments between PHT1 and

FIGURE 3 | Expression patterns of the nine PHT1 transporters from

Arabidopsis thaliana, based on a compilation of histological and

transcriptomics data (combining information for both +P and −P

conditions). The different plant parts are not presented to scale; in particular,
the root system has been simplified so that only a single primary root and
lateral root are represented. References corresponding to histological studies
(promoter::GFP/GUS fusions or in situ hybridization) are identified on the
figure by the following symbols: red square (Mudge et al., 2002), green circle
(Karthikeyan et al., 2002), pink rectangle (Misson et al., 2004), black rhombus

(Karthikeyan et al., 2009), and gray triangle (Nagarajan et al., 2011). Results
based on transcriptomics studies are indicated by a blue T, and they
correspond to a summary of several data sets presented on the eFP server
(Winter et al., 2007). ∗Due to the design of most transcriptomic chips, it is not
possible to distinguish the expression patterns of PHT1;1/PHT1;2 as well as
PHT1;4/PHT1;7. When a PHT1 transporter is predominantly (but not
exclusively) expressed in one or several tissues, its name is underlined. The
subset of expression data indicated between brackets () are based on RT-PCR
and/or transcriptomics only (i.e., not validated by promoter::reporter studies).
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GFP reporter genes confirmed that these phosphate transporters
are targeted to the plasma membrane in various species (Gon-
zalez et al., 2005; Bayle et al., 2011; Jia et al., 2011). Transcrip-
tional fusions between PHT1 promoters and the GUS or GFP
reporter genes have also facilitated the study of the expression pat-
terns of PHT1 members from different species, along with the
identification of promoter elements involved in the control of
these expression patterns (Karthikeyan et al., 2002; Mudge et al.,
2002; Schunmann et al., 2004a,b; Misson et al., 2005; Jia et al.,
2011). In the specific case of the plant model A. thaliana, the
full genome sequence permitted extensive analyses of all Ara-
bidopsis PHT1 family members, using either RT-PCR (Mudge
et al., 2002; Misson et al., 2005) or promoter fusions with GUS
or GFP reporter genes (Karthikeyan et al., 2002; Mudge et al.,
2002). A landmark contribution to this field was provided by
Mudge et al. (2002), who performed a systematic study of the
nine PHT1 transporters. Subsequently, the expression patterns
were confirmed or analyzed more precisely by several other lab-
oratories (Karthikeyan et al., 2002, 2009; Misson et al., 2004;
Nagarajan et al., 2011). In addition, the publication of multi-
ple transcriptomics studies allows us to take into account data
sets that were not initially developed for the study of phosphate
transport. Powerful tools such as the eFP browser provide an effi-
cient way of analyzing this vast amount of data (Winter et al.,
2007). Figure 3 summarizes the expression patterns for the nine
PHT1 members of A. thaliana, and compares their published
expression patterns to values contained within transcriptomics
data sets.

It appears that the vast majority of the transporters (eight of the
nine Arabidopsis PHT1 members) are expressed at least in roots,
in line with their major role in Pi uptake from the soil. Within
the roots, the expression of phosphate transporters is mostly con-
centrated in root epidermis and central cylinder, particularly in
the root hair zone (Karthikeyan et al., 2002; Mudge et al., 2002;
Misson et al., 2004; Koyama et al., 2005; Xiao et al., 2006; Hirsch
et al., 2011).

Most PHT1 transporters are not present in a single cell type,
but are found in diverse tissues from various organs, often in over-
lapping patterns with other PHT1 members, suggesting a greater
complexity in their roles (Karthikeyan et al., 2002; Mudge et al.,
2002; Figure 3). However, each PHT1 member taken individually
is defined by a preferential expression in a given tissue, which may
indicate the location of its predominant role. It should be noted
that this location is often strongly influenced by environmental
or developmental factors. For instance, strong AtPHT1;6 expres-
sion in pollen could reveal a role for PHT1 transporters during
flower development (Karthikeyan et al., 2002; Mudge et al., 2002).
Functional confirmation of these expression patterns can be per-
formed by reverse genetic analyses: the role of PHT1 protein in soil
Pi uptake was demonstrated with Arabidopsis pht1;4 and pht1;1
single and double mutants, which are dramatically attenuated in
their phosphate uptake capacities (Misson et al., 2004; Shin et al.,
2004). A similar strategy was recently applied to understand the
importance of the strong expression of PHT1;5 in senescing leaves
(Nagarajan et al., 2011; Figure 2): analysis of the pht1;5 mutant
confirmed a role in senescing leaves, and revealed its role in source-
to-sink Pi mobilization. Altogether, this literature suggests a major

role for PHT1 transporters in Pi uptake from soil, and additional
roles in Pi re-mobilization from other organs.

One category of PHT1 transporters which cannot be studied
in Arabidopsis are the PHT1 transporters that are induced by
mycorrhizal symbiosis (endo and ectomycorhizal associations).
Arabidopsis is among the minority of plants which is incapable of
establishing any symbiosis with mycorrhizal fungi. This symbiosis
is however widespread among the plant kingdom (80% of vascu-
lar plants), and its impact on the capacity of plants to acquire Pi
from the soil has been well established (Smith and Read, 1997).
This adaptation of plants has probably evolved to benefit from the
ability of the fungus to explore a greater part of the soil (exploring
up to 100-fold more soil volume) and to have access to mineralized
organic phosphorus (Bucher, 2007).

The induction of specific plant PHT1 transporters in response
to mycorrhization is a widely reported feature of these symbioses
(Javot et al., 2007b; Hata et al., 2010; Loth-Pereda et al., 2011). In
the case of the endomycorrhizal symbiosis, the fungus penetrates
into the root system and develops hyphal structures (referred to
as arbuscules) in the cortex. These arbuscules are composed of
a trunk and arbuscular branches, which are enveloped by the
plasma membrane of the cortical cell. The expression of a sub-
set of PHT1 members is induced in cells containing arbuscules,
which are believed to be the site of nutrient exchange between
the plant and the fungus (Smith and Read, 1997; Javot et al.,
2007a; Loth-Pereda et al., 2011). The symbiosis-specific PHT1
phosphate transporter MtPT4 from the plant M. truncatula is
only detected in cells containing arbuscules, and it has exclusively
been located in the plasma membrane that surrounds arbuscu-
lar branches (Pumplin and Harrison, 2009). The fine regulation
of arbuscule development and associated stimulation of PHT1
expression was recently illustrated by the study of the dynamics
of the rice transporter OsPT11 fused to GFP (Kobae and Hata,
2010).

Promising techniques using uptake of radioactive Pi isotopes in
planta can be applied to study specific PHT1 transporters. It is now
possible to visualize and analyze the precise dynamics of Pi dis-
tribution in planta. This technique, using X-ray films or imaging
plates, has revealed that the main location for phosphate uptake
in Arabidopsis is found close to the root tips, and that PHT1 pro-
teins are involved in this process (Misson et al., 2004). A recent
improvement in visualizing Pi flux dynamics is the use of a CsI
scintillator to convert β-rays into visible light (Kanno et al., 2007).
As illustrated in Figure 4, it is now possible to compare precisely
and in a non-destructive way the entry of Pi into various genotypes
of plants at the same time (in particular for mutations affecting
PHT1 transporters).

TRANSCRIPTIONAL REGULATION OF PHT1 TRANSPORTERS
The tissue specificity of PHT1 described above appears to be
mostly controlled at the transcriptional level. It is likely that
the spatial distribution of PHT1 proteins requires regulatory
elements located in the promoters, which remain poorly char-
acterized (Schunmann et al., 2004a,b; Karthikeyan et al., 2009).
Nevertheless, they are probably well conserved between mono-
cots and dicots, since fusion of the AtPHT1;1 promoter with the
GUS reporter gene has given fairly similar expression patterns
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FIGURE 4 |Time course for phosphate absorption based on 32P

detection in Arabidopsis. Plants were supplied with 10 μM Pi
with 32P (H3PO4, 12.5 kBq/ml). Images of radioactivity were
obtained every 3 min; 10 images are presented here. For each
panel, two phf mutants (left) and one wild type (Col-0; right)

plantlet are shown. Circles on the left are 32P standards:descending
from the upper left corner, they represent 2.5, 1, and 0.5k Bq/μl. The plants
shown are 11 days old, grown in vitro using 1/10 MS medium containing
500 μM Pi and subsequently transferred to 10 μM Pi for 3 days before
analysis.

in both rice and Arabidopsis transformants (Koyama et al.,
2005).

The expression of specific plant PHT1 transporters that are
induced in roots in response to mycorrhizal symbiosis is also under
transcriptional control in species as diverse as: rice (Paszkowski
et al., 2002), Medicago (Harrison et al., 2002; Javot et al., 2007a),
potato (Nagy et al., 2005), maize (Nagy et al., 2006), various cereals
(Glassop et al., 2005), tomato (Nagy et al., 2005; Balestrini et al.,
2007; Xu et al., 2007), and trees such as poplar (Loth-Pereda et al.,
2011).

The internal Pi concentration of cells is a major factor in the
control of PHT1 expression. This role has been clearly illustrated
by various transcriptomics experiments (Hammond et al., 2003;
Wu et al., 2003; Misson et al., 2005; Morcuende et al., 2007; Winter
et al., 2007; Calderon-Vazquez et al., 2008; Bustos et al., 2010;
Thibaud et al., 2010), or with the assistance of reporter genes
(Karthikeyan et al., 2002; Mudge et al., 2002; Misson et al., 2004.).
Interestingly, plants can adjust PHT1 transcription when chal-
lenged with a broad spectrum of Pi concentrations (from 0 to
1250 μM) that are outside of the expected range in soils, typi-
cally observed below 10 μM (Muchhal and Raghothama, 1999;

Karthikeyan et al., 2002; Misson et al., 2004). Low basal levels of
gene expression are usually observed when the Pi concentration
of the medium exceeds 250 μM (Muchhal and Raghothama, 1999;
Karthikeyan et al., 2002; Misson et al., 2004).

Variation of Pi concentration in the medium promotes a rapid
modulation of PHT1 transcripts. In Arabidopsis, the detection of
Pi deficiency can occur within 12–24 h after removal of Pi from
the medium (Muchhal and Raghothama, 1999; Misson et al., 2004,
2005). Not surprisingly, re-supply of Pi triggered a faster response
(Karthikeyan et al., 2002), presumably since Pi accumulation
occurs more rapidly than its depletion from the vacuole (Ste-
fanovic et al., 2011). This phenomenon can be greatly affected by
the protocol for cultivating plants (hydroponics vs. solid medium),
as gelling agents are often contaminated with traces of Pi, which
can impact the responses of the plant (Jain et al., 2009). The
analysis of promoter sequences from barley, wheat, and Arabidop-
sis PHT1 transporters prompted the identification of regulatory
boxes involved in the response to Pi starvation (Schunmann et al.,
2004b; Tittarelli et al., 2007; Karthikeyan et al., 2009; Thibaud
et al., 2010). These studies revealed the presence of the P1BS
motif, which is the binding site for the R2R3 Myb transcription
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factor PHR1 (PHOSPHATE STARVATION RESPONSE 1, Rubio
et al., 2001; Nilsson et al., 2007) in Arabidopsis. This protein is
a homolog of Chlamydomonas reinhardtii protein PSR1 (PHOS-
PHORUS STARVATION RESPONSE 1,Wykoff et al., 1999). PHR1
belongs to a wide multigenic family that includes PHL1 (Bustos
et al., 2010). Both PHR1 and PHL1 bind to the P1BS DNA motif
(GNATATNC; Rubio et al., 2001), and play a crucial role in the Pi
responsiveness of PHT1 transporters as demonstrated with both
phr1 and phr1/phl1 mutants (Rubio et al., 2001; Bustos et al., 2010).
This DNA binding motif appears to be conserved between mono-
cots and dicots (Zhou et al., 2008). In addition, the P1BS motif
participates in the systemically regulated PHT1 response to inter-
nal Pi concentration, as revealed by the full genome analysis in
split root experiments (Thibaud et al., 2010).

Additional regulatory sequences have been proposed from
in silico analyses (including HLH, and NIT2 motifs highly present
in the promoters of the PHT1 genes), although no mechanism has
been characterized yet (Mukatira et al., 2001). The genes PHO1
and PHO2 have also been identified as critical to the control of
Pi homeostasis (Hamburger et al., 2002; Aung et al., 2006; Bari
et al., 2006). The corresponding pho1 and pho2 mutants accu-
mulate Pi in either roots or leaves, respectively (Poirier et al.,
1991; Delhaize and Randall, 1995), and affect the transcription
of PHT1;8 and PHT1;9 (Bari et al., 2006; Rouached et al., 2011).
It is likely that PHO1 (membrane protein of unknown func-
tion) and PHO2 (E2 conjugase protein) act along with additional
elements, since neither of these two proteins are transcription
factors.

Several transcription factors have been found in addition
to PHR1 that regulate PHT1 expression. For example, genetic
dissection of the AtPHT1;4 promoter identified putative bind-
ing sequences for AtMyb2 and AtMyc2 (two positive regula-
tors responding to water deprivation and abscisic acid stimuli)
and also WRKY proteins (Karthikeyan et al., 2009), which are
involved in biotic and abiotic stress responses. Reducing WRKY75
expression through RNAi silencing (Devaiah et al., 2007a) or
the over-expression of MYB62 (Devaiah et al., 2009) produces
plants that exhibit a decreased level of several PHT1 transporters,
although there is no evidence for a direct interaction between these
transcription factors and PHT1 promoters.

Further regulatory components were identified based on
genetic evidence and transcriptomic analysis of Pi starvation.
These include the zinc finger transcription factor ZAT6 (Deva-
iah et al., 2007b), the regulatory protein SPX3 (Duan et al., 2008),
the nuclear actin-related protein ARP6, and the histone H2A.Z
(Smith et al., 2010). These various proteins are reported to modu-
late PHT1 genes (see Chiou and Lin, 2011 for a recent review of the
Pi regulatory pathway), although a mechanism of action remains
to be proposed.

Factors other than Pi concentration also influence PHT1
expression, including active photosynthesis or sugars (Jain et al.,
2007; Karthikeyan et al., 2007; Hammond and White, 2008, 2011;
Lei et al., 2011). Cytokinins have also been observed to pre-
vent PHT1 induction during Pi deficiency; this action relies
on the cytokinin receptors CRE1/AHK3 and AHK4 (Franco-
Zorrilla et al., 2002, 2005). Many genes responding to Pi defi-
ciency are stimulated by sugars or are enhanced in the cre1/ahk4

mutant (regardless of cytokinin applications), suggesting cross-
talk between Pi deficiency, sugars, and cytokinin (Franco-Zorrilla
et al., 2005).

POST-TRANSCRIPTIONAL REGULATION OF PHT1
Beyond transcriptional control, PHT1 targeting and accumula-
tion in the plasma membrane are also modulated by multiple
steps of post-translational regulations. A mutant allele of the
PHF1 locus (PHOSPHATE TRANSPORTER TRAFFIC FACILI-
TATOR1) has been identified, which displays a severe decrease
in Pi influx (Gonzalez et al., 2005). In accordance with its status
as an endoplasmic reticulum (ER) resident protein, the loss of
PHF1 results in the abnormal accumulation of PHT1;1, PHT1;2,
and PHT1;4 in the ER, suggesting that PHF1 could be involved in
intracellular trafficking of several PHT1 family proteins (Gonza-
lez et al., 2005; Bayle et al., 2011). These observations can explain
how the phf1-1 mutant shows a strong reduction (80%) of Pi
uptake capacity compared to WT when grown in low Pi (Gon-
zalez et al., 2005; Figure 4). Recently, similar results were found
in rice, where a mutant of OsPHF1 was shown to affect several
members of PHT1 family, including the low affinity Pi trans-
porter OsPT2 and the high affinity Pi transporter OsPT8 (Chen
et al., 2011). A similar targeting defect was described for axr4, an
auxin-resistant mutant that is affected in the expression of an ER
accessory protein; this defect promotes the retention of the auxin
influx facilitator AUX1 in the ER (Dharmasiri et al., 2006). These
results suggest that several membrane proteins may require assis-
tance in transiting through the ER compartment. PHF1 exhibits
structural homologies with yeast SEC12 protein, an ER resident
component involved in the formation of COPII vesicles (Gon-
zalez et al., 2005). These vesicles are involved in the export of
newly synthesized cargo proteins, including PHT1, from the ER
to the Golgi apparatus in eukaryotic cells. Although PHF1 shares
structural homologies with SEC12, multiple amino acids that have
been conserved between all SEC12 proteins are lost in the plant
PHF1 homologs. This suggests a functional specialization that has
diverged from that of SEC12 (Gonzalez et al., 2005). Indeed, cell
biology experiments in Arabidopsis revealed the absence of co-
localization between COPII markers and PHF1, demonstrating
the independence of PHF1’s role from COPII formation (Bayle
et al., 2011).

Phospho-proteomic studies have determined that phosphory-
lation events occur at the C-end of PHT1 proteins when Pi is
abundant in the environment (Nuhse et al., 2004; Hem et al., 2007).
A phosphorylation-mimicking mutagenesis of PHT1;1 (at Ser 514,
Figure 1) resulted in its accumulation in the ER (Bayle et al., 2011),
implicating phosphorylation as an additional way for plant cells
to modulate PHT1 exit from the ER. Phosphorylation events on
serine residues located at the C-end of the PHT1;1 protein could
provide additional negative charges in the vicinity of the putative
ER export site (D/E-X-D/E), thereby altering the recognition of
this motif and resulting in the accumulation of PHT1;1 in the ER
(Figure 1). This mechanism is likely conserved between the differ-
ent PHT1 transporters, since phosphorylation of other Arabidopsis
members of this family (PHT1;4, PHT1;5; PHT1;7, PHT1;9) at
the C-end of the protein has been reported (Bayle et al., 2011).
This regulation recalls the previously identified phosphorylation
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of the C-terminal serine residue during subcellular trafficking of
PIP2;1 toward the plasma membrane (Prak et al., 2008). However,
phosphorylation has distinct effects on these proteins. Whereas
phosphorylation of PIP2;1 is required for its proper localization,
in the case of PHT1;1, phosphorylation was found to prevent the
protein from reaching its final destination.

Finally, a new type of post-transcriptional regulation has
recently been identified, which specifically degrades plasma mem-
brane PHT1 in the presence of phosphate (Bayle et al., 2011).
This mechanism is dependent upon endocytosis and subse-
quent degradation of the protein in the vacuole. Similar reg-
ulatory mechanisms have been identified for many types of
plasma membrane proteins in yeast, plants, and animals (Lager-
stedt et al., 2002; Persson et al., 2003; Takano et al., 2005). As
for the broader family of Pi transporters, this regulation has
already been reported for the yeast PHO84 transporter (Lager-
stedt et al., 2002; Persson et al., 2003). An important dis-
tinction here is that the regulatory mechanism identified in
yeast requires the phosphorylation of an amino acid to observe
this degradation phenomenon, whereas this particular amino
acid is not conserved in plant PHT1 (Lundh et al., 2009).
Thus, despite the high homologies between PHO84 and PHT1

proteins, similar regulatory mechanisms could rely on distinct
types of machineries. This probably reflects adaptive steps used
by plants to cope with a complex environment and a multicellular
organization.

CONCLUSION
Great strides have been made in the characterization of the PHT1
family of Pi transporters since their identification in 1996. The fact
that these transporters belong to broad multigenic family often
exhibiting overlapping expression patterns limits the analysis of
their role in planta. Another obstacle to the characterization of
PHT1 proteins is their hydrophobic nature, which has impeded
the study of their biochemistry and structural biology. This issue
will eventually be surmounted as improved techniques in genet-
ics, cell and molecular biology become more readily available. In
view of the ever-expanding array of tools available to researchers,
rapid advances are anticipated in our understanding of the finely
regulated, sophisticated mechanisms of the PHT1 family.
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In contrast to mammalian ABCB1 proteins, narrow substrate specificity has been exten-
sively documented for plant orthologs shown to catalyze the transport of the plant hormone,
auxin. Using the crystal structures of the multidrug exporters Sav1866 and MmABCB1
as templates, we have developed structural models of plant ABCB proteins with a com-
mon architecture. Comparisons of these structures identified kingdom-specific candidate
substrate-binding regions within the translocation chamber formed by the transmembrane
domains of ABCBs from the model plant Arabidopsis. These results suggest an early evo-
lutionary divergence of plant and mammalian ABCBs. Validation of these models becomes
a priority for efforts to elucidate ABCB function and manipulate this class of transporters
to enhance plant productivity and quality.

Keywords: ABCB exporter, ABCB importer, structural modeling, auxin, substrate docking

INTRODUCTION
Members of the ATP-binding cassette (ABC) transphyletic pro-
tein superfamily are predominantly transporters that function in
movement of a wide variety of substrates across cellular mem-
branes. The B subclass of this superfamily comprises the eukary-
otic P-glycoproteins (PGPs; Hrycyna and Gottesman, 1998; Hig-
gins, 2001). The most notorious ABCB transporter is human P-
glycoprotein/multiple drug resistance1 (P-GP, MDR1, HsABCB1)
due to its contribution to cellular resistance toward multiple cyto-
toxic chemotherapeutic agents when overexpressed in tumor cells
(O’Connor et al., 2007). Elucidation of the mechanistic basis of
ABCB multi-substrate specificity has been a longstanding biomed-
ical research priority (Borowski et al., 2005) and has been accel-
erated by the publication of a high-resolution crystal structure
of murine ABCB1 complexed with a cyclic tetrapeptide inhibitor
(3G5U, 3G60, 3G61) in a ligand-binding conformation (Aller et al.,
2009). Publication of detailed structures of the bacterial ABC
transporters Sav1866, MsbA, and MalGFK (Dawson and Locher,
2006, 2007; Dawson et al., 2007; Oldham et al., 2007; Ward et al.,
2007; Aller et al., 2009; Oldham and Chen, 2011a) have provided
important insights into the conserved mechanisms of ATP hydrol-
ysis, domain organization, and membrane interactions in ABC
transporters. The crystal structures of MmABCB1 and Sav1866
represent the putative ligand-binding and ligand-releasing states
of the transport cycle, thus allowing modeling of both states in
the context of the commonly accepted ABCB export mechanism
(Li et al., 2010). Increasingly, these crystal structures are uti-
lized by researchers to inform experimental analyses of specific

Abbreviations: ABCB, ATP-binding cassette protein subfamily B; ADP, adenosine-
5′-diphosphate; ATP, adenosine-5′-triphosphate; IAA, indole-3-acetic acid; ICL,
intracellular loop; MDR, multidrug resistance; NMD, nucleotide-binding domain;
PGP, P-glycoprotein; TM, transmembrane; TMD, transmembrane domain.

details of hydrophobic substrate translocation in mammalian
ABCBs.

Plant genomes contain an expanded family of ABC-transporter
genes: over 120, compared to 50–60 in other organisms of equiv-
alent genome size (Theodoulou, 2000; Sanchez-Fernandez et al.,
2001a,b; Martinoia et al., 2002; Jasinski et al., 2003). Despite their
high numerous representation, only a few ABCB orthologs have
been extensively characterized in plants and shown to catalyze
the transport of structurally diverse substrates, such as phyto-
hormones, secondary metabolites, and xenobiotics (Geisler et al.,
2005; Sugiyama et al., 2006; Knoller et al., 2010). However, the
most extensive analysis of ABCB function has taken place in the
model plant Arabidopsis and has focused on AtABCB1 (PGP1) and
AtABCB19 (PGP19/MDR1; Geisler et al., 2005; Geisler and Mur-
phy, 2006). Lesions in the genes encoding these proteins result
in reductions in long distance transport of the phytohormone
auxin and consequent dwarfism in mutant plants (Figure A1 in
Appendix). Most notably, the agriculturally important brachytic2
and dwarf3 mutants in maize and sorghum were shown to result
from loss-of-function mutations in ABCB1 genes (Figures A1A,B
in Appendix; Multani et al., 2003). AtABCB1 and AtABCB19 do
not transport standard HsABCB1 substrates, even when overex-
pressed in human HeLa cells, but directly transport the natural
auxin indole-3-acetic acid (IAA) and the artificial auxin 1-NAA
(AtABCB1 transports some additional artificial auxins, and, to
a lesser extent, auxin-like compounds; Noh et al., 2001; Geisler
et al., 2003, 2005; Bouchard et al., 2006; Bailly et al., 2008). A third
ABCB transporter, AtABCB4, is a conditional auxin im/exporter
with specificity for auxins similar to ABCB1 (Santelia et al., 2005;
Terasaka et al., 2005; Kubes et al., 2011). AtABCB14 that is included
in this study as non-auxin transporting ABCB is a malate/citrate
transporter functioning in Arabidopsis guard cells (Lee et al.,
2008).
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The relative substrate specificity of these plant transporters in
comparison to mammalian orthologs suggests that plant trans-
porters of the ABCB1/19 subgroup contain either very different
amino acid compositions in substrate-binding sites identified in
HsABCB1 or additional sites that dictate narrower substrate speci-
ficity (Shapiro and Ling, 1997). However, amino acid sequences
variation associated with these differential specificities are not
readily deduced from phylogenetic sequence comparisons alone
(Knoller et al., 2010). Robust comparative homology model-
ing and sequence analysis of a variety of plant and mammalian
ABCB1 proteins with dissimilar substrate specificities is there-
fore a strategy of choice to predict kingdom-specific ligand-
recognition patterns within the protein subfamily. The results pre-
sented here support evolutionary divergence within the recently
proposed substrate-binding domains and indicate that electrosta-
tic changes in surface residues within the translocation chamber
dictate substrate specificity.

MATERIALS AND METHODS
HOMOLOGY MODELING OF ABCB STRUCTURES
The high-resolution P-glycoprotein Mus musculus ABCB1 (MmA-
BCB1) structure (3G5U), representing the ligand-binding compe-
tent conformation, was utilized as a homology modeling template
for Arabidopsis ABCB1, 19, 4, and 14 transporters (GenBank acces-
sion numbers: ABCB1:NP_181228,ABCB4: NP_182223,ABCB14:
NP_174122, ABCB19: NP_189528). The sequences of AtABCBs
and MmABCB1 were used to generate a multiple alignment with
MultAlin (Corpet, 1988). The alignments used to build the models
are shown in Table S2 in Supplementary Material. The Mod-
eller9v7 was used to generate the AtABCB models based on the
alignments and MmABCB1 crystal structure (Sali and Blundell,
1993; Eswar et al., 2006). The N-terminal and linker regions
of AtABCBs connecting nucleotide-binding domain (NBD) 1
with transmembrane domain (TMD) 2 were removed since these
regions in MmABCB1 are missing in the crystal structure. A second
set of homology models was generated using the nucleotide-bound
state Sav1866 crystal structure as template (2HYD). AtABCB4, 14,
and 19 models were described in Yang and Murphy (2009). Each
half of ABCBs were aligned with Sav1866 using BLAST21 and Mul-
tAlin (Corpet, 1988). The N-terminal and linker regions were used
to blast protein sequence by selecting Protein Data Bank proteins as
database. The most similar structures were chosen for templates
for N-terminal and linker regions. As an example, the complete
template alignments for HsABCB1 are shown in Table S3 in Sup-
plementary Material in two runs of modeling. For each ABCB
model, five models were generated and the ones with best molec-
ular probability density function (molpdf) and discrete optimized
protein energy (DOPE) scores were selected. The evaluation of the
selected models was carried out by analyses of ERRAT (Colovos
and Yeates, 1993), Qmean (Benkert et al., 2008), PROCHECK
(Laskowski et al., 1993), and WHAT_CHECK (Hooft et al., 1996).
The TMDs and NBDs regions in both Sav1866- and MmABCB1-
based models showed good scores in assessment with these
analyses while the N-terminal, linker, and C-terminal regions in

1http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi

Sav1866-based models showed less satisfied scores in these analy-
ses. These regions were not modeled in MmABCB1-based models
due to difficulties to model these regions without disturbing the
flexible NBDs. All ABCB models from this study are available as
PDB files as listed in the Supplementary Material information.

ALIGNMENTS AND STRUCTURE DISPLAY
Multiple sequence alignments of the primary polypeptide
sequences of identified HsABCB1 and AtABCB1 orthologs (listed
in Table S1 in Supplementary Material) and the generation
of bootstrapped N-J trees were performed using ClustalX v2.1
(Larkin et al., 2007) in its default settings. In order to map the rel-
ative degree of residue conservation onto protein model surfaces,
the ConSurf server tool2 (Ashkenazy et al., 2010) has been next
used with the relevant PDB templates or generated models and
guiding trees, employing the JTT evolutionary substitution model
and the Bayesian calculation method. Output figures have been
generated using PyMOL v1.33.

SUBSTRATE DOCKING TO ABCB TMDs
For the docking process 35 different auxins and auxin-related com-
pounds have been selected according to their different structure–
effect relationships in hormonal activity (Ferro et al., 2006, 2010)
and were docked into both homology models. Thousand poses for
IAA and 100 poses for each of the other compounds were gener-
ated using the PyMOL embedded AutoDock Vina toolset (Seeliger
and de Groot, 2010). In order to avoid any bias, the binding site was
defined either as the whole molecule or the complete transmem-
brane region for each model conformer. This region in AtABCB1
shows patterns of polar and apolar residues suitable for IAA bind-
ing (Figure 2; Tan et al., 2007; Ferro et al., 2010) and, since there is
indication that the protein’s translocation chamber is water filled
during the catalytic cycle (Gutmann et al., 2010), the ligands were
docked in their ionized state.

ELECTROSTATICS
Electrostatic surfaces were generated for both inward- and
outward-facing conformations of the structural models using
the APBS Tools2 plugin (Baker et al., 2001) implemented within
PyMOL. The solving of the non-linear Poisson–Boltzmann equa-
tion had been performed with the package default settings and
molecular surfaces were colored by the potential on solvent acces-
sible surface using a temperature spectrum ranging from −10 to
+10 kT.

RESULTS
PREDICTIONS FROM STRUCTURAL MODELING
ABCB proteins share a common architecture
ATP-binding cassette transporters share a common architecture
consisting of two TMDs and two cytosolic NBDs (constituted by
a dimer in the “half transporter” subgroup). Models derived from
high-resolution crystal structures of MmABCB1, Sav1866, and
MalGFK2 are shown in Figures 1A–C (Dawson and Locher, 2006,
2007; Dawson et al., 2007; Oldham et al., 2007; Aller et al., 2009;

2http://consurftest.tau.ac.il
3http://www.pymol.org
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FIGURE 1 | ABC structures and Arabidopsis ABCB models.

(A) MmABCB1 (Aller et al., 2009). (B) Sav1866 (Dawson and
Locher, 2006). (C) Maltose transporter: left, pretranslocation
intermediate state (Oldham and Chen, 2011a), right, translocation

intermediate state (Oldham et al., 2007). (D) Arabidopsis ABCB
structural models based on MmABCB1. (E) ABCB models based
on Sav1866 including AtABCB19 and AtABCB4 models (Yang and
Murphy, 2009).

Oldham and Chen, 2011a,b). Prokaryotic ABC importers contain
a fifth component, a periplasmic or cell-surface-associated binding
protein that binds specific solutes with high affinity as shown in

maltose transporter in both pretranslocation intermediate state
(Figure 1C left) and translocation intermediate state (Figure 1C
right; Oldham et al., 2007; Oldham and Chen, 2011a,b).
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Arabidopsis ABCB transporters, ABCB1, ABCB4, and ABCB19
that were independently and unambiguously demonstrated to
function as auxin transporters (Geisler et al., 2005; Santelia et al.,
2005; Terasaka et al., 2005; Bouchard et al., 2006; Cho et al.,
2007) were chosen for our analyses. Moreover, AtABCB14 as non-
auxin transporter (Lee et al., 2008) was included in this study
(see Introduction for details). Models of the Arabidopsis unidirec-
tional exporters ABCB1 and ABCB19 and conditional exporters
ABCB4 and 14 were threaded onto theMmABCB1 and Sav1866
crystal structures (Figures 1D,E). AtABCB4/14 aligned better
with exporters MmABCB1 and Sav1866 than ABC importers
with reported crystal structures, suggesting that all Arabidopsis
full-length ABCB transporters share ABC exporter-like architec-
tures and are dissimilar to prokaryotic importers. Instead, import
activity observed in some plant ABCB transporters appears to
be determined by N-terminal linker regions and additional sub-
strate binding or regulatory sites (Yang and Murphy, 2009; Kubes
et al., 2011). The linker domains of ABCBs were constructed in
outward-facing models based on structures searched from PDB
database (described in Materials and Methods; Figure 1E), and
these domains may function to stabilize the NBDs as in the maltose
transporter MalGFK2 (Oldham et al., 2007).

The canonical structure of ABCB-type proteins can be extended
to all generated models and adopts a pseudo-symmetric arrange-
ment of the two TMD–NBD modules (Figures 1D,E). This forms a
large internal cavity exposed to the cytosol with separated NBDs in
the nucleotide-free conformation, and an asymmetric distribution
in the nucleotide-bound state that reveals the conduction chamber
to the outer medium (Rosenberg et al., 2005; Dawson and Locher,
2007). In the commonly accepted ABC transport mechanism,
helices from each TMD participate to the binding site(s), with
a predominant role for TMH6 and TMH12 (Martin et al., 2001;
Pleban et al., 2005) and form the translocation pathway for the sub-
strate, while both NBDs transmit the necessary ATP-dependent
“power stroke” to perform a complete transport cycle (Hopfner
et al., 2000; Hollenstein et al., 2007; Linton and Higgins, 2007).
The overall Sav1866 and MmABCB1 architectures and the subse-
quent structure-based allosteric mechanisms proposed in Hollen-
stein et al. (2007) are therefore relevant for all close ABCB-type
exporters (Dawson and Locher, 2006; Hollenstein et al., 2007). As
such, these computational predictions suggest that substrate speci-
ficity in plant ABCBs is determined primarily by characteristics of
the TMDs. Moreover, biochemical and structural evidences desig-
nate the top of the inward-facing translocation chamber as the par-
adigm for the competent ligand-binding region that could provide
access to either lipophilic or cytosolic substrates with minimum
energies (Gutmann et al., 2010). For simplicity, further analyses
concentrated on comparison of ABCB1 with other characterized
plant ABCB transporters and MmABCB1 and Sav1866.

PLANT AND MAMMALIAN ABCB1 PROTEINS DISPLAY
KINGDOM-SPECIFIC AND SUBSTRATE-SPECIFIC TRANSLOCATION
CHAMBERS
Most of the divergences observed in ABCB substrate recognition
can be attributed to residues facing the translocation chamber
space. However the differences between poly- and mono-specific
transporters can only be identified by analyzing the 3-D feature of

the translocation chamber space. The combination of homology
modeling and surface mapping of conservation scores employed in
this study stands as an initial effort to pinpoint substrate specificity
in large transmembrane proteins to domains composed by the
dynamic arrangement of multiple transmembrane helices. Align-
ment and projection of plant ABCB transporter sequences onto
the protein model surfaces of MmABCB1 and Sav1866 allowed
us to assess the conservation of amino acid residues facing the
chamber cavity. Not surprisingly, plant and animal proteins share
a high degree of conservation between functional and structural
domains such as nucleotide-binding folds and coupling helices,
but low degree of conservation in the residues exposed to the
transport cavity (Figure 2). Although precursors of plant and
animal ABCB genes appear to have diverged during early plant
evolution (Rea, 2007; Knoller et al., 2010; De Smet et al., 2011),
comparisons of plant and animal sequences indicated considerable

FIGURE 2 | Kingdom-specific conservation of the translocation

chamber suggests early specialization of the transporters.

(A–C) Temperature-coded residue conservation between plant ABCB1
orthologs (A), mammalian ABCB1 orthologs (B), and all ABCB1 sequences
(C). Dark-blue, lowest conservation score; dark red, highest conservation
score. Bottom view of the inward-facing translocation chamber. For
illustration purposes, representative IAA docking poses are displayed as
green sticks and QZ59 crystallographic coordinates are displayed in red
sticks.
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conservation within three regions within the translocation cham-
ber and a fourth region exhibiting conservation to a lesser extent
(Figure 2). Comparison of mammalian ABCB1 sequences showed
a strong and large spatial conservation of the chamber residues that
correlates with the poly-specific drug-binding model suggested for
HsABCB1 based on published drug-binding data (Aller et al., 2009;
Klepsch et al., 2011). This conservation reflects the relatively recent
evolution of multi-substrate specificity in mammalian ABCBs and
the earlier evolution of plant ABCB auxin transporters (Knoller
et al., 2010). Although only a small numbers of ABCB transporters
have been characterized in planta (reviewed in Knoller et al., 2010;
Zazimalova et al., 2010), the respective auxin transport functions
of AtABCB1 and 19 have been conserved in monocots and dicots
(Knoller et al., 2010), suggesting that the selective specificity of
ABCB auxin transporters appeared early in plant evolution.

DOCKING OF INDOLE-3-ACETIC ACID TO AtABCB1 STRUCTURAL
MODELS
The generation of 1000 IAA docking runs into the entire
inward- and outward-facing structural models of AtABCB1 and
AtABCB19 resulted in homologous clusters of docking poses con-
centrated within the translocation chambers of the transporters
(Figures 3A,B). The poses generated for the outward-facing con-
former (Figure 3B) targeted the intracellular loops (ICLs) region
and the inner leaflet regions of the transporter, which are simi-
lar to the sites predicted in AtABCB19 (Yang and Murphy, 2009).
Four binding regions were predicted in inward-facing AtABCB1
model with two regions (1 and 2) at the position of inner leaflet
membrane, region 3 at the outer leaflet of membrane and region 4
out of the cell is not an entry binding sites (Figure 3A). The large
majority of the resulting poses in outward-facing conformer was
distributed at the region 3 (Figure 3A), which overlaps with the
binding region of the cyclic peptide QZ59 in the co-crystal struc-
tures of MmABCB1 published by Aller et al. (2009). Analysis of
the surface residues surrounding the region 3 showed that residues
primarily located on TM helices 5, 6, 7, 11, and 12 were involved
in binding (Table 1). The importance of a large majority of these
residues was formerly assessed in different studies (Loo and Clarke,
2000, 2001; Loo et al., 2006a,b; Pajeva et al., 2009; Bessadok et al.,
2011). Numerous residues involved have been previously shown
to influence HsABCB1 transport activity (see Table 1). Interest-
ingly, our analysis indicates that most of the identified residues
listed in Table 1 are indeed evolutionary conserved among ABCB1
orthologs taken from Table S1 in Supplementary Material (results
not shown). This holds also true for Asp974, shown to be highly
critical for transport activity of AtABCB1 functionally expressed
in yeast (see below).

PUTATIVE AtABCB1 AUXIN-BINDING SITES ARE CONSISTENT WITH
THE EFFLUX PROCESS
The transport of the major natural auxin, IAA, across biological
membranes has been extensively studied (reviewed in Petrasek and
Friml, 2009). Due to the acidic pH in the apoplastic space (around
pH 5.5), a part of IAA can as protonated IAAH readily diffuse over
the plasma membrane. When IAA reaches the neutral cytosolic
compartment, the IAA− anion then prevails consequently trap-
ping the hormone inside the cell (Rubery and Sheldrake, 1974;

FIGURE 3 | Exhausting in silico docking revealed auxin-binding

hotspots in AtABCB1. (A,B) Thousand IAA docking poses (red meshes)
segregated in discrete regions of the transporter (black ribbon) mainly
located at the bottom of the funnel-shaped translocation chambers in the
inward- (A) and outward-facing (B) conformations. (C,D) MOLE-computed
access routes (colored meshes) to the bottom of the translocation
chambers in the inward- (C) and outward-facing (D) conformations of the
transporter (gray cartoon).

Raven, 1975). Dedicated plasma membrane transporters, such as
AtABCB1/19 or members of the PIN-FORMED family (Petrasek
and Friml, 2009) are then needed to control auxin efflux from
the cell. This process infers that AtABCB1 recognition sites for
the polar IAA− are required to face the cytosolic space. The
AtABCB1 inward-facing structure model therefore represents the
auxin-binding competent state of the exporter. The two predicted
binding sites associated with the inner leaflet are likely to bind
IAA− from the cytosolic side of the membrane and are predicted
by docking analyses to be more specific. The third predicted region
corresponding to the position of QZ59 binding sites of MmABCB1
may be the site for exclusion of IAAH in the lipid bilayer, which is
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Table 1 | ABCB1–ligand interaction.

TMD Site Predicted

residues

AtABCB1

Predicted

residues

AtABCB19

Referenced

residues

HsABCB1

HsABCB1/MmABCB1 reference

1 4 L58 M55 L65 Loo and Clarke (2001), Aller et al. (2009)

4 F65 F62 F72 Loo and Clarke (2001), Loo et al. (2003a,b), Pajeva et al. (2009)

4 3 V198 I195 S222 Loo and Clarke (2001)

5 3 Y279 Y276 F303 Klepsch et al. (2011)

1 F280 G277 L304 Aller et al. (2009), Pajeva et al. (2009), Klepsch et al. (2011)

3 V282 A279 I306 Loo and Clarke (2001), Pajeva et al. (2009)

3 F283 C280 Y307 Loo and Clarke (2001), Loo et al. (2003a), Pajeva et al. (2009), Klepsch et al. (2011)

3 Y286 W283 Y310 Pajeva et al. (2009), Klepsch et al. (2011)

3 A287 A284 A311 n.d.

6 4 G305 G302 G329 n.d.

3 M311 I308 F335 Loo and Clarke (1995), Aller et al. (2009)

4 F312 F309 F336 Klepsch et al. (2011)

3 M315 I312 L339 Loo and Clarke (2001), Aller et al. (2009)

4 I316 V313 I340 Loo and Clarke (2001), Loo et al. (2003a), Aller et al. (2009), Klepsch et al. (2011)

3 G318 G315 A342 Loo and Clarke (2001)

3 L319 M316 F343 Aller et al. (2009), Klepsch et al. (2011)

1 Q323 Q320 Q347 n.d.

7 1 C710 S697 N721 n.d.

1 G711 G698 G722 Loo et al. (2004)

1 S712 F699 G723 Loo et al. (2006b), Klepsch et al. (2011)

1 L713 I700 L724 Loo et al. (2006b), Klepsch et al. (2011)

1 S714 G701 Q725 Aller et al. (2009)

1 F716 T703 A727 Klepsch et al. (2011)

1 F717 F704 F728 Loo et al. (2006b), Aller et al. (2009)

1 V720 V707 I731 Klepsch et al. (2011)

8 1 S752 L739 I764 n.d.

1 A753 Y740 I765 Klepsch et al. (2011)

1 V756 G743 I768 n.d.

9 1 A829 T816 A841 Loo et al. (2004)

10 2 V852 T839 I864 Loo and Clarke (2001), Aller et al. (2009)

2 F853 F840 V865 Gruol et al. (2001)

2 V856 L843 I868 Loo and Clarke (2001)

2 T860 N847 G872 Loo and Clarke (2001)

11 4 Y930 F917 F942 Loo and Clarke (2001)

2 A933 S920 T945 Loo and Clarke (2001)

4 Q934 Q921 Q946 n.d.

2–4 L937 L924 M949 n.d.

4 Y938 Y925 Y950 Loo et al. (2005)

2 S940 S927 S952 Klepsch et al. (2011)

2–4 Y941 E928 Y953 Loo et al. (2005), Aller et al. (2009)

4 L945 L932 F957 Loo et al. (2005)

12 1 I963 I950 L975 Loo and Clarke (2001)

2 F966 F953 F978 Aller et al. (2009)

2 L969 L956 V981 Klepsch et al. (2011)

1 M970 V957 V982 Loo and Clarke (2001), Aller et al. (2009)

1 V971 I958 F983 Dey et al. (1999)

2 S972 T959 G984 Klepsch et al. (2011)

2 A973 A960 A985 Loo and Clarke (2001)

1 N974 N961 M986 Sakurai et al. (2007)

(Continued)
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Table 1 | Continued

TMD Site Predicted

residues

AtABCB1

Predicted

residues

AtABCB19

Referenced

residues

HsABCB1

HsABCB1/MmABCB1 reference

2 A976 V963 V988 n.d.

1 A977 A964 G989 n.d.

2 L980 V967 S992 n.d.

Amino acids involved in the binding cavity of the inward-facing conformation of AtABCB1 and AtABCB19 after 1000 IAA docking poses and their corresponding

residues in HsABCB1. Site refers to the binding hotspots described in the test.

less specific as proposed in Aller et al. (2009): substrates wrapped
by lipids enter the central binding sites (site 3) and are flipped out
to the outer leaflet of the membrane during the change to outward-
facing conformation. Another possibility is that the third region
functions as an intermediate site for IAA translocation rather than
as an entry site. Apolar localization of AtABCB1 and AtABCB19
suggests that, unlike PINs, AtABCB1, and AtABCB19 (Blakeslee
et al., 2007; Wu et al., 2007; Mravec et al., 2008) function primarily
in exclusion of IAAH from cellular membranes via site 3. However,
the higher substrate specificity observed in the plant ABCB1/19
transporters compared to MmABCB1 favors interactions at the
inner leaflet sites in region 1 and 2 (Figure 3A).

Unfortunately, due to the limitations of the docking algorithm
it was technically not possible to run the simulations with IAA− as
AutoDock Vina ignores the user-supplied partial charges. On the
other side, we would like to stress that at the generally assumed
apoplastic pH of around 5.5, the majority of IAA (pK a = 4.75)
would be in its deprotonated form (roughly 83%, Zazimalova et al.,
2010).

In AtABCB1, binding region 3 contains four apparent hotspots.
Interestingly, top-scoring IAA docking poses in region 3 cluster in
a homologous, if not identical, area in AtABCB19. Mutations in
HsABCB1 residues equivalent to AtABCB1 M970 and N974 (V982
and M986, respectively) have biochemically been associated with
substrate binding in the human transporter (Loo and Clarke, 2000,
2001; Loo et al., 2003a,b, 2006a,b). An Asp974 to Ala mutation
in AtABCB1 functionally expressed in Saccharomyces cerevisiae
resulted in a substantial decrease in the auxin efflux activity (Bailly
and Geisler, unpublished data). The functional conservation of
IAA-binding sites tends to argue for a paradigm of auxin-binding
modus preserved in plants under the evolution pressure. Subse-
quent structure analysis using MOLE (Petrek et al., 2007) revealed
that the center cavity of AtABCB1 in inward-facing conforma-
tion is only accessible from the cytosol and the inner leaflet of the
lipid bilayer, thus allowing the separation between the intra- and
extracellular compartments (Figure 3C). In the outward-facing
AtABCB1 conformer, upon the large rearrangement of the trans-
membrane domain and especially demonstrated TMH6 move-
ments (Loo and Clarke, 1997; Rothnie et al., 2004; Oldham et al.,
2007; Storm et al., 2008; Becker et al., 2010), important residues
for ligand binding to the inward-facing conformation move away
from the binding cavity and face the apoplastic space, get buried
in the TMD or face the lipid bilayer (Figure 3D). Therefore all
putative binding sites are destroyed and favorable protein–ligand
interactions are likely to be disrupted, thus representing the step for

IAA release outside of the cell (Oldham et al., 2007; Gutmann et al.,
2010). Indeed, substrate paths generated by MOLE in the outward-
facing conformers exit the hotspots binding region to the extra-
cellular space and outer plasma membrane leaflet (Figure 3D).
Furthermore, in our simulations, IAA hardly docked in the upper
parts of the transmembrane region when challenged against the
outward-facing conformer (Figure 3B). Taken together, these
results infer a conserved translocation mechanism in which IAA
binds to the high-affinity internal transporter chamber from the
cytosol in the closed conformation and is subsequently excluded
from the low-affinity, opened binding sites to the outer space in
the course of TMD reorganization (Becker et al., 2010).

AtABCB1 CAN DISTINGUISH DISSIMILAR AUXINS
The Arabidopsis ABCB1 and ABCB19 proteins have been recently
extensively characterized and a large body of physiological, cellular,
and biochemical data confirmed their function as auxin-transport
components specialized in the export of the hormone across the
plasma membrane (Geisler et al., 2005; Wang and Lin, 2005). How-
ever, investigators have focused their efforts on few well-studied
auxins, thus leaving old questions about other auxin-related com-
pounds unanswered. Therefore we here took the opportunity to
challenge our structural models with 34 auxin-related compounds
distributed within three classes categorized as Class 1 (active aux-
ins), Class 2 (weak auxins and competitive inhibitors), and Class
3 (inactive, but structurally related compounds; Table 2; Ferro
et al., 2006). Best docking results showed IAA poses mainly dis-
tributed in hotspots 1, 2, and 3, with a close-fitting clustering
in hotspot 1 (Figure 4A). Remarkably, Class 1 molecules fol-
lowed the same docking pattern as IAA and most of the docking
poses were in the same magnitude of computed docking energy
as IAA (Table 2) and preferentially targeted hotspots 2, 3, and 1,
in this order respectively (Figure 4B). More interestingly, docking
results from Class 2 and Class 3 showed a significantly different
patterning: although these inactive or transport-inhibiting com-
pounds share close structures with the active auxins, they exhibited
binding to hotspots 2 and 3 sites, but almost excluded hotspot 1
(Figure 4C). This suggests a dominant role for hotspot 1 in auxin
recognition and this motif may hold the ability to specifically select
active molecules while the other binding regions may exhibit less
selectivity. Moreover, Class 2 molecules binding energies scored
generally lower and Class 3 higher than IAA, thus suggesting
that the behavior of those chemicals is linked to the affinity to
their binding site(s) (Table 2). Remarkable examples are illus-
trated by 1-naphtalene acetic acid (1-NAA), 2-napthalene acetic
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Table 2 | Docking scores of auxin-related compounds used in this

study.

Compound name Class no Top pose

score

Mean

of 5*

1-Naphthalene acetic acid Class 1

2-Me, 4-Cl-phenoxy acetic acid Class 1

2,5-Cl2-phenoxy acetic acid Class 1

2,4-Cl2-phenoxy acetic acid Class 1

Indole-3-acetic acid Class 1

4-Cl-indole-3-acetic acid Class 1

5-Cl-indole-3-acetic acid Class 1

6-Cl-indole-3-acetic acid Class 1

5,6-Cl2-indole-3-acetic acid Class 1

6-F-indole-3-acetic acid Class 1

4-F-indole-3-acetic acid Class 1

4-Me-indole-3-acetic acid Class 1

2,3,4-Cl3-phenoxy acetic acid Class 1

5-F-indole-3-acetic acid Class 1

4-Et-indole-3-acetic acid Class 1

5-Me-indole-3-acetic acid Class 1

7-F-indole-3-acetic acid Class 1

4,6-Cl2-indole-3-acetic acid Class 1

2,4,5-Cl3-phenoxy acetic acid Class 1

6,7-Cl2-indole-3-acetic acid Class 1

4-Indole-3-butyric acid Class 1

R-2,5-Me2-phenoxy-2-propionic acid Class 1

7-Cl-indole-3-acetic acid Class 2

4,7-Cl2-indole-3-acetic acid Class 2

3-Indole-3-propionic acid Class 2

5,7-Cl2-indole-3-acetic acid Class 2

2-Naphthalene acetic acid Class 2

2-Cl-Benzoic acid Class 3

2-F-Benzoic acid Class 3

2-I-Benzoic acid Class 3

2,6-Cl2-benzoic acid Class 3

Benzoic acid Class 3

4-Cl-benzoic acid Class 3

Beta-naphthoic acid Class 3

2-Me-benzoic acid Class 3

2,3,5-I3-benzoic acid Class 3

1-N -naphthylphthalamic acid –

Color scaled binding affinities obtained in AutoDock Vina simulations expressed

in kcal/mol. *Mean of the five best docking clusters.

acid (2-NAA), and 2,3,5-triiodobenzoic acid (TIBA; Figure 4D;
Figure A2 in Appendix).

Synthetic 1-NAA acts as an active lipophilic auxin and mimics
IAA docking pattern by occupying the four hotspots (Figure 4D)
with lower binding energies than IAA, probably due to the stronger
hydrophobicity generated by the naphthalene ring compared to
the indole ring in absence of an obvious hydrogen-binding partner
for the indole amine (Table 2). Surprisingly, its close enantiomer,
the anti-auxin, 2-NAA, an inactive auxin analog, docks to the
same regions in AtABCB1 and AtABCB19 but with higher affini-
ties (Table 2). This is further supported by analogous behaviors

FIGURE 4 | Docking of auxinic compounds to AtABCB1 suggests

functional substrate selectivity. (A–C) Docking poses of IAA (A), active
(B), and inactive (C) auxinic compounds in the inward-facing cavity.
IAA-binding hotspots are colored on the protein surface as 1, blue; 2,
magenta; 3, yellow; 4, red. (D) Close-up views of docking poses (shown as
colored meshes) of commonly used auxin-related compounds. AtABCB1 is
shown as a gray cartoon and predicted transmembrane residues are
colored in black.

from auxinic competitors in early radiolabeled auxin-binding pro-
tein studies (Lobler and Klambt, 1985). Expression of AtABCB1
in yeast and human heterologous systems lead to enhanced export
capacities of IAA and NAA but not 2-NAA (Geisler et al., 2005),
inferring that the inefficient transport might lie in its high affinity
to the binding pocket. Class 2 compounds displayed the highest
binding scoring consistent with the role of transport inhibitors by
competing with active auxins for substrate-binding sites (Table 2).

Despite its clearly different ring structure, the weak auxin,TIBA,
is thought to act as auxin-transport inhibitor by mimicry of auxin
in planta (Keitt and Baker, 1966). However, in computed dock-
ings against AtABCB1 and AtABCB19, TIBA docks to hotspots
2, 3, and 4 with very low scores in the same range as benzoic
acid and its derivatives (Figure 4D; Table 2). Moreover, TIBA is
excluded from the first IAA-binding hotspot, suggesting that the
transporters probably do not recognize the molecule as a potent
substrate (Figure 4D). This suggests that the inhibitory effect of
TIBA on AtABCB1 activity might be conferred not by direct inter-
ference with the substrate-binding site of ABCB1 as found for
allosteric inhibitors or by indirect events.

Following the idea that ABCB-mediated polar auxin-transport
inhibitors may directly interact with the auxin-binding sites, we
included NPA (1-N -naphthylphthalamic acid) in our analysis.
Interestingly, in addition to the docking poses in the TMD–TMD
interface previously reported (Kim et al., 2010), NPA docked into
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hotspot 1 and 3 with the highest binding score observed in this
study (Table 2),which is in line with its reported striking inhibitory
effect on ABCB1-mediated auxin transport (Wang and Lin, 2005;
Bailly et al., 2008; Nagashima et al., 2008) and NPA binding stud-
ies (Sussman and Gardner, 1980; Muday et al., 1993). These data
however also support the concept that ABCBs are primary NPA
targets (Rojas-Pierce et al., 2007; Kim et al., 2010).

SURFACE ELECTROSTATICS OF TRANSLOCATION CHAMBERS REFLECT
SUBSTRATE SPECIFICITY
In order to understand the functional influence of evolution on
the translocation pathways of ABCB proteins and its consequence
on substrate specificity, electrostatic potentials were computed for
a choice of related plant and mammalian sequences from dif-
ferent species and were mapped to each corresponding chamber
surface. Further, the overall distribution of apolar residues and
polar residues on both the Arabidopsis and murine ABCB1 binding
chambers (Figure 5) is not sufficient to clarify the observed dis-
crepancies in substrate specificity. Elements of answer may come
from the analysis of the electrostatic potentials computed for both
translocation chambers.

In its inward-facing modeling, AtABCB1 displayed predomi-
nantly lateral negative potentials near the entrance of the cavity
that weakens to a more neutral environment in the region where
the binding hotspots were described (Figure 4A). In a greater
magnitude,AtABCB19 retained the same electrostatic distribution
with a solvent accessible surface that remained principally negative,
with values >10 kT near the putative binding pocket (Figure 6A).
This conserved pattern seems to be functionally important as other
models of plant ABCB1 orthologs, despite their divergence in
residues aligned in the translocation chamber, kept the same neg-
ative to neutral distribution of the surface electrostatic potential
(data not shown). Strikingly, AtABCB4 and AtABCB14, described
to function as auxin and malate importers (Terasaka et al., 2005;
Oldham and Chen, 2011b), respectively, displayed a common neu-
tral to positive electrostatic surface throughout the whole chamber
(Figure 6A), arguing for a functional evolution of the plant ABCB
subfamily toward a specialization of their transport activities.

Human and murine B1 showed a less homogenous electrosta-
tic potential ranging from strong negative and positive stretches
toward the substrate entrance of the translocation pathway to a
more neutral electrostatic character with small patches of strong
charges closer to the substrate-binding site (Figure 6A). Remark-
ably, the electrostatic surface for the mammalian ABCB1 seems to
mirror the various physico-chemical properties of the lipophilic
substrates described for this transporter (Figure A2 in Appendix,
see Sharom, 2008) in comparison to the hydrophilic IAA−.

It is worth mentioning that the transmembrane region of the
TMDs concentrates most of the differences observed between the
different categories of transporters included in this study. Further-
more, the observed neutral to charged environments described for
the ligand-accepting conformers are tremendously altered with
the TMDs conformational rearrangements associated with ATP
binding and the exposition of the cavity to the extracellular space.
Indeed, all molecules tested here switched to fully charged surfaces
in their outward-facing conformers (Figure 6A). These changes of
electrostatic properties may represent an important component of

FIGURE 5 | Surface distribution of residue properties in the ABCB

translocation chamber. (A) AtABCB1; representative IAA docking poses
are depicted as green sticks. (B) MmABCB1; Co-crystallized compounds
coordinates are shown as red sticks. Residue property color code is as
follow: white, apolar; orange, polar; red, acidic; blue, alkaline; yellow,
cysteine.

the ligand release step by presenting charged and polar residues to
the cavity that were previously buried in the protein and thus
creating an incompatible drug-binding situation.

To summarize, computation of surface electrostatics revealed
a great level of divergence in electrostatic properties that corre-
lated with the substrate specificity of the transporters. While the
mammalian B1 substrate promiscuity is reflected by a broad range
distribution of charges, narrow-specific plant transporters show
a high level of functional conservation in surface electrostatic
potentials.

The network of electrostatic interactions between the surface-
facing residues is expected to provide a basis for the distinction
between discrete sites or common functional regions. Plant ABCB
models clearly show a neutral setting with weak patches of charges
in the putative auxin-binding region (Figure 6B). The weak static
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FIGURE 6 | Surface electrostatic potential of the ABCB translocation

chamber reflects its substrate specificity. (A) Cut views of Arabidopsis
(At) and mouse (Mm) ABCB proteins’ surface electrostatics in both
inward- (up) and outward-facing conformers (down). The gray box
represents the estimated position of the lipid bilayer. (B) Bottom view of

the AtABCB1 inward-facing translocation chamber. Representative IAA
docking poses are shown as yellow sticks. (C) Bottom view of the
MmABCB1 inward-facing translocation chamber. Co-crystallized
compound coordinates are shown as yellow and green sticks. Scale is
red −10 kT, blue +10 kT.

electric fields thus represent the ideal environment for the tran-
sient interaction of such small molecules. Surface electrostatic
potentials in the crystal structure of MmABCB1 correlate with the
binding of the cyclic peptides QZ59-RRR and QZ59-SSS where
patches of negative, neutral, and positive fields provide accommo-
dation to these complex molecules that build hydrophobic and
aromatic interaction within the chamber (Figure 6C; Aller et al.,
2009). It is worth mentioning that the increased negative poten-
tial in AtABCB19 is correlating with increased IAA transport rates
reflected finally by the more severe null mutant phenotype (Geisler
et al., 2005; Wang and Lin, 2005; Geisler and Murphy, 2006). On
the contrary, the strong negative potential concentrated at the
top of the MmABCB1 translocation chamber is surrounded by
a more neutral environment that may accommodate its large and
lipophilic substrates. Taken with the dominantly apolar residues
lying in its cavity (Figure 4), the electrostatic properties of the
mammalian transporter may account for the diversity in ligands
reported so far. The size of the binding region is large enough to
receive bulky or long-chained compounds and the flexibility of
the amino acid side chains facing the cavity is confidently suffi-
cient to build the binding plasticity or adaptability that forms the

canonical multisite previously hypothesized (Corpet, 1988; Garri-
gos et al., 1997; Knoller et al., 2010). Though Bachas et al. (2011)
have proposed a model for multidrug recognition based on a single
rigid binding pocket in the Bacillus subtilis BmrR, such a scenario
seems unlikely to be true in mammalian ABCB molecules where
the different structural and biochemical evidences point to a larger
platform for recognition of dissimilar molecules (Lee et al., 2008;
Newberry et al., 2008).

Although it represents a loose cavity when compared to enzy-
matic or receptor’s binding pockets, from all 4 putative binding
hotspots proposed in this work, only hotspot 1 forms a close-
fitting site for IAA recognition (Figure 4A). It is therefore difficult
to sustain that information obtained in silico may stay valid when
challenged by in vivo experimentation. However, our first attempts
to use the knowledge gathered via this analysis has been the suc-
cessful site-directed mutagenesis of site 1 by exchanging I963
and N974 to alanines that led to drastic decreases in AtABCB1-
mediated IAA efflux from S. cerevisiae cells (not shown). Those
regions may therefore form bona fide binding sites congruent with
the transport cycle (Oldham et al., 2007) as each pocket described
in the inward-facing conformer vanishes in the outward-facing
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conformer along with the large transmembrane helices move-
ments. However, the molecular dynamics of the ABC-type cavity
and its remodeling during the catalytic cycle remain difficult to
predict and, although simulations have been recently performed
(Oldham et al., 2007; Becker et al., 2010).

Obviously, the long evolutionary period separating plant and
mammalian ABCB1 transporters has resulted in different elec-
trostatic properties, which are likely to reflect differences in the
recognition and transport of their respective substrate(s).

DISCUSSION
Despite diverse substrate specialization, bacterial, mammalian,
and plant ABCB transporters share a close common architecture
(Locher, 2004; Hollenstein et al., 2007), underlining the essential
function of pumping specific drugs in or out cellular compart-
ments. Our analysis identified candidate substrate regions in the
transporter’s transmembrane domains that appear to describe a
paradigm for substrate recognition and subsequent translocation.
Comparisons of plant and animal ABCB central binding sites sug-
gest that the multi-substrate specificity associated with this region
is not due to a randomized distribution of amino acid side chains
and is functionally conserved. However, the putative IAA-binding
sites and translocation surfaces of the plant ABCBs examined
herein are relatively conserved, although they lack a high degree
of sequence identity (Figure 4). This suggests that evolutionary
pressure may have favored a plastic, multi-site substrate-binding
environment over a rigid substrate-binding pocket as found for
the auxin receptor (Tan et al., 2007).

The kingdom-specific differences presented here raise the ques-
tion of how the large ABCB binding pocket can selectively recog-
nize and transport molecules as large as hydrophobic HsABCB1
substrates and as small as auxins? Indeed, IAA binding may not
generate sufficient energy to cause the expected “induced-fit” ster-
ical shift by itself. Kimura et al. (2007) proposed a model for
human ABC transporters in which sterols or phospholipids would
be needed to fill the remaining space and play a role in small sub-
strate recognition. This “cholesterol fill-in” concept is an attractive
alternative to a water-filled cavity and is not incompatible with
auxin transport but lacks biochemical evidence for plant ABCBs.
In support of this concept, activity and membrane stability of Ara-
bidopsis ABCB19 have been shown to be positively modulated by
structural sterols (Rojas-Pierce et al., 2007; Titapiwatanakun and
Murphy, 2009).

Despite the large space of the translocation chamber, most of
the auxinic compounds tested in this analysis share the same bind-
ing sites (Figure 4) with different binding energies (Table 2). Most
of these compounds display a common structural basis, com-
prising the ring system and the carboxylic function, but differ
in their substituents, inferring that the protein would recognize
rather a family of ligands than a definite molecule. The docking
scores obtained here are weak and within a close range, proba-
bly because of the small size and chemical similarity of auxins,
but all three compound classes showed distinct behaviors: Class
1 active molecules displayed midrange scores, Class 2 anti-auxins
seemed to have the highest binding affinities and Class 3 inactive
auxins had the lowest scores (Table 2). Those properties could par-
tially explain the physiological effects of auxin-like molecules since

active compounds bind preferentially to site 1 while inactive and
anti-auxins do not (Figure 4). One might speculate that hotspot 1
may represent an active and selective site for active auxins where
inhibitors with high affinity could block the translocation mech-
anism. Interestingly the efficient polar auxin-transport inhibitor,
NPA, targeted hotspot 1 and 3 in our docking simulations, with the
highest scores obtained in this study (Table 2). The modeling pre-
sented here suggests that the ABCB1 chamber could accommodate
multiple auxin molecules at the same time. As functional coop-
eration between multiple sites with different affinities has been
observed in HsABCB1 (Shapiro and Ling, 1997), this prediction is
a priority target for experimental testing.

CONCLUSION AND FURTHER DIRECTION
The solution of the Sav1886, MsbA, and MmABCB1 crystal struc-
tures and an avalanche of sequence information derived from
genome sequencing projects have provided the basis for sophis-
ticated structural models of plant ABCB transporters that can be
rigorously tested. As plant genomes contain an expanded family
of ABC-transporter genes (Theodoulou, 2000; Sanchez-Fernandez
et al., 2001a,b; Martinoia et al., 2002; Jasinski et al., 2003), multiple
narrow-specificity transporters in these sessile organisms reflects
an apparent need (Geisler and Murphy, 2006). Structurally and
functionally, ABCB substrate specialization seems to be recent
when compared to the ancient origin of ABC proteins. Some
genetic studies from water- to land-plants indicate that the com-
plexity of the ABC-transporter family arose with the emergence
of auxin-controlled development (Kelch et al., 2004), although
this expansion requires further validation as more plant genomes
are sequenced. The task at hand is the experimental testing of the
models shown here and the identification of the cofactors required
for efficient plant ABCB transport.
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APPENDIX

FIGURE A1 | Mutations in ABCB1 orthologs result in reduced basipetal

auxin transport and dwarfism. (A,B) Compressed stalk internodes in
maize br2 (brachytic2/zmpgp1) and sorghum dw3 (dwarf3/sbpgp1) mutants
(Multani et al., 2003). (C) Drastic dwarfing phenotype in Arabidopsisabcb1
abcb19 double mutant (Geisler et al., 2005). Wt, wild type.
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FIGURE A2 | Mammalian and plant ABCB1 proteins show

divergent substrate selectivities. Structural representations of
discrete HsABCB1 and AtABCB1 substrates evidence the extreme
variance in the reported mammalian substrates when compared to

the similarity of AtABCB1 substrates. *No experimental evidence
for those compounds has been reported to date, although their
biological activity in polar auxin transport has been extensively
documented.
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The importance of the family of high affinity ammonium transporters is demonstrated by
the presence of these proteins in all domains of life, including bacteria, archaea, fungi,
plants, and humans. The majority of the proteins that have been studied from this fam-
ily show high affinity and selectivity for ammonium, are impermeable to alkaline cations,
saturate rapidly at low millimolar concentrations and most of them, are also permeable to
methylammonium. Crystallization of homologue proteins from bacteria and archaea has
demonstrated that the functional entity corresponds to a trimer, with each monomer main-
taining a conductive pore. Through molecular modeling, it has been demonstrated that
even though the identity of the proteins between bacteria/archaea with those from plants
is below 25%, the latter seem to maintain similar tertiary and quaternary structures, an
observation that has helped to address the functionality of conserved residues by means
of mutational analysis. Results have shown that changes in the extracellular binding site of
some plant transporters may result in their inhibition or reduction in transport activity, while
in Escherichia coli, dissimilar replacements like Phe/Ala or Ser/Leu that eliminate possible
π-interactions or H-bonds with ammonium, respectively, lead to more active transporters.
Active mutants with changes in the pair of conserved His in the center of the transporter
suggest these residues are dispensable. Additional mutations have identified other impor-
tant amino acids, both in the entrance of the pore and in cytoplasmic loops. Regulation
of this family of transporters can be achieved by interactions of the C-terminal with cyto-
plasmic loops within the same monomer, or with a neighbor in the trimer. Depending
on the interacting residues, these contacts may lead to the activation or inhibition of the
protein. The aim of this review is to critically evaluate the newest findings on the role of
the proposed amino acids that structure the ammonium pathway, as well as highlight the
importance of additional residues that have been identified through mutational analyses.

Keywords: ammonium, transport, AMT, high affinity

INTRODUCTION
Ammonium is the preferred nitrogen source for many plants, and
its transport across cellular membranes is carried out by a family
of integral membrane proteins that is conserved throughout all
domains of life, the AMT/MEP/Rh family (Ammonium Trans-
porter/Methylammonium Permease/mammalian Rhesus pro-
teins; Wirén and Merrick, 2004; Winkler, 2006). Members of this
family of transporters share several properties, among them, high
affinity (Km in the micromolar range) and high selectivity for
ammonium [transporting exclusively ammonium and its methy-
lated analog, methylammonium (MeA), but no other monova-
lent cation] and saturation at ammonium concentrations ≤1 mM
(Gazzarrini et al., 1999; Shelden et al., 2001; Ludewig et al., 2002;
D’Apuzzo et al., 2004; Wood et al., 2006; Couturier et al., 2007;
Boeckstaens et al., 2008; Ortiz-Ramirez et al., 2011). In spite of
these common characteristics, it is not clear what is the chemical
species that is transported, ammonium or ammonia, or the actual
transport mechanism represented by these proteins, either a chan-
nel or a transporter (Khademi et al., 2004; Conroy et al., 2007).
However, important progress in the understanding of ammonium

transporters has been derived from the crystal structure of AmtB
from Escherichia coli (Khademi et al., 2004; Zheng et al., 2004; Con-
roy et al., 2007) and Amt1 from Archaeoglobus fulgidus (Andrade
et al., 2005). These studies have demonstrated that the ammonium
transporters are conformed as homotrimers, with each monomer
containing a central hydrophobic channel, proposed to be the
pathway through which the uncharged ammonia is transported
(Khademi et al., 2004; Zheng et al., 2004; Andrade et al., 2005).
Taking as a reference the structure for the E. coli ammonium trans-
porter (EcAmtB), it is proposed that the putative selective ammo-
nium pathway is structured by a binding/recruitment site facing
the periplasmic side; a so-called phenylalanine gate composed by
two conserved Phe residues; a central section characterized by the
presence of two highly conserved His and a cytoplasmic vestibule
(Khademi et al., 2004; Zheng et al., 2004). It is suggested that in
the recruitment site, S219 and W148, and well conserved in the
AMT/MEP/Rh family, can bind ammonium through a hydrogen
bonding by the former and through the π system of the latter
(Khademi et al., 2004), although in the crystal structure of the
Amt1 homologue from A. fulgidus (AfAmt1;1) this site is occupied

www.frontiersin.org March 2012 | Volume 3 | Article 34 | 263

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=11155&d=1&sname=OmarPantoja&name=Science
mailto:omar@ibt.unam.mx
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00034/abstract


Pantoja High affinity ammonium transport

by water (Andrade et al., 2005). The Phe gate is structured by the
F107 and F215 pair that seems to block the entrance to the putative
channel. Deeper into the channel of EcAmtB, the central section
is partially structured by His168 and His318 which are proposed
to deprotonate ammonium and to bind the substrate ammonia,
facilitating thus the transport of the latter. Finally, in the cytoplas-
mic vestibule, the side chain of V314 occupies the pore exit, and
depending on the crystal structure, it may exist in a closed (P63
structure) or open (R3 structure) state, which may suggest V314
plays a role in controlling ammonium transport, that in the case of
EcAmtB, may induce the binding of the regulatory GlnK protein
inhibiting ammonium transport (Zheng et al., 2004).

SEQUENCE ANALYSIS OF AMT/MEP/RH TRANSPORTERS
The genome of higher plants contain two families of ammonium
transporters, AMT1 and AMT2 (Sohlenkamp et al., 2000; Simon-
Rosin et al., 2003; Couturier et al., 2007). Both family members
show a high affinity for ammonium (in the micromolar range),
but those from the AMT2 family are unable to transport the
ammonium analog, methylammonium; possess a smaller trans-
port capacity, and ammonium transport by AtAMT2 has been
shown to be electroneutral, suggesting that the transported species
corresponds to the uncharged NH3 and not NH4

+ (Sohlenkamp
et al., 2000, 2002; Simon-Rosin et al., 2003; Neuhäuser et al., 2009).
From a pair wise analysis (Figure 1) of the sequences shown in
Figure 2, it can be observed that among the plant AMT1 pro-
teins there exists a high degree of identity between them, varying
between 65 and 91%, with the exception of Lycopersicon esculen-
tum LeAMT1;3 which on average, shows a slightly lower identity
with the other members, ≤60%. In comparison, identity between

the AMT1 and AMT2 families is lower and accounting for only
20–25%, as has previously been reported (Sohlenkamp et al.,
2000). Identity of the plant AMT1 proteins with their homo-
logues from fungi and bacteria is also low with values close to
20–25% (Figure 1). Identity between AMT2 homologues from
plants and those from fungi and bacteria falls within similar low
values (≤20%). These observations are better appreciated in the
phylogenetic tree in Figure 3, which clearly shows that the AMT1
family members group in a closely related cluster, while those from
the AMT2, fungi, archaea and bacteria branch off and form a
separate cluster. In the latter, the low identity levels among these
members (Figure 3), as represented by the length of the branches,
clearly indicates that plant AMT2, archaea, bacteria, and fungi pro-
teins form distantly related groups. In spite of these differences,
and as mentioned before, the majority of these proteins show high
affinity and high selectivity for ammonium, which indicates that
among the 20–25% conserved residues must reside those directly
involved in the mechanism of transport that may correspond to
those proposed to structure the ammonium pathway (Khademi
et al., 2004; Zheng et al., 2004; Andrade et al., 2005).

THE AMMONIUM BINDING/RECRUITING SITE
As postulated by several groups, among the conserved amino
acids are W148 and S219, in EcAmtB, proposed to structure
the ammonium binding site (Khademi et al., 2004; Zheng et al.,
2004; Andrade et al., 2005). According to the alignment shown
in Figure 2, most of these residues are well conserved, with the
exception of S219 which is replaced by Ala or Asp in plant AMT2
proteins. The more detailed analyses on the putative pore have
been made on the E. coli homologue EcAmtB. Most results on the

FIGURE 1 | Pairwise analysis of AMT/MEP transporters. Employing the
sequence from PvAMT1;1 and the CLC Main Workbench software (CLC bio,
Katrinebjerg, Aarhus N, Denmark) 106 most conserved sequences related to
AMTs were obtained from NCBI using BLAST. Twenty-one sequences that
are mentioned in the text were aligned, and compared (Neighbor Joining; 100

bootstraps), to obtain the number of conserved residues, upper half and
percent identity between the proteins, bottom half. The shades of red and
blue color represent, respectively, the maximal and minimal number of
identical residues, upper half ; or per cent of identity, lower half, between the
AMT/MEP transporters.
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role of the residues localized in the ammonium recruiting/binding
site have demonstrated that substitution of F107, W148, or S219
with either Ala or Leu, do not modify the expression level of
EcAmtB, although some changes were observed in the transport
properties (Fong et al., 2007; Javelle et al., 2008; Hall and Kustu,
2011). Mutations in F107A, W148A-L, or S219A increased trans-
port activity between 2- and 10-fold while the rest of the mutants
showed similar levels to those of the wild type (wt ; Javelle et al.,
2008; Hall and Kustu, 2011). Inhibition of MeA transport by thal-
lium in all these mutants was similar to the wt, indicating that
the microenvironment is not severely affected for MeA binding

to occur. Inhibition by thallium however, was reduced (15–20%)
in the triple mutant F107A/W148A/S219A. Crystal analyses of
some of these variants showed that the mutations did not modify
the general structure of the transporter, with the changes being
limited to the mutated residue or with minor changes on neigh-
boring amino acids (Javelle et al., 2008). These results indicate that
the proposed role for the aromatic amino acids in NH4

+/MeA
binding through cation-π interactions or to S219 by H-bonding
(Khademi et al., 2004) is dispensable, and that these substrates
can apparently, move freely through the periplasmic/extracellular
region. An additional residue, D160 has been shown to play an

FIGURE 2 | Continued
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FIGURE 2 | Alignment of 21 AMT/MEP transporters. Alignment
of the 21 proteins reviewed in the text were aligned with the CLC
Main Workbench software (CLC bio, Katrinebjerg, Aarhus N,
Denmark). Amino acids identified as constitutive of the pore in E.

coli AmtB are marked at the top of the sequences in blue squares;
transmembrane domains are shown in red rectangle at the bottom
of the sequences; the C-terminal is highlighted by a green
rectangle.

important role by mutational analysis, where substitution by Ala
renders the protein inactive, and thus, proposed to be the ammo-
nium binding site (Javelle et al., 2004). However, in the crystal
structure of EcAmtB (Khademi et al., 2004), a density peak associ-
ated with the presence of high ammonium or MeA concentrations
was not observed close to D160, that besides being inaccessi-
ble to the extracellular solution, suggest that the role of this
residue may be structural (Khademi et al., 2004). Mutations in
the equivalent residue in yeast (Saccharomyces cerevisiae) MEP

transporters (ScMEP2 D186N; Marini et al., 2006) and Arabidop-
sis thaliana (AtAMT1;1 D198N; Loqué et al., 2007) also inhibited
ammonium transport, thus confirming the importance of this Asp
located in the periplasmic/extracellular side of the proteins.

In plants, attempts have been made to ascertain the impor-
tance of W178 and Y133 in LeAMT1;1 from tomato (W148 and
F103 in EcAmtB). The mutation W178L transformed the trans-
porter into an inactive mechanism, unable to generate currents
with ammonium or to transport the analog MeA (Mayer et al.,
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FIGURE 3 | Phylogenetic tree of AMT/MEP transporters. The phylogenetic tree was calculated with the CLC Main Workbench software (CLC bio,
Katrinebjerg, Aarhus N, Denmark) employing the 21 sequences described in the text.

2006). On the contrary, the change Y133I induced an increase in
ammonium affinity (10-fold), together with a significant decrease
in transport capacity (10-fold smaller currents; Mayer et al., 2006).
The mutations W178L and Y133I were made to mimic the binding
site found in the human Rh homologue glycoproteins, transporters
that carry out low affinity and electroneutral ammonium trans-
port (Mayer et al., 2006). The properties shown by the W178L
and Y133I mutants indicate that substitutions of these two amino
acids does not transform the tomato transporter into an Rh-like
protein and that the transport properties of the latter must depend
on residues located elsewhere.

Changes in the putative ammonium binding site occur natu-
rally in the members of the AMT2 plant family, where the residue
equivalent to S219 in EcAmtB and proposed to form an H-bond
with ammonium, is substituted either, by Ala in AtAMT2;1 (A239)
and (Lotus japonicus) LjAMT2;1 (A252) or Asp in LjAMT2;2
(D238; see Figure 2). LjAMT2;1 and AtAMT2;1 seem to trans-
port uncharged ammonia, with a low transport capacity (low
V max) and are impermeable to MeA (Simon-Rosin et al., 2003;
Neuhäuser et al., 2009). Interestingly, LjAMT2;2 a mycorrhizal
specific ammonium transporter is also electroneutral, but it does
transport MeA with a relatively high affinity (K m = 0.83 mM). The
natural substitution of S219 by Ala in AtAMT2;1 and LjAMT2;1
together with the results from the EcAmtBS219A mutant chal-
lenge the proposed role of S219 in ammonium binding through
an H-bond and suggests that other amino acids must be involved
in ammonium binding.

THE PHENYLALANINE GATE
The Phe gate, structured in EcAmtB by the F107 and F215 pair,
it seems to block the entrance to the putative channel (Khademi

et al., 2004; Andrade et al., 2005). Both residues are well conserved
in all the analyzed proteins (Figure 2). Interestingly, while the sin-
gle mutant F215A, was well expressed in the membrane, did not
carry out MeA uptake (Javelle et al., 2008) nor grew on low ammo-
nium concentrations (Hall and Kustu, 2011), the F107A mutant
behaved very much like the wt transporter (Javelle et al., 2008;
Hall and Kustu, 2011). Further mutations in F215 (H, Q, S, or W)
did not transport MeA (Javelle et al., 2008), just like the mutant
F215L (Javelle et al., 2008; Hall and Kustu, 2011), which however,
grew slightly slower than the wt in micromolar ammonium (Hall
and Kustu, 2011). It is important to point out the contrasting
results with the F215L mutant which led to the conclusion by
one group that F215 plays a crucial role in the functioning of the
transporter based on its inability to transport MeA (Javelle et al.,
2008), while another group proposed that F215 and the associated
π-interactions that they may establish with ammonium are not
required for the functioning of EcAmtB, as indicated by the simi-
lar growth rates shown by the F215L mutant and the wt (Hall and
Kustu, 2011). Interestingly, the double (W148L/F215L) and triple
(F107A/W148L/F215L) mutants did not differ much from the wt
when grown in low ammonium, although both did not achieve
MeA transport (Hall and Kustu, 2011).

Intuitively, mutation on the Phe gate to F107A/F215A has
potential structural effects, generating an open pore, which would
suggest that ammonium and other ions with similar radius could
freely permeate through the mutant transporter. However, neither
MeA, K+, H+ nor water were transported by the F107A/F215A
double mutant or by EcAmtB. It remains to be demonstrated if
this mutant is capable to grow at low ammonium concentrations
before reaching a definitive conclusion on the effects of this double
substitution (Javelle et al., 2008).

www.frontiersin.org March 2012 | Volume 3 | Article 34 | 267

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Pantoja High affinity ammonium transport

THE ROLE OF His168 AND His318 IN AMMONIUM
DEPROTONATION AND pH-DEPENDENCE
The pair of His postulated to deprotonate NH4

+ and facilitate
the movement of uncharged NH3 (H168 and H318) is also well
conserved, excluding the yeast ScMEP1 and ScMEP3 proteins
where the residue equivalent to His168 corresponds to E181 and
E180, respectively (Figure 3). Analysis of 14 mutants in EcAmtB
where the His residues were replaced by aliphatic, aromatic, or
polar residues, demonstrated that most of them were expressed
in the membrane and maintained their trimeric structure. Six of
the polar mutants were also expressed in the membrane but the
apparent formation of monomers and dimers indicated that they
were rather unstable (Javelle et al., 2006). From those mutants
that were crystallized, it was observed that the structural changes
were restricted to the mutated His, with small effects on adjacent
residues (Javelle et al., 2006). From all the analyzed mutants, only
H168E and H168D showed reduced MeA uptake that accounted
for 15–25% of the wt activity (Javelle et al., 2006; Hall and Kustu,
2011), although growth in low ammonium was normal for the
H168E mutant (Hall and Kustu, 2011), Functionality of the H168E
mutant should not be surprising since this substitution is natu-
rally present in the ScMEP1 and ScMEP3 homologues from yeast
(Figure 2), both being able to transport ammonium and MeA
(Marini et al., 2000). Recently, it was reported that the same sub-
stitution (H211E) in PvAMT1;1 from bean (Phaseolus vulgaris),
caused an increase in ammonium current and a large decrease in
MeA transport (Ortiz-Ramirez et al., 2011). PvAMT1;1, like most
of the AMT1 family members shows high affinity (K m = 15 μM
and V max = 140 nA), and high selectivity for ammonium, and sat-
urates at concentrations below 1 mM; however, it is pH-dependent,
being more active in acidic extracellular environments. Associated
to the higher activity at acidic external pH, ammonium trans-
port (currents) in Xenopus oocytes was accompanied by cytoplasm
acidification. Changes in both, extracellular ammonium and pro-
ton concentration induced changes in the reversal potential of
the ammonium currents with slopes of 33 and 26 mV/decade,
respectively, values that were used to calculate an stoichiome-
try of 1 NH4

+/1 H+, indicating that PvAMT1;1 operates as an
NH4

+/H+ symporter (Ortiz-Ramirez et al., 2011). The mutation
H211E transformed the protein into a pH-independent mecha-
nism, with a decreased affinity and increased transport capacity
for ammonium (K m = 1.3 mM and V max = 300 nA), accounting
for 40- and 2-fold increases in these two parameters, respec-
tively. Additionally, the reversal potential of the ammonium
currents changed according to the Nernst equation, indicating
that ammonium was the only ion transporter by the mutant
PvAMT1;1H211E, and confirmed by the absence of cytoplasm
acidification (Ortiz-Ramirez et al., 2011). These results indicate
that H211 positioned in the middle of the channel can be sub-
stituted by Glu, as it is naturally for other transporters. The
ScMEP1 and ScMEP3 homologues from yeast present a similar
arrangement to the H211E mutant, in which the first His is sub-
stituted by Glu, and show similar transport properties. ScMep1
and ScMep3 are pH-independent, have a low MeA affinity and
apparently, larger transport capacity as evidenced by the toxic
effects of MeA (Boeckstaens et al., 2008). In contrast, ScMep2
maintains the first conserved His, like the wt bean transporter, and

also shares the high affinity for ammonium and pH-dependence
(Boeckstaens et al., 2008). These properties become similar to
those of its paralogs or the H211E bean mutant if the first His
is mutated to Glu (Boeckstaens et al., 2008). Analogous manip-
ulation in the EcAmtB protein lead to similar results to those
observed for ScMep2 (Boeckstaens et al., 2008). All these obser-
vations confirm that the first conserved histidine can be replaced
by Glu without inhibiting ammonium transport, and suggest that
this residue in association with as yet, unidentified amino acids,
are responsible for the pH sensitivity of some members of this
family.

Analysis of the four double mutants (H168E/H318E,
H168D/H318D, H168D/H318E, and H168E/H318D) demon-
strated that all were severely affected, unable to grow in low
ammonium or to transport MeA, as a result of low levels of expres-
sion. Employing these mutants to isolate suppressor mutants led to
the identification of I110N as an important modification (Hall and
Kustu, 2011). The mutants H168D/H318D, H168D/H318E were
both rescued by I110N, showing a slightly longer duplication rates
in low ammonium medium than the wt, but significantly better
that the parental lines. It was proposed that Asn, being present in
close proximity to the two acidic amino acids, at the other side of
the pore, may help to decrease the strong electrostatic effect of Asp
and Glu by means of H-bond interactions (Hall and Kustu, 2011).
It is important to point out that neither of the rescued mutants
was able to transport MeA, demonstrating, that the two assays for
the evaluation of AMT activity, growth in low ammonium and
MeA transport, do not give similar information. The studies on
the pair of His show that when one of them is mutated to an acidic
amino acid, the transporter is functional, but not when both are,
implying that presence of two carboxy groups in the center, desta-
bilize the protein, as suggested by the low levels of expression of
the H168D/H318D, H168D/H318E mutants. The fact that ammo-
nium and MeA can be transported by the suppressor I110N in the
presence of hydrophilic residues in the pore suggests that pres-
ence of Asn may help to the stabilization of the protein and that
charged NH+

4 seems to be the transported species, implying that
an hydrophobic pore is not a requisite for ammonium transport
to occur.

THE IMPORTANCE OF THE C-TERMINAL IN THE REGULATION
OF AMMONIUM TRANSPORTERS
Although the similarity of plant ammonium transporters with
those from E. coli or A. fulgidus is somewhat low (20–25%), it is
remarkable that molecular modeling has shown that plant pro-
teins seem to maintain similar tertiary and quaternary structures,
particularly the trans membrane domains (TMD), the cytoplasmic
loops and the carboxy terminal (C-terminal), with the extracellu-
lar loops showing some divergence, mainly as a result of some
of them being longer (Mayer et al., 2006; Loqué et al., 2007;
Neuhäuser et al., 2007, 2009; Guether et al., 2009; Ortiz-Ramirez
et al., 2011).

Confirmation that plant ammonium homologues can be mod-
eled very closely to the crystal structure of bacteria and archaea,
has open up the possibility to perform directed mutational analy-
sis for the identification of additional amino acids that may be
involved in the functioning of these transporters, as well as to
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verify the importance of the conserved residues present in the
putative ammonium pathway.

One of the first studies where the knowledge derived from
the quaternary structure obtained for the ammonium transporter
from A. fulgidus was applied, is that reported by Loqué et al. (2007)
where modeling of A. thaliana AtAMT1;1 demonstrated that the
C-terminal established interactions with cytoplasmic loops of the
same monomer, as well as with loops from neighbor monomers
in the homotrimer. Based on the observed interactions of the C-
terminal with cytoplasmic loops between TMDI–II, TMDIII–IV,
and TMDV–VI of its own monomer, as well as with cytoplasmic
loops connecting TMDI–II, TMDV–VI, and TMDVII–VIII of a
neighboring monomer reported for A. fulgidus (Andrade et al.,
2005), Loqué et al. (2007) analyzed the predicted interaction
between Y467 in AtAMT1;1 (Y448 in AfAMT1) located at the
C-terminal and H239 (H234 in AfAMT1) positioned in the loop
between TMDV–VI by mutating both residues. These authors
observed that both mutants, Y467F and H239C, independently,
were inactive and trans-inhibitory. More importantly, through
a targeted suppressor screen, the interaction between these two
residues was confirmed, since Y467F was only rescued by H239C,
and vice versa. Thus, demonstrating that the interaction between
the two regions of the protein (C-terminal and the cytoplasmic
loop linking TMDV–VI), either through H or hydrophobic bond-
ing is important in the activation of the transporter. Conservation
of these two amino acids in most of the AMT proteins from plants
(Figure 2), indicates that this regulatory mechanism is well con-
served, and presence of the same pair of residues in E. coli and
A. fulgidus suggests that it may be more widely common. Simi-
lar analyses on Thr460 from AtAMT1;1, that seems to establish
H-bonding within the C-terminal, showed that the partially inac-
tive mutant T460A was rescued by mutations in residues located
at cytoplasmic loops between TMDIII–IV (I146M and Q151E)
of the same monomer and TMDV–VI (S242) and TMDVII–VIII
(V313L) from a neighbor monomer, confirming the interactions
observed in the crystal structure of A. fulgidus, and reinforcing
the role of these associations in the regulation of the transporter
(Loqué et al., 2007).

The importance of T460 in AtAMT1;1 has been shown to
be a result of its post-translational modification by phosphory-
lation (Lanquar et al., 2009). Initial studies had demonstrated that
proteins carrying the mutation T460D were inactive, that when
co-expressed with wt functioning transporters AtAMT1;1 (Loqué
et al., 2007) or AtAMT1;2 (Neuhäuser et al., 2007), caused the
trans-inhibition of the latter. Phosphorylation of T460 has been
demonstrated to be dependent on ammonium concentration and
time of exposure, as a mechanism proposed to prevent the con-
tinuous accumulation of this cation, that may become toxic if
accumulated in the cytoplasm (Lanquar et al., 2009). Importantly,
phosphorylation of T460 was caused rapidly and at low ammo-
nium concentration (50 μM), and only induced by extracellular
ammonium but not by any other cation, suggesting the existence
of an ammonium receptor that directly or indirectly modifies
the activity of the transporter. Alternatively, the same transporter
could be functioning as a transceptor that relies the signal to an
associated membrane kinase (Lanquar et al., 2009). Conservation
of this regulatory mechanism may be common among the plant

AMT1 homologues, where T460 is well conserved, with the excep-
tion of AtAMT1;5 (A463). An Ala is also present in the equivalent
position of plant AMT2 family members which indicates that in
these homologues the regulatory role associated with T460 is not
present. It remains to be shown if other mechanisms or residues in
the C-terminal of the AMT2 transporters or AtAMT1;5 participate
in a similar regulatory mechanism.

An additional residue located at the C-terminal of plant trans-
porters that plays an important role in maintaining the function-
ality of these proteins is G456 in LeAMT1;1 (Ludewig et al., 2003),
first identified in the yeast ScMEP1 homologue (G413; Marini
et al., 2000). Mutation of G456 to Asp transforms LeAMT1;1
into an inactive transporter that also trans-inactivates its own wt
or its paralog LeAMT1;2, evidence that first suggested that the
AMT transporters could oligomerize. In contrast to T460, G456 is
highly conserved among all the members of the MEP/AMT family
(Figure 2), highlighting the importance of this residue in estab-
lishing trans-interactions between monomers that results in the
activation of the transporters.

In view of all these results, it is important to highlight the
role of the C-terminal in regulating the activity of plant AMT1
ammonium transporters, that as has been described above, it
seems to be through direct interactions within the same or an
adjacent monomer (Loqué et al., 2007; Neuhäuser et al., 2007).
In bacteria, in contrast, the role of the C-terminal is depen-
dent on its association with the non-uridylylated form of the
cytoplasmic protein GlnK, interaction that results in the inhibi-
tion of EcAmtB and ammonium transport, a mechanism that
serves to regulate the uptake of this potentially toxic nutrient
(Coutts et al., 2002). Interestingly, deletion of the C-terminal
reduces the activity of EcAmtB while completely inhibiting the
functioning of AtAMT1;1 (Marini et al., 2000; Loqué et al.,
2007).

IDENTIFICATION OF ADDITIONAL AMINO ACIDS IMPORTANT
IN THE FUNCTIONING OF PLANT AMT’s
Among the plant AMT1 family members, an additional com-
mon property is the pH-independence of their activity (Ludewig
et al., 2002, 2003; Wood et al., 2006), with the exception, so far, of
PvAMT1;1 and Triticum aestivum TaAMT1;1 (Søgaard et al., 2009;
Ortiz-Ramirez et al., 2011). In the wheat homologue, transport was
stimulated by acidic external pH, with a half-maximal response
(EC50) of 50 μM ammonium that was constant at all levels of
pH. Moreover, TeAMT1;1 does not seem to transport H+, as indi-
cated by the unchanged reversal potential in response to external
pH changes (Søgaard et al., 2009). A mutation in the cytoplasmic
side of the pore (L56F), caused the transporter to become pH-
independent, to lose affinity for ammonium, and also associated
with an increase in transport activity (Søgaard et al., 2009). From
these results, Søgaard et al. (2009) postulated that the increased
ammonium transport was a result of a larger diameter of the pore
in the cytoplasmic side together with a facilitated H+ transport.
However, if this were the case, it would be expected that changes
in both ammonium and H+ concentrations would cause changes
in the reversal potential of the currents, as has been reported for
PvAMT1;1 (Ortiz-Ramirez et al., 2011). Unfortunately, this infor-
mation was not presented in the report by Søgaard et al. (2009).
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What is intriguing is that a point mutation on the cytoplasmic
side of the protein senses pH changes on the extracellular side,
when it is expected that those residues directly involved in binding
and/or sensing of regulatory factors, should be located near to the
exposure side.

Studies on the role of pore structuring residues is still lim-
ited in plant ammonium transporters, however, participation of
other amino acids in the mechanism of action of these proteins has
been obtained by isolating suppressors of non-functional mutants.
Recovering of the mutant T460A and the truncated AtAMT1;1
(G456stop) protein was achieved individually by the mutations
F60S, I136F, A137D, postulated to transform the transporter into
a deregulated constantly active mechanism (Loqué et al., 2007).
Two further suppressor mutants, Q57H and A138P, recovered the
non-functional T460A and T460D proteins, showing a twofold
larger ammonium uptake, and as a consequence, sensitivity of the
yeast transformants to relative low concentrations of ammonium
(Loqué et al., 2007, 2009). Interestingly, the Q57H and A138P
mutants also conferred resistance to the toxic effects of MeA. Con-
firmation of these properties was obtained for AtAMT1;1Q57H
in Xenopus oocytes, were large and non-saturable ammonium
currents were recorded, while recording an important decrease
in the magnitude of the currents (10-fold lower) generated with
MeA (Loqué et al., 2009). The kinetic properties of Q57H were
substantially different to those of AtAMT1;1, showing a 65-fold
larger K m for ammonium and a 10-fold larger V max (Loqué et al.,
2009). All these modified residues are located in the middle of
TMDI (Q57 and F60) or TMDIII (I136, A137, and A138), form-
ing part of the putative pore, an observation that was used to

suggest that modifications to the structure of the pore not only
release the regulation of the proteins by the C-terminal, but also
change the mechanism of action, transforming the transporter
into an ion channel (Loqué et al., 2007). A proposal that was par-
tially confirmed by the electrical properties of the Q57H mutant,
although failure in recording single channel activity from this pro-
tein (Loqué et al., 2009), leaves still open the confirmation of such
proposal.

Identification of a unique His in PvAMT1;1, which is replaced
by Pro in all other plant homologues (Figure 2), prompted the
authors to ascertain if this residue was responsible for the pH-
dependence showed by the bean transporter. The mutation H125A
transformed the transporter into a less active mechanism, but still
pH-dependent, with higher activity under an acidic environment.
In contrast, the mutant H125R, generated a more active protein
with a V max twice as large as that observed for the wt, but maintain-
ing its stimulation by low pH (Ortiz-Ramirez et al., 2011). Inter-
estingly, H125 is located in the extracellular loop joining TMDII
and TMDIII indicating that substantial changes in the properties
of the transporter can be caused by modification of residues not
directly lining or structuring the putative conductive pore.

Continuing with the analysis of other conserved amino acids, it
is important to recall an observation made by Zheng et al. (2004)
who have pointed out that T234 and T273 are also well conserved
as shown in Figure 2, and suggested that these residues may par-
ticipate in structuring the side chains of the conserved residues
surrounding the periplasmic side of the pore (ammonium binding
site). Studying the crystal structure 1U7C and 1XQE of EcAmtB
(Khademi et al., 2004; Zheng et al., 2004), it was observed that

FIGURE 4 | Potential H-bond interactions ofT273 with amino acids

structuring the conductive ammonium pore in EcAmtB. Employing the
structures 1XQE (A) and 1U7C (B) of EcAmtB and the program

DeepView/Swiss-PdbViewer (http://www.expasy.org.spdbv) H-bonds were
calculated and are shown as broken green lines between T273 and H128 (A)

or T273 and A162.
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T273 may form an H-bond with A162 located in the periplasmic
side as well as with H168 (Figure 4), which indicates that T273
may have an important role in the functioning of the transporter.
Unfortunately, so far, there is no evidence on the participation
of T273 or A162 in the functioning of any of the AMT/MEP/Rh
proteins which leaves open the analysis of the importance of these
two residues. According to the pseudo twofold symmetry of the
ammonium transporters (Khademi et al., 2004; Zheng et al., 2004;
Andrade et al., 2005), the amino acid equivalent to D160, D310,
is also very well conserved (Figure 2), and preceded by another
well conserved D309, both located in the cytoplasmic side of the
protein where it has been postulated to participate in structuring
the backbone of trans membrane domain X (TMDX) through
H-bonding (Zheng et al., 2004). So far, evidence on the impor-
tance of D310 (or D309) in EcAmtB or its equivalent in any of the
homologues is still lacking.

OBSERVATIONS ON THE USE OF MeA AS AN ANALOG OF
AMMONIUM
Based on the results that have recently been reported on the modi-
fied properties of mutant transporters,where differences have been
observed in their capacity to grow on low ammonium but unable
to take up MeA, it is important to draw attention to the latter
response. Radio-labeled MeA has been widely used for the evalua-
tion of ammonium transport activity in a variety of organisms due
to the availability of 14C-labeled MeA and the short life of radioac-
tive 13N. The use on this ammonium analog is also attractive
because it allows the parallel measurements of 14C-MeA uptake
and the currents associated to this transport, when electrogenic,
allowing the estimation of the stoichiometry of the transporter,
as it has been used by Ludewig et al. to demonstrated that NH4

+
is the transported substrate by plant AMT1’s (Mayer et al., 2006).
However, the results reported for mutants like EcAmtBH138E or
H138D (Hall and Kustu, 2011), AtAMT1;1Q57H (Loqué et al.,
2009) and PvAMT1;1H211E (Ortiz-Ramirez et al., 2011) that
show an increased selectivity toward ammonium in comparison
to MeA, underscore potential misinterpretations if the results

are obtained exclusively from MeA uptake experiments. Further
work on the analysis of AMT/MEP transporters or mutants should
include evidence obtained from different methodologies to clearly
demonstrate that the proteins do or do not carry out ammonium
transport.

CONCLUSION
Our knowledge on the functioning of AMT/MEP/Rh proteins has
advanced considerably in the last few years, and resolution of
the crystal structure from the bacteria and archaea homologues,
has also been of great help in guiding the research focused on
identifying crucial amino acids in the functioning of these trans-
porters. It seems that the residues initially postulated as directly
involved in the mechanism of ammonium transport may not play
a central role, as it has been reviewed here. Modifications to the
putative binding site by residues with properties substantially dif-
ferent to the conserved aromatic amino acids that structure this
extracellular domain, result in changes that do not completely
abolished the activity of the transporter or that generated a more
active mechanism (Loqué et al., 2009; Hall and Kustu, 2011).
Likewise, it now appears that the deprotonation role assigned
to the twin His may not be necessary, and that a combination
of more hydrophilic residues in the pore is also functional, as
demonstrated by the triple mutants H168D/H318D/I110N and
H168D/H318E/I110N (Hall and Kustu, 2011) which also suggest
that the charged NH4

+ is the transported molecule. However, it
is also possible that the properties of an individual ammonium
transporter are not due to the presence or absence of a particular
amino acid, but most likely, are a result of a concerted group of
residues that establish singular conditions proper to each member
of this family.
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Ligand-gated cation channels are a frequent component of signaling cascades in eukary-
otes. Eukaryotes contain numerous diverse gene families encoding ion channels, some of
which are shared and some of which are unique to particular kingdoms. Among the many
different types are cyclic nucleotide-gated channels (CNGCs). CNGCs are cation channels
with varying degrees of ion conduction selectivity.They are implicated in numerous signal-
ing pathways and permit diffusion of divalent and monovalent cations, including Ca2+ and
K+. CNGCs are present in both plant and animal cells, typically in the plasma membrane;
recent studies have also documented their presence in prokaryotes. All eukaryote CNGC
polypeptides have a cyclic nucleotide-binding domain and a calmodulin binding domain as
well as a six transmembrane/one pore tertiary structure. This review summarizes exist-
ing knowledge about the functional domains present in these cation-conducting channels,
and considers the evidence indicating that plant and animal CNGCs evolved separately.
Additionally, an amino acid motif that is only found in the phosphate binding cassette and
hinge regions of plant CNGCs, and is present in all experimentally confirmed CNGCs but no
other channels was identified. This CNGC-specific amino acid motif provides an additional
diagnostic tool to identify plant CNGCs, and can increase confidence in the annotation of
open reading frames in newly sequenced genomes as putative CNGCs. Conversely, the
absence of the motif in some plant sequences currently identified as probable CNGCs may
suggest that they are misannotated or protein fragments.

Keywords: amino acid motif, CNGC, cyclic nucleotide-binding domain, calmodulin binding domain, Ca2+ signaling,

ion channel, cyclic nucleotide, channel evolution

Plant cyclic nucleotide-gated cation channels (CNGCs) comprise
a large family of non-selective cation-conducting channels in
plants. Of the 56 coding sequences identified at present as cation-
conducting channels in the Arabidopsis thaliana genome, 20 are
members of the CNGC family (Ward et al., 2009). CNGCs have
been functionally characterized by expression in heterologous sys-
tems, or by analysis of cation-related phenotypes of mutant plants
(typically A. thaliana) that have specific CNGC genes silenced
(Talke et al., 2003; Ma et al., 2010). All relevant experimental
evidence indicates that plant CNGCs are specifically localized to
the plasma membrane, although CNGC20 may be targeted to
the chloroplast envelope according to a putative annotation in
UniProt1 (accessed August 28, 2011). Functional analyses of mem-
bers of this channel family have associated many of them with
inward K+ and Ca2+currents, and at least in several cases, Na+
conductance (Ma et al., 2010). It may be relevant to their func-
tion in plants that in one case, K+ conductance by a CNGC was
restricted in the presence of millimolar concentrations of external
Ca2+ (Leng et al., 2002). Ca2+ block of monovalent cation con-
ductance is central to the function of animal CNGCs (Alam et al.,

1http://www.uniprot.org/uniprot/Q9LD37

2007). CNGC function in plant biology may be more related to
their ability to conduct Ca2+ rather than monovalent cations into
plant cells. Abdel-Hamid et al. (2011) provide additional evidence
consistent with this conjecture.

Plant CNGCs were first identified as such by the presence of
a cyclic nucleotide-binding domain (CNBD), and by their overall
structural similarity to animal CNGCs (Talke et al., 2003). CNGCs
have also recently been identified in prokaryotes (Nimigean et al.,
2004; Kuo et al., 2007), although the prokaryote channel pri-
mary sequences show some notable differences in their functional
domains (Cukkemane et al., 2011). The most conserved region of
the CNGC CNBD is a phosphate binding cassette (PBC) which
binds the sugar and phosphate moieties of the cyclic nucleotide
(cNMP) ligand (Cukkemane et al., 2011). A “hinge” region adja-
cent to the PBC is also conserved and is thought to contribute
to ligand binding efficacy and selectivity (Young and Krougliak,
2004). The hinge affects cAMP and cGMP activation by mod-
ifying the energy requirement of ligand binding and does so
independently from other regions (i.e., structural motifs) of the
animal CNBD (Young and Krougliak, 2004). Young and Krougliak
(2004) modified residues in the hinge, affecting cNMP depen-
dent gating of the channel without causing structural changes in
other regions of the CNBD. Additional features of the CNBD of
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plant CNGCs will be discussed below. Like animal CNGCs, plant
CNGCs are members of the “P-loop” superfamily of cation chan-
nels present in all prokaryotic and eukaryotic cells (Ward et al.,
2009). P-loop channels arose early in evolution and their struc-
ture provides a basic form that has evolved to give rise to channels
capable of conducting various cations, thereby fulfilling a broad
range of functions in cells (Zhorov and Tikhonov, 2004). The core
primary structure of a P-loop channel polypeptide (Figure 1A)
can be represented by two α helices forming membrane-spanning
domains (M1 and M2 in Figure 1A) surrounding a membrane
re-entering pore loop (P-loop; “P” in Figure 1A). Alternatively,
this core structure can also be formed by a polypeptide with six
transmembrane (TM) regions (S1–S6 in Figure 1B); in this case
the P-loop is present between the fifth (S5) and sixth (S6) trans-
membrane regions. The amino (N)- and carboxyl (C)-termini are
both on the same side of the membrane, and typically cytoso-
lic. The highly conserved P-loop contains a short α helix, a turn,
and a random coil (Zhorov and Tikhonov, 2004). It dips into
and then out of the membrane from the exterior side of the
membrane, forming the ion conducting pathway across the mem-
brane, and includes the amino acids that form an ion selective
filter (Ward et al., 2009). The quaternary structure of a P-loop
cation conduction pathway of a P-loop channel is formed by four
P-loops assembling into an “inverted teepee” structure across the
membrane (Figure 2). The M1–P-loop–M2 structure of the P-
loop polypeptide is present in bacterial cation channels, while the
six TM polypeptide is characteristic of many cation channels in
eukaryotes (Hua et al., 2003b).

The super families of voltage-gated and ligand-gated channels
share this six TM P-loop structure (Mäser et al., 2001). The fact
that many channel families share this primary polypeptide struc-
ture with common folds is consistent with the concept that the
number of ion channel proteins with specific functional proper-
ties is substantially larger than the possible folding patterns that

could accommodate the generation of an ion-conducting pathway
across membranes (Zhorov and Tikhonov, 2004). In animals,
voltage-gated Na+, K+, and Ca2+-selective channels evolved from

FIGURE 2 | In animals, P-loop cation conduction pathways are known

to be formed from four P-loops in an “inverted teepee” structure

stretching across the membrane. Shown is an example of a pore
structure generated from the corresponding regions of four A. thaliana
CNGC2 polypeptides illustrating the “inverted teepee” conformation
formed by four P-loops arranged symmetrically. Ca2+ ions are shown
moving through the conduction pathway of the channel.

FIGURE 1 | Representative structures of P-loop cation channels.

Adapted from Hua et al., 2003a. (A) Representation of the core
primary loop of a two transmembrane/one pore P-loop channel. (B) A
six transmembrane/one pore P-loop plant CNGC channel polypeptide.

P designates the P-loop of the channel. (C) A representation of the
secondary structure of an animal Ca2+ channel, containing four
repeats of the six transmembrane/one pore structure in one large
polypeptide.
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the rudimentary progenitor P-loop channels. In higher animals,
voltage-gated Na+- and Ca2+-selective channels are formed by one
large polypeptide that has four repeat sections; each section con-
tains the six TM P-loop structure (Zhorov and Tikhonov, 2004).
The secondary structure of a polypeptide that forms animal Ca2+-
selective ion channels is shown in Figure 1C. Genes encoding
canonical “four repeat P-loop” Ca2+-selective channels present in
animal genomes are absent in plants.

Potassium channels are formed by four separate polypeptides.
In each case, four P-loops are aligned to form the ion-conducting
pathway (Zheng and Zagotta, 2004). Figure 2 portrays the ion-
conducting pathway formed by four P-loops of four different
polypeptides (in different colors); also shown is the S6 TM domain
of each of the four polypeptides. The configuration of voltage-
gated channels is affected by the membrane potential (Em) such
that the pore is physically occluded and therefore closed at some
membrane potentials (blocking conductance), and open at other
potentials. Evenly spaced, positively charged amino acids in the S4
domain of P-loop channels (represented as a “+” symbol on S4
in Figure 1B) act as a voltage sensor and provide a mechanism
for the channel to sense and then respond to the Em by altering
the gating of the pore (Hua et al., 2003b). Ligand-gated ion chan-
nels, including CNGCs, are also represented in the six TM P-loop
superfamily.

Conductance through the pore of channels can also be gated
by the binding of ligands to the N- and C-terminal extensions
into the cytosol (Biel, 2009). Animal CNGCs are gated allosteri-
cally by calmodulin (CaM) and cyclic nucleotides (cAMP and/or
cGMP). CaM (in the presence of cytosolic Ca2+) binds to a CaM
binding domain (CaMBD) of animal CNGCs at the N-terminus;
CaM binding closes the CNGC channel thus preventing ion con-
ductance. Cyclic nucleotides can bind at the C-terminus of both
plant and animal CNGCs. CNMP binding to the CNBD of CNGC
polypeptides activates the channel,opening it and thereby enabling
cation conductance. The aforementioned S4 loop voltage sensor
of voltage-gated channels is also present in plant CNGCs.

Plant CNGCs have been demonstrated to function as channels
with hyperpolarization-activated (i.e., inwardly rectified), voltage-
dependent conductance (Hua et al., 2003b). There are two classes
of animal channels whose conductance is regulated by cyclic
nucleotides (Biel, 2009). Animal CNGCs are directly activated
upon binding of cyclic nucleotides and their open probability
does not change at varying Em. Hyperpolarization-activated cyclic
nucleotide-gated channels (HCNs) conduct ions (i.e., are open) at
hyperpolarizing Em, and binding of cyclic nucleotides increases
the percentage of open channels at a given hyperpolarizing Em.
Thus, conductance of these channels changes at varying Em as
well as in response to changes in the level of cyclic nucleotides in
the cytosol. In plants CNGCs may be incorrectly classified as solely
“ligand-gated” channels without response to voltage when in fact
they may function like animal HCNs.

As indicated above, the quaternary structure of a member
of the P-loop channel family is dependent on the assembly of
four gene products in some cases (e.g., in animal and plant K+-
selective voltage-gated channels) where only one P-loop “cassette”
is encoded by the gene (i.e. S1–S6 with the P-loop between S5 and
S6). It is therefore conceivable that plant CNGC channel complexes

are formed by the assembly of four polypeptides, with each
polypeptide corresponding to a structure similar to that shown
in Figure 1B. Threading regions (S6 and pore loop, an example
is shown in Figure 3 below) of plant CNGC coding sequences
through the crystal structure of a quaternary P-loop channel indi-
cates that the plant CNGC polypeptide may be capable of forming
the tetrameric structure common to P-loop channels (Hua et al.,
2003b). However, this model has not been verified experimentally.
It should be noted that functional animal CNGC channel pro-
teins are in all cases generated from such a tetrameric assembly
of P-loop cassette polypeptides (Zheng and Zagotta, 2004) and

FIGURE 3 | Superimposed images (redrawn from Leng et al., 2002) of

the S6 helix and pore domains of the plant (A. thaliana) CNGC2

sequence and the bacterial (Streptomyces lividans) K+-selective

channel KcsA (Doyle et al., 1998; PDB record 1BL8A). Threading of the A.
thaliana CNGC2 S6 transmembrane helix and pore region through the KcsA
structure identifies the residues “AND” as in the ion conducting pathway
where the residues “GYG” (shown in pink) that form the ion selectivity
filter of a K+-selective channel are positioned. This suggests that plant
CNGCs may have a mechanism for cation conductance that is conserved in
P-loop channels. In plants, four separate CNGC peptides are presumed to
form a tetrameric structure that shares the “inverted teepee” quaternary
structure of animal P-loop channels.
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FIGURE 4 | Predicted three-dimensional structures of the plant

CNGC CNBD. (A) A proposed three-dimensional structure of the A.
thaliana CNGC2 CNBD generated by threading the sequence through
the structure of the cAMP-binding domain of PDB record 1RGS,
bovine cAMP-dependent protein kinase A (RIα; Su et al., 1995). (B)

Three-dimensional structure of the CNBD of RIα that was used to
create the model of the CNGC2 CNBD. The CNBD structures of
CNGC2 and RIα share an N-terminal α-helix (αA) and a β-barrel
(depicted as ribbons with arrows denoting antiparallel strands) that

together bind the cNMP ligand. Republished from Hua et al. (2003a).
(C) The tertiary structure of the A. thaliana CNGC6 CNBD (Chikayama
et al., 2004; PDB record 1WGP). Amino acid residues comprising the
hinge domain are highlighted in yellow; α-helices are depicted as
purple cylinders. The β-barrel is shown as straight antiparallel purple
ribbons. Two cGMP molecules are shown with the structure, one in
the pocket formed between an αA helix and the β-barrel, and a
second cGMP molecule (not bound) is depicted at the α-C helix
adjacent to the hinge domain.
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     571-612 AtCNGC8

     577-618 
     561-602 

                         *  *                         *          * * 
AtCNGC1     549-590 LGAGDFCGEELLTWALDPHSSS----------NLPISTRTVRALMEVEAFAL
AtCNGC2     650-701 LEPGGYLGDELLSWCLRRPFLD----------RLPPSSATFVCLENIEAFSL

     540-579 AtCNGC3 LVAGDFCG-DLLTWALDPLSS-----------QFPISSRTVQALTEVEGFLL
AtCNGC4      557-598 LGPGNFSGDELLSWCLRRPFVE----------RLPPSSSTLVTLETTEAFGL
AtCNGC5 LKEGEFCGEELLTWALDPKSGV----------NLPSSTRTVKALTEVEAFAL
AtCNGC6 LKEGDFCGDELLTWALDPKSGS----------NLPSSTRTVKALTEVEAFAL
AtCNGC7     536-577 LKEGDFCGEELLTWALDPKAGS----------NLPSSTRTVKALTEVEAFAL

LKEGDFCGEELLTWALDPKAGS----------NLPSSTRTVKALTEVEAFAL
AtCNGC9  576-617 LKEGDFCGEELLTWALDPKSGS----------NLPSSTRTAKALTEVEAFAL
AtCNGC10 531-572 LKASDFCGEDLLPWALDPQSSS----------HFPISTRTVQALTEVEAFAL
AtCNGC11 498-537 LIAGDSCG-DLLTWALYSLSS-----------QFPISSRTVQALTEVEGFVI
AtCNGC12 499-533 LQDGDICGELLFNGSR-----------------LPTSTRTVMTLTEVEGFIL
AtCNGC13 537-578 LKPSDFCGEDLLTWALDPQSSS----------HFPISTRTVQALTEVEAFAL
AtCNGC14 544-585 LRPGDFCGEELLAWALLPKSTV----------NLPSSTRTVRALEEVEAFAL
AtCNGC15 534-575 IGPGDFCGEELLTWALDPRPVV----------ILPSSTRTVKAICEVEAFAL
AtCNGC16 520-561 LRPGDFCGEELLTWALVPNINH----------NLPLSTRTVRTLSEVEAFAL
AtCNGC17 544-585 LRPGDFCGEELLSWALLPKSTL----------NLPSSTRTVRALVEVEAFAL
AtCNGC18 512-553 LRPGDFCGEELLTWALMPNSTL----------NLPSSTRSVRALSEVEAFAL
AtCNGC19 617-666 LSEGDVCGEELLTWCL--SSINPDGTRIKMPPKGLVSNRNVRCVTNVEAFSL
AtCNGC20 650-701 LYEGDVCGEELLTWCLERSSVNPDGTRIRMPSKGLLSSRNVRCVTNVEAFSL

([LI]-X(2)-[GS]-X-[FYIVS]-X-G-X(0,1)-[DE]-LL-X(8,25)-[SA]-X(9)-[VLIT]-E-X-F-X-[IL])

    N                          C6 TM domain               CNBD     CaMBD

Phosphate Binding Cassette              Hinge

FIGURE 5 |The A. thaliana CNGC-specific motif spans the putative PBC

and the hinge within the CNBD of the 20 CNGCs. The diagram at the top
portrays three regions of plant CNGCs: the six transmembrane domains (TM),
a CNBD containing a PBC and the hinge which presumably make direct
contact with the cyclic nucleotide, and a calmodulin binding domain (CaMBD)
toward the C-terminus. The CNGC-specific amino acid motif is shown below
the cartoon. In the square brackets “[]” are the amino acids allowed in this
position of the motif, “X” represents any amino acid and the round brackets
“()” indicate the number of amino acids. The red amino acids in the PBC and
the hinge are conserved in both animal and plant CNBDs based on
comparison with Jackson et al. (2007). Below the CNGC-specific motif is an
alignment of the motif regions of the 20 A. thaliana CNGCs. For each of the A.
thaliana CNGCs, the residues at the N- and C-termini are indicated to the left

of the motif. The green shaded box demarcates the putative PBC region of
the CNBDs (corresponding to the animal CNBD PBC). The orange shaded box
marks the presumed hinge region. Residues in white highlighted in blue
indicate >90% identity among the 20 A. thaliana CNGCs (in this case “N” is
counted as a dissimilarity) indicating a high level of conservation. A “∗” above
the alignment marks a position with 100% conservation between the A.
thaliana sequences shown. Residues in red denote conservation with the
animal CNBD alignment generated by Jackson et al. (2007). Note, there is
experimental evidence identifying the residues which interact with cyclic
nucleotides in animal CNBDs according to Jackson et al., but there is no
empirical confirmation of which residues in plant CNBDs bind cyclic
nucleotides. The alignment of the A. thaliana CNGC-specific motif was
generated by the MEGA5 program and ClustalW (Saitou and Nei, 1987).

that plant and animal CNGC polypeptides share a similar general
S1–S6 topography. Thus, the aforementioned conjecture about the
tetrameric structure of plant CNGCs is entirely consistent with the
general concept of ion channel assembly and function.

The amino acids that line the pore selectivity filter of P-loop
channels determine the relative conductance for Na+, K+, and
Ca2+. This region of a plant CNGC (A. thaliana, CNGC2, iso-
form 2) is shown superimposed over the corresponding region of
a K+-selective channel in Figure 3. The triplet “GYG” forms the

selectivity filter of the K+ channel. The corresponding residues
in CNGC2 are “AND,” with the negatively charged aspartic acid
(D) residue positioned at the outer mouth of the pore. No other
plant CNGC has a selectivity filter with an acidic D or glutamic
acid (E) at this position in the pore. Animal voltage-gated Ca2+-
selective channels have an “EEEE” ring at the extracellular end of
the ion conducting pathway formed by the corresponding residues
in each of the four P-loop repeats that form the functional chan-
nel. This E ring of Ca2+ channels has been experimentally verified
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FIGURE 6 | (Continued)
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FIGURE 6 | Continued

Evolutionary relationships within a conserved motif in plant CNGCs.

Molecular phylogenetic analysis using the Maximum Likelihood method for
53 cyclic nucleotide-gated channel (CNGC) amino acid sequences from A.
thaliana (green squares), S. moellendorffii (red triangles) and O. sativa var.
japonica (blue circles and diamonds). All sequences contain a conserved S
between the two motif subsequences except for the rice sequences
labeled with a diamond. All A. thaliana sequences are from confirmed
CNGCs while the remaining sequences from the other two species are
from uncharacterized proteins unless stated otherwise as putative CNGCs.
The percentage of trees in which the associated taxa clustered together is
shown next to the branches. The sequences used to create the tree were
obtained using BLASTP (Camacho et al., 2009) with an E -value <0.01
against the UniProt Knowledgebase (The UniProt Consortium, 2012) for
Viridiplantae from the European Bioinformatics Institute website
(http://www.ebi.ac.uk/Tools/sss/ncbiblast/) for all 20 annotated CNGCs from
A. thaliana. All sequences from S. moellendorffii, O. sativa var. japonica, and
A. thaliana were then extracted from the hits with exact duplicates (same

identifiers, same sequence and different identifiers, same sequence) as well
as annotated fragments being removed. The remaining sequences
containing the motif ([LI]-X(2)-[GS]-X-[FYIVS]-X-G-X(0,1)-[DE]
-LL-X(8,25)-[SA]-X(9)-[VLIT]-E-X-F-X-[IL]) were then aligned using MUSCLE
(Edgar, 2004) and inspected for isoforms (near 100% identity) and
unannotated fragments. The bootstrap consensus tree was generated using
the JTT matrix-based model with discrete gamma distribution (five
categories (+ G, parameter = 1.0524); Jones et al., 1992) by MEGA5 (Tamura
et al., 2011) from 1000 bootstraps (Felsenstein, 1985). It is drawn to scale
with branch lengths measured in the number of substitutions per site and all
ambiguous positions removed for each sequence pair. It is based on 1082
positions in the final data set. Branches corresponding to less than 50%
bootstrap replicates are collapsed and the percentage of replicate trees in
which the associated taxa clustered together are shown next to the
branches. The BioNJ method with the MCL distance matrix was used to
generate the initial trees except where the common sites were less than
100 or a quarter of the total sites, in which case, maximum parsimony
was used.

to coordinate divalent Ca2+ ions as they enter the pore; and cause
Ca2+ selectivity in animal channels (Tikhonov and Zhorov, 2011).
The selectivity filter of plant CNGCs does not appear to be con-
served among isoforms within this protein family, and is different
from the conserved pore of animal CNGCs. However, some plant
CNGCs have an acidic E two residues away from the D of CNGC2
(the D residue can be seen close to the outer mouth of the chan-
nel pore in Figure 3). The D in CNGC2, or alternatively the two E
residues close to the outer mouth of the pore may conceivably pro-
vide a basis for Ca2+ conductance by some of the plant CNGCs. In
A. thaliana, CNGCs 2, 4, 11, 12, 5, 6, and 9 have the E at the outer
mouth of the pore and CNGCs 1, 2, 10, 11, 12, and 18 have been
experimentally demonstrated (either directly or indirectly) to be
involved in Ca2+ conductance (Leng et al., 1999; Ali et al., 2006;
Frietsch et al., 2007; Urquhart et al., 2007; Guo et al., 2010). The
speculative functional assignment of this acidic residue of the plant
CNGC selectivity filter awaits further experimental confirmation.

A defining structural aspect of plant CNGCs is their CNBD,
which is unique for a number of reasons. The presence of CNGC
coding sequences with CNBDs in animal and plant is intriguing
from an evolutionary perspective. Unicellular fungi lack channels
with such CNBDs (Talke et al., 2003). Considering that plants
branched from animal progenitors on the evolutionary tree before
the animal–fungus division, CNGCs might have evolved indepen-
dently in these two lineages. Alternatively, fungi might have lost
CNGC channel genes. Some aspects of the structural features of
the plant CNBD correspond to that of their bacterial and animal
cyclic-nucleotide-binding analogs. The CNBD of plant CNGCs
overlaps with a CaMBD near the C-terminus, and CaM (in the
presence of Ca2+) prevents cNMP activation of plant CNGCs
(Hua et al., 2003a). However there is no corresponding CaMBD
in bacterial CNGC sequences (Cukkemane et al., 2011). In ani-
mals the functional CaMBD is located distal of the CNBD, near
the N-terminus (Ungerer et al., 2011). As mentioned above, CaM
binds to and regulates the conductance of animal CNGCs and this
is also the case in plant CNGCs. However, in plant CNGCs, the
amino acids that form the CaM binding domain overlap with the
region of the polypeptide that forms the CNBD (Figure 1B). The
predicted three-dimensional structure of a plant CNGC CNBD
(Figure 4A) has been generated by threading this portion of

the polypeptide through the crystal structure of a bovine CNBD
shown in Figure 4B (Hua et al., 2003a). Similar structures can
be found in the literature (Chikayama et al., 2004; Bridges et al.,
2005; Kaplan et al., 2007). The Protein Data Bank contains a solved
structure for the calmodulin binding domain (CaMBD) of a small
conductance Ca2+-activated potassium channel (SK2) in Rattus
norvegicus (Wissmann et al., 2002; PDB record 1KKD). Thread-
ing the plant CNGC CaMBD sequences through the rat CaMBD
structure may shed light on the possible convergent evolution of
animal and plant CaMBDs present in ion channels.

It should be noted that plants contain two known domains,
GAF and CNBD, which bind cyclic nucleotides. The GAF domain
evolved billions of years ago and was first identified as a structural
component of some cGMP phosphodiesterases and some light-
sensing proteins in bacteria, yeast, humans, A. thaliana, and sev-
eral species of cyanobacteria (Aravind and Ponting, 1997). Besides
cAMP and cGMP, GAF domains can bind a number of other
small molecules and are not specific to cNMPs (Bridges et al.,
2005). The CNBD found in all plant CNGCs is also present in
members of three plant K+-selective channel families; the“Shaker-
like” (so named for the shaking phenotype of some animals with
null mutations) KAT and AKT channel families, and the out-
wardly conducting channels SKOR and GORK. However, these
K+-selective channels are affected by cyclic nucleotides in a very
different manner than CNGCs. The voltage threshold for activa-
tion is shifted to more negative potentials in the presence of cGMP
(experimentally verified for isoforms of the KAT and AKT fam-
ilies (Hoshi, 1995; Gaymard et al., 1996); the outward rectifiers
have not been studied). This effectively means that cNMP eleva-
tion in the cytosol would reduce conductance through plant K+
channels that have CNBDs. Electrophysiological analysis of plant
CNGCs has shown that the same elevation of cNMP activates the
channel thereby increasing conductance (Leng et al., 1999, 2002;
Lemtiri-Chlieh and Berkowitz, 2004; Ali et al., 2007).

To date, no CNGC-specific motifs have been reported, however,
Jackson et al. (2007) aligned different animal CNGCs, and in par-
ticular their PBC and hinge regions from which the following con-
sensus motif can be derived: FGE-[IT]-[CIA]-LL-X(3,4)-[RK]-R-
X-A-SV-X(11)-[SH]-[VRA]-[FY]-[HNQ]-X-[LV]-[LA] (the ani-
mal CNGC hinge sequence spans from the conserved serine (S) to
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FIGURE 7 | Molecular phylogenetic history of the CNGC-specific

conserved motif ([LI]-X(2)-[GS]-X-[FYIVS]-X-G-X(0,1)-[DE]-LL-X(8,25)-

[SA]-X(9)-[VLIT]-E-X-F-X-[IL]) in A. thaliana. The analysis used the
Maximum Likelihood method based on the JTT matrix-based model with a
discrete gamma distribution [five categories (+G, parameter = 1.0852); Jones
et al., 1992] in MEGA5 (Tamura et al., 2011) with 1000 bootstraps (Felsenstein,
1985). The initial heuristic trees were obtained automatically using the BioNJ

method with MCL distance, unless the number of common sites was less
than 100 or one quarter of the total number of sites, in which case the
maximum parsimony method was used. The tree with the highest log
likelihood (−771.1381) is shown, drawn to scale with branch lengths
measured in the number of substitutions per site. All ambiguous positions
were removed for each sequence pair with a total of 52 positions in the final
dataset of 20 sequences.

the C-terminus of the motif). We noted that such a motif does not
occur in plants but hypothesized that some of the functionally crit-
ical residues might be conserved. We therefore aligned A. thaliana
CNGCs and identified putative PBCs and hinges. Within the puta-
tive PBCs we identified a conserved phenylalanine (F), a stabilizing
glycine (G) and an acidic residue (either D or E) followed by two
aliphatic leucines (L). We also observed that the putative hinge
also contains an E, F, and one aliphatic residue much like in the
animal CNGCs. The plant CNGC hinge occurs in between the
CNBD and CaMBD regions (Figure 4C). We subsequently built
a stringent motif ([LI]-X(2)-[GS]-X-[FYIVS]-X-G-X(0,1)-[DE]-
LL-X(8,25)-[SA]-X(9)-[VLIT]-E-X-F-X-[IL]) that recognizes 20
A. thaliana CNGC proteins and no other sequences in A. thaliana.
This subsequence includes the hinge domain and PBC (Figure 5).
This conserved sequence differs from the animal CNBD; it occurs

in between the CNBD and CaMBD while in animals the hinge
occurs within the CNBD itself. Additionally it lacks, for example,
the conserved proline (P) that was shown to affect gating in ani-
mal CNGCs (Jackson et al., 2007). Possible functional similarities
may derive from the correspondence between the F in the cen-
ter of the hinge in A. thaliana CNGCs and the F/Y in a bovine
and a catfish CNGC (Young and Krougliak, 2004). The animal
PBC region differs from the A. thaliana PBC conserved residues
as well (Young and Krougliak, 2004). A scan of UniProt (Swiss-
Prot/TrEMBL, The UniProt Consortium, 2012) including splice
variants and excluding fragments using the ScanProSite tool2

(Sigrist et al., 2010) further revealed that the motif is restricted

2http://prosite.expasy.org/scanprosite/
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to land plants. Notably, the three predicted algal CNGC sequences
from Chlamydomonas reinhardtii (Verret et al., 2010) lacked the
motif. CNGC-related sequences matched against the 20 A. thaliana
CNGCs using BLASTP (E-value <0.01) in UniProt for rice (Oryza
sativa var. japonica) and the pin-cushion spikemoss (Selaginella
moellendorffii) were then extracted, along with all hits for A.
thaliana. Duplicates were removed and the remaining 53 sequences
checked for the motif, before being used to construct a clado-
gram (Figure 6). The genes included in this cladogram are listed
in Table A1 in Appendix. In this cladogram it can be seen that
the majority of the rice and A. thaliana sequences tend to group
together intraspecifically, suggesting numerous gene duplication
events. The sequences across all three species partition into two
clusters: a larger, more diverse cluster containing the bulk of the
CNGC gene family, and a smaller cluster containing CNGC2, 4,
19, and 20. Of particular interest is that the only sequences to con-
tain a conserved alanine (A) in place of the more frequent S in the
motif are all from rice (denoted by blue diamonds) and all group
together closely with CNGC19 and 20. The cladogram shown in
Figure 7 is based upon only the conserved CNGC-specific motif.
This phylogeny has striking congruence to previously published
cladograms generated from aligning the full-length A. thaliana
CNGC gene sequences (Mäser et al., 2001; Talke et al., 2003; Ward
et al., 2009), as well as alignments of the pore domain amino acid
sequences and the CNDB domain amino acid sequences (Kaplan
et al., 2007). This supports the idea that the motif is informative
for identifying and comparing putative CNGCs in other plants.
Figure 7 also suggests that mutations in the motif have occurred
concurrently with the branching of the CNGC gene family.

Interestingly, the motif recognizes all currently annotated
CNGCs in higher plants only and identifies new unannotated
candidate CNGCs. Two CNGC isoforms in A. thaliana [Swiss-
Prot: Q94AS9-2 (an isoform of CNGC4) and Q8GWD2-2 (an
isoform of CNG12)] lack the motif. However, these sequences
are not experimentally confirmed and are truncated. The few
annotated CNGCs in other plants (e.g., barley and poplar) that
lack the motif – even if we relax it by allowing one or sev-
eral mismatches – may suggest that they are either misanno-
tated, or fragments that show insufficient coverage and simi-
larity to be confidently classified as CNGCs. Furthermore, the
motif recognizes neither any non-plant sequences nor any algal
sequences. We therefore contend that the motif may serve as a
supporting method for identifying CNGCs in other land plant
species.

Scanning the rice and pin-cushion spikemoss genomes with
the ScanProsite tool yields putative CNGC homologs and unchar-
acterized proteins containing the motif (Figure 6). Since CNBDs
are found in other proteins besides the CNGC ion channels in
the A. thaliana proteome (as noted above, i.e., the K+-selective
channels), it may be useful to develop motifs that can distinguish
these sequences. Several recent publications predict the number
of CNGCs present in the genomes of organisms ranging from
brown and red algae to green algae and multicellular plants. For
example, Ward et al. (2009) predict that no CNGCs exist in the
green alga C. reinhardtii. In contrast, Verret et al. (2010) predict

that C. reinhardtii has three CNGCs. These three sequences do
not contain the land plant-specific CNGC motif. The fact that
these authors disagree on the number of CNGCs attests to the
need for alternative ways to assess the likelihood that a protein
for which the primary sequence is known is likely to function
as a CNGC. The motif we present here does not recognize any
non-plant sequences or any algal sequences, and thus lends weight
to the view that the C. reinhardtii proteins identified as putative
CNGCs by Verret et al. (2010) may contain algal-specific CNGC
motifs and we argue that higher plants may have evolved a specific
cNMP-binding domain.

A functional motif-based means of recognizing CNGC pro-
teins will also contribute to our understanding the evolutionary
history of this gene family including the possible role of genome
and gene duplication events (Seoighe and Gehring, 2004). Ana-
lyzing orthologous CNGCs in the new Whole Genome Shotgun
sequence of Arabidopsis lyrata, a cress whose genome is approx-
imately 50% larger than that of A. thaliana, is the next obvious
step in learning more about the evolutionary effects of ion chan-
nel gene duplication and subsequent sub-functionalization and
changing expression patterns. These phenomena have already been
partly addressed (Mäser et al., 2001), and it was remarked that
CNGC12 has a CaMBD that was the least conserved compared
to the other CNGCs this group (Group I). CNGC12 was the last
gene in a sequence of three syntenic CNGCs: CNGC3 and CNG11
precede it. CNGC12 is likely the least homologous indicating that
gene duplication allowed the original function of the Group I
gene CNGC3 to be maintained, easing selection pressure on the
duplicate copies and perhaps allowing for sub-functionalization.

CONCLUDING REMARKS
The pore and CNBD sequences of the plant cyclic nucleotide-
gated channels differ from the pore and CNBDs in other plant
ion channel families. They are also different from the pore
and CNBD regions of animal CNGCs. Phylogenies based on
alignments of the pore, CNBD, or full-length CNGC sequences
are similar, showing that the evolution of these functional
domains preceded the expansion of plant CNGC genes that
occurred after the split between green algae and higher plants,
and that the split between dicots and monocots occurred after
the advent of the higher plant CNGCs. A protein motif spe-
cific to plant CNGCs is located within the CNBD. An align-
ment of just this motif region from the CNGCs produces a
cladogram that is almost identical to published phylogenies of
the full-length sequences. This motif may therefore be used to
refine tentative annotations and to find novel CNGCs in newly
sequenced plant genomes. Whether this motif represents differ-
ences in the function or regulation of plant CNGCs has yet to be
evaluated.
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APPENDIX

Table A1 | Accessions for sequences used to construct Figures 6 and 7.

Key Database Species Accession Description/Gene Name

AT1G01340 CNGC10 TAIR A. thaliana AT1G01340 CNGC10

AT1G15990 CNGC7 TAIR A. thaliana AT1G15990 CNGC7

AT1G19780 CNGC8 TAIR A. thaliana AT1G19780 CNGC8

AT2G23980 CNGC6 TAIR A. thaliana AT2G23980 CNGC6

AT2G24610 CNGC14 TAIR A. thaliana AT2G24610 CNGC14

AT2G28260 CNGC15 TAIR A. thaliana AT2G28260 CNGC15

AT2G46430 CNGC3 TAIR A. thaliana AT2G46430 CNGC3

AT2G46440 CNGC11 TAIR A. thaliana AT2G46440 CNGC11

AT2G46450 CNGC12 TAIR A. thaliana AT2G46450 CNGC12

AT3G17690 CNGC19 TAIR A. thaliana AT3G17690 CNGC19

AT3G17700 CNGC20 TAIR A. thaliana AT3G17700 CNGC20

AT3G48010 CNGC16 TAIR A. thaliana AT3G48010 CNGC16

AT4G01010 CNGC13 TAIR A. thaliana AT4G01010 CNGC13

AT4G30360 CNGC17 TAIR A. thaliana AT4G30360 CNGC17

AT4G30560 CNGC9 TAIR A. thaliana AT4G30560 CNGC9

AT5G14870 CNGC18 TAIR A. thaliana AT5G14870 CNGC18

AT5G15410 CNGC2 TAIR A. thaliana AT5G15410 CNGC2

AT5G53130 CNGC1 TAIR A. thaliana AT5G53130 CNGC1

AT5G54250 CNGC4 TAIR A. thaliana AT5G54250 CNGC4

AT5G57940 CNGC5 TAIR A. thaliana AT5G57940 CNGC5

TRB9F3N3 ORYSJ UniProt O. sativa var. japonica B9F3N3_ORYSJ Putative uncharacterized protein

TRB9F4U7 ORYSJ UniProt O. sativa var. japonica B9F4U7_ORYSJ Putative uncharacterized protein

TRB9FKH0 ORYSJ UniProt O. sativa var. japonica B9FKH0_ORYSJ Putative uncharacterized protein

TRB9FRX2 ORYSJ UniProt O. sativa var. japonica B9FRX2_ORYSJ Putative uncharacterized protein

TRB9FTK2 ORYSJ UniProt O. sativa var. japonica TRB9FTK2_ORYSJ Putative uncharacterized protein

TRB9FTK3 ORYSJ UniProt O. sativa var. japonica B9FTK3_ORYSJ Putative uncharacterized protein

TRB9FZX0 ORYSJ UniProt O. sativa var. japonica B9FZX0_ORYSJ Putative uncharacterized protein

TRB9GC07 ORYSJ UniProt O. sativa var. japonica B9GC07_ORYSJ Putative uncharacterized protein

TRB9GD29 ORYSJ UniProt O. sativa var. japonica B9GD29_ORYSJ Putative uncharacterized protein

TRQ0DQ06 ORYSJ UniProt O. sativa var. japonica Q0DQ06_ORYSJ Os03g0646300 protein (CNGC7-like)

TRQ0DWX3 ORYSJ UniProt O. sativa var. japonica Q0DWX3_ORYSJ Os02g0789100 protein (CNGC17-like)

TRQ0IPW9 ORYSJ UniProt O. sativa var. japonica Q0IPW9_ORYSJ Os12g0163000 protein (CNGC18-like)

TRQ10G24 ORYSJ putative CNGC9 UniProt O. sativa var. japonica Q10G24_ORYSJ Putative CNGC9

TRQ2QRA3 ORYSJ putative CNGC7 UniProt O. sativa var. japonica Q2QRA3_ORYSJ Putative CNGC7

TRQ2QXB8 ORYSJ putative CNGC14 UniProt O. sativa var. japonica Q2QXB8_ORYSJ Putative CNGC14

TRQ5ZAU3 ORYSJ UniProt O. sativa var. japonica Q5ZAU3_ORYSJ Os01g0782700 protein (CNGC4-like)

TRQ60EI8 ORYSJ UniProt O. sativa var. japonica Q60EI8_ORYSJ Os05g0502000 protein (CNGC4-like)

TRQ652Z5 ORYSJ UniProt O. sativa var. japonica Q652Z5_ORYSJ Os06g0527100 protein (CNGC1-like)

TRQ653S0 ORYSJ UniProt O. sativa var. japonica Q653S0_ORYSJ Os09g0558300 protein (ATCNGC14-like)

TRQ69KL7 ORYSJ Putative CNGC UniProt O. sativa var. japonica Q69KL7_ORYSJ Putative CNGC

TRQ6K4N3 ORYSJ CNGC-like UniProt O. sativa var. japonica Q6K4N3_ORYSJ CNGC-like

TRQ6K6P3 ORYSJ UniProt O. sativa var. japonica Q6K6P3_ORYSJ Os02g0627700 protein (CNGC15-like)

TRQ6ZG24 ORYSJ putative CNGC UniProt O. sativa var. japonica Q6ZG24_ORYSJ putative CNGC

TRQ7X641 ORYSJ UniProt O. sativa var. japonica Q7X641_ORYSJ OSJNBa0033G05.7 protein (CNGC-like)

TRA3B9H5 ORYSJ UniProt O. sativa var. japonica A3B9H5_ORYSJ Putative uncharacterized protein

TRQ69T65 ORYSJ UniProt O. sativa var. japonica Q69T65_ORYSJ Putative cyclic nucleotide-regulated ion channel

TRB9F3H5 ORYSJ UniProt O. sativa var. japonica B9F3H5_ORYSJ Putative uncharacterized protein

TRQ6ZHE3 ORYSJ UniProt O. sativa var. japonica Q6ZHE3_ORYSJ Putative cyclic nucleotide-binding transporter 1

TRD8QYM9 SELML UniProt S. moellendorffii D8QYM9_SELML Putative uncharacterized protein

(Continued)
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Table A1 | Continued

Key Database Species Accession Description/Gene Name

TRD8RB40 SELML UniProt S. moellendorffii D8RB40_SELML Putative uncharacterized protein

TRD8SCK7 SELML UniProt S. moellendorffii D8SCK7_SELML Putative uncharacterized protein

TRD8SGT0 SELML UniProt S. moellendorffii D8SGT0_SELML Putative uncharacterized protein

TRD8T0W5 SELML UniProt S. moellendorffii D8T0W5_SELML Putative uncharacterized protein

Database accessions and gene names were derived from UniProt (S. moellendorffii and O. sativa var. japonica; The UniProt Consortium, 2012) and The Arabidopsis

Information Resource (TAIR; A. thaliana; Swarbreck et al., 2008).
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