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FIGURE 3 | H2O2-dependent oxidation of stroma proteins. (A) Western
blot analysis with anti-biotin antibody to detect oxidized stroma proteins.
“rel%” stands for the amount of H2O2 added relative to the thiol contents
of the protein sample (100%). The bands demonstrate H2O2-dependent
oxidation of stroma proteins. Same samples were used for biotin
quantification. The experiment with similar results was performed three
times. (B) Degree of biotinylation in H2O2-treated samples as calculated
from HABA displacement assay. For biotin quantification, 10 μg of proteins
were used. Data are means ± SD, n = 3.

22 kDa. At higher oxidant concentrations 2-Cys Prx is prone to
overoxidation, which also results in a monomer (data not shown).
After 30 min of MV treatment 2-Cys Prx was fully oxidized as
shown in the immunoblot analysis (Figure 6B). At the later
time points the protein was found as monomer again, suggest-
ing overoxidation. Based on the redox behavior of one of the early
target proteins, namely 2-Cys Prx, the 30-min exposure time was
selected for further experiments.

After 30 min exposure to MV, proteins were extracted in
NEM-containing buffer. Extracted and alkylated proteins were
reduced, free thiols labeled with biotin maleimide and sub-
sequently purified via streptavidin column. After elution, the
proteins were resolved by SDS-PAGE and identified using MS
(Table 3). In total 24 proteins were repeatedly identified from
affinity purified MV-treated samples. Most identified proteins
are located to the chloroplast, while some are located to the
cytoplasm (protein #7, 10, 11, 12, and 22), the vacuole (pro-
tein #2), the peroxisome (protein #18) and the mitochondrion
(protein # 20). Some target proteins such as RubisCO, myrosi-
nase, and fructose-bisphosphate aldolase-2 were found both in
control and MV-treated plants. Proteins that were differentially
oxidized by MV treatment are discussed below. Among these were

2-Cys Prx, sedoheptulose-1,7-bisphosphatase (SBPase), subunits
of the water-oxidizing complex and FNR1. Six in vivo identified
proteins were common with the in vitro H2O2-treated sample,
namely RubisCO LSU and SSU, fructose-bisphosphate aldolase-2,
2-Cys Prx, plastocyanin (DRT 112) as well as FNR. Most identified
chloroplast proteins function in photosynthesis (proteins # 8, 9, 14,
and 15) and redox homeostasis (proteins # 5, 19, 20, 21, and 24),
while others are involved in photorespiration (protein #1), Calvin
cycle (protein #6 and 16) and electron transport (proteins #13
and 17).

Except for the glutathione S-transferase (GST) F2 (protein #10),
PSBQ-2 (protein #14), and PSBQ-1 (protein #15), one or more Cys
are theoretically present in all identified proteins when analyzing
the amino acid composition. The oxidation-mediated Cys mod-
ifications in MV-treated samples were identified by comparing
the predicted mass list of in silico trypsin-digested and biotiny-
lated peptides (Table 4). This approach allowed us to confirm
single peptides of RubisCO LSU, myrosinase, NAD(P)-binding
Rossmann-fold-containing protein and FNR.

DISCUSSION
In order to identify stroma protein targets sensitive to oxidation
by H2O2, this work adopted a strategy similar to the “biotin
switch”-method used to detect post-translational S-nitrosylation
or glutathionylation (Jaffrey and Snyder, 2001; Lind et al., 2002).
The present study relies on differential labeling of reduced thi-
ols and formerly oxidized thiols, using two different alkylation
reagents (NEM and biotin maleimide) of distinct molecular mass,
which eased the preferential identification of the H2O2-sensitive
proteins. Often redox proteomic studies identify redox-sensitive
proteins by direct labeling of proteins during cell extraction,
possibly leading to Cys oxidation during the lysis and label-
ing steps causing false positive results. The cross contamination
assays indicate that the isolated chloroplast fractions were highly
pure since the mitochondrial protein AtPrxII F was below detec-
tion limit (Figure 1A) and the cytosolic UGPase constituted less
than 6% on a protein basis (Figure 1B). In the in vitro part
of this work, the stroma proteins were completely reduced and
then oxidized with low amounts of H2O2 to isolate only the
most oxidant-sensitive protein thiols. It has been suggested that
about 4 μmol H2O2 m−2leaf area−1 is formed in the chloro-
plast during photosynthesis under normal conditions (Foyer and
Noctor, 2003). This value corresponds to about 300 μmol H2O2

L−1 stroma produced every second, assuming a leaf chlorophyll
content of 300 mg.m−2 and a stroma volume of 40 μL mg−1

chlorophyll. The H2O2-detoxification capacity of the chloro-
plast ascorbate- and peroxiredoxin-dependent water-water cycles
is high, and models predict that resting H2O2 concentrations
are low as long as reductants are available (Polle, 2001). Here
a low H2O2 concentration of about 10 μM equivalent to 10%
of total protein thiols was used to identify primary targets of
oxidation and can be considered to represent physiologically
relevant conditions. In previous studies much higher concen-
trations of oxidants ranging from 1 mM up to 10 mM in
non-stoichiometric amounts have been used in plant and animal
redox proteomic studies. The results from such studies should
be considered with care, since the employed concentrations are
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FIGURE 4 | H2O2-mediated oxidation of stroma proteins.

(A) Two-dimensional map of the A. thaliana stroma proteins after
differential labeling. Separation was performed on 18 cm Immobiline
DryStrip (pH 3–10 NL) and by 12% SDS-PAGE as second-dimension.
Silver-stained gels of stroma proteins (100 μg) that remained untreated
(left) and were treated with H2O2 at about 10 μM for 5 min (right) are

presented. (B) Two-dimensional Western blot map after decoration
with anti-biotin antibody. Control and H2O2-treated samples of the
respective gels are shown. Oxidized protein thiols were labeled with
biotin maleimide as described. The figure is representative of three
independent experiments. Molecular weight markers, in kDa, are
indicated on the left.

often outside the reasonable physiological range (Kim et al., 2000;
Baty et al., 2002; Marx et al., 2003; Sethuraman et al., 2004; Winger
et al., 2007).

The degree of labeling with biotin-maleimide increased in
the H2O2-treated sample indicating the occurrence of oxidation-
mediated Cys modification in our experiments (Figure 3A). Two-
dimensional-immunoblots provided insight into the response of
the H2O2-mediated oxidative changes. Linking our approach
with MALDI-TOF analysis enabled the identification of proteins
which are most sensitive to oxidation. Most proteins identified
possess oxidation-susceptible Cys and are known to undergo
dithiol-disulfide exchange reactions as reported in previous stud-
ies (Meyer et al., 2005; Ströher and Dietz, 2008; Lindahl and
Kieselbach, 2009). All the identified proteins had functional
annotations. Based on their function they can be generally
categorized as enzymes involved in carbohydrate metabolism,

photosynthesis, redox homeostasis, and nitrogen assimilation
(Table 1).

FUNCTIONAL CLASSIFICATION OF IDENTIFIED PROTEINS
Enzymes such as phosphoribulokinase, GAPDH, and transketo-
lase were identified as primary targets responding to reduction or
oxidation of regulatory thiols. They were previously reported to be
redox-regulated targets of Trx (Motohashi et al., 2001; Marchand
et al., 2004). RubisCO was identified as one of the primary targets
of oxidation. RubisCO plays a major role in photosynthesis, hence
it is regulated by several mechanisms and redox-dependent mod-
ulation is one of them. Based on our MALDI-MS data analysis
(Table 2) two Cys of RubisCO LSU C192 and C427 are pre-
dicted to be oxidized. In Chlamydomonas reinhardtii C192 was
previously shown to be inactivated by arsenite (Moreno and Spre-
itzer, 1999). However, site-directed mutagenesis suggested that
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C192 lacks a role in disulphide-mediated inactivation. Rather
C449 and 459 are assumed to be involved in redox-dependent
catalytic inactivation and to trigger increased proteolysis of the
protein (Moreno et al., 2008). In this study the identified C427
is conserved in 91% of the analyzed photosynthetic organisms
(Figure A1 in Appendix). In three-dimensional structures C427,
449, and 459 are in close proximity with basic rich amino acids,
which could be essential for oxidative activity of the protein.
Due to the high protein abundance in the millimolar range,
RubisCO can be assumed to act as redox buffer to maintain a suit-
able redox state of the chloroplast in the presence of transiently
increased ROS release. RubisCO SSU was identified as thiore-
doxin target by several studies (Motohashi et al., 2001; Balmer
et al., 2003). In this work C41 and 117 were found to be modi-
fied by biotin maleimide due to oxidation, although the distance
between both Cys is too far from each other (11–25 Å) to
form a disulfide bond (Taylor and Andersson, 1997). But these
Cys might be a target for SOH oxidation or mixed-disulfide
formation and function as oxidant sensor. In Chlamydomonas,
Zaffagnini et al. (2012) recently reported 225 glutathionylated pro-
teins, among them many Calvin cycle enzymes, indicating a role
of glutathionylation in protecting and regulating chloroplast car-
bohydrate metabolism. We can exclude glutathionylation, since
the proteins were desalted following the reduction with DTT (see
Materials and Methods). This step also eliminated any glutathione
from the extracts.

In higher plant chloroplasts, Fd-GOGAT is a major enzyme
for glutamate synthesis, involved in the conversion of glu-
tamine and 2-oxoglutarate to glutamate. Thioredoxin-mediated
redox regulation of Fd-GOGAT was addressed in vitro by several
studies (Lichter and Häberlein, 1998; Motohashi et al., 2001;
Balmer et al., 2003). The amino acid sequence of the protein
shows 24 Cys residues in the mature form, three of which
were alkylated with NEM (Table 2). FNR catalyzes the electron
transfer between ferredoxin and NADPH, producing reducing
equivalents for chloroplast metabolism and thus represents a
crucial enzyme for various pathways requiring reductants. The
predicted mass of a peptide containing a Cys residue matched
the measured mass value (±0.5 Da) suggesting, that this par-
ticular Cys is sensitive to oxidation (Table 2). GAPDH is
subjected to post-translational modifications which involve thiol-
disulfide transitions of regulatory Cys, complex formation with
ribulose-5-phosphate kinase and a regulatory protein named CP12
(Scheibe et al., 2002). This mechanism allows the coordination
of GAPDH redox regulation with availability of its substrate
1,3-bisphosphoglycerate.

Proof of concept is also provided by the identification of
2-Cys Prx and cylophilin 20-3. 2-Cys Prx is among the top
20 most abundant stroma proteins (Peltier et al., 2006), func-
tions as high-affinity thiol-peroxidase (König et al., 2003), and
undergoes large redox-dependent conformational changes linked
to functional switches (Dietz, 2012). Here the recombinant 2-
Cys Prx protein was a convincing system to test and validate
the various steps of oxidation, blocking, labeling, and detec-
tion in the work flow (Figure 2B), and its recovery in vitro
and in vivo shows also, that the early oxidizable proteins are
indeed trapped with this method (Tables 1–3). Likewise cylophilin

FIGURE 5 | Identification of early targets of H2O2-mediated protein

oxidation. (A) Silver-stained SDS-PAGE gel showing the biotinylated
proteins purified via streptavidin-agarose affinity column. Equal amounts of
eluted protein were loaded from control and H2O2-treated samples. Band
numbered on the gel corresponds to the excised gel sections which were
trypsin-digested and analyzed by MALDI-TOF MS. Proteins identified with
significant MASCOT score >75 are shown inTable 1. At least two peptides
were identified per protein. (B) Western blot visualization of biotinylated
proteins with anti-biotin antibody. Equal amounts of protein (100 μg) were
loaded in case of the untreated control and H2O2-treated samples. The
result is representative of three independent experiments.

20-3 is a known target of thiol/disulfide transition (Laxa et al.,
2007) and this redox switch affects its peptidylprolyl-cis/trans iso-
merase activity and probably also its capability for protein/protein
interactions.

REDOX MODIFICATION OF PROTEINS UPON OXIDATIVE STRESS
IN VIVO
The in vivo redox status of protein thiols was monitored using
MV-mediated oxidative stress. The majority of the identified
proteins are involved in antioxidant defense (Table 3). GST
catalyzes hydroperoxide detoxification in the presence of glu-
tathione. GST tau is also known to detoxify herbicides and
plays a role in signal transduction (Neuefeind et al., 1997; Dixon
et al., 2003). Thiol-mediated light/dark regulation of Calvin cycle
enzymes is a well known process for years (Buchanan, 1980). In
this line SBPase and fructose-bisphosphate aldolase were iden-
tified. SBPase is activated by disulfide reduction. The involved
Cys have been identified by site-directed mutagenesis (Dunford
et al., 1998). Interestingly overexpression of SBPase stimulates
growth during early development and under stress suggesting
that SBPase activity controls fluxes in the Calvin cycle to a major
extent (Lefebvre et al., 2005; Feng et al., 2007). The sensitivity
of SBPase to oxidation in vivo may provide an explanation why
SBPase plays a particular role under stress with increased ROS
production.
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FIGURE 6 | Biotinylated proteins from A. thaliana leaves after methyl

viologen treatment. (A) The immunoblot shows increased labeling in protein
extracts after treating plants with 50 μM MV for different time periods.
Control plants (0) were sprayed with water. All samples were extracted in the

presence of NEM to block free thiols, then reduced with DTT, and finally
labeled with biotin maleimide. (B) The same samples were probed with 2-Cys
Prx antibody to determine the redox state of 2-Cys Prx. The oxidized dimer
and reduced monomers are indicated.

Table 4 | Cysteines modified upon methyl viologen-mediated oxidation.

No. Protein name Peptide sequence Predicted mass Observed mass

in MV treatment

NEM Biotin maleimide

1 RubisCO large subunit AVYEC*LR 978.0 1304.5 1304.61*

2 Myrosinase C*SPKIDVR 1113.5 1440.0 1439.69*

19 NAD(P)-binding Rossmann-fold-containing protein SLVSDSTSICGPSKFTGK 1938.9 2265.4 1938.1

21 Ferredoxin-NADP(+) oxidoreductase 1 (FNR1) C*LLNTK 815.9 1142.4 1142.57*

The table shows the peptide sequence and the predicted mass in the presence of the alkylating agents either NEM or biotin maleimide. The mass observed in
MALDI-TOF MS of the MV-treated sample is shown. NEM-labeled cysteine (C) mass matches to experimental mass value suggesting that these Cys are not modified
during oxidation. C* denotes Cys in the peptide sequence which is labeled with biotin maleimide, since the predicted mass matched to the experimentally observed
value. The underlined peptides were addressed to be modified also in in vitro oxidation treatment (referTable 2 ).

Regulators of PS II oxygen-evolving complex (OEC) such as
PsbO-1, PsbP-1, and PsbQ were also identified as oxidation-
sensitive proteins. A recent study has proposed the presence of
an intra-molecular disulfide bond in PsbO-1 and PsbP-1 using a
diagonal two-dimensional gel (Ströher and Dietz, 2008). PsbQ
indeed has no Cys but could be associated and coeluted with
other PS II OEC proteins. Biochemical studies showed that A.
thaliana nucleoside diphosphate kinase 2 (NDPK2) is associ-
ated with MAPK-mediated H2O2 signaling in plants (Moon et al.,
2003). Being one of the early oxidation targets, NDPK2 thiols
might play a major role in the ROS-mediated signaling pathway.
The in vivo experimental strategy should be improved in the future,
e.g., by partial removal of RubisCO, followed by enrichment of less
abundant proteins. The here applied method does not distinguish
between direct oxidation by H2O2 and proximity-based oxidation

mechanism where thiol proteins such as peroxiredoxins first react
with H2O2 to form a SOH intermediate, which then oxidizes a
thiol of another protein (König et al., 2012).

CONCLUSION
In conclusion, the here developed approach provides insight
into early targets of oxidation by H2O2 within the stroma
proteome under physiologically relevant conditions. This method
is applicable to identify redox-dependent protein modifications in
vitro and ex vivo, e.g., redox changes upon exogenous MV treat-
ment but also in response to other stresses. The study identified
expected early targets such as 2-Cys peroxiredoxin which has
been classified as redox sensor and many known targets of redox
regulation such as SBPase and FNR. Redox input elements, trans-
mitters, targets, and sensors form the cellular redox regulatory

www.frontiersin.org March 2013 | Volume 4 | Article 54 |204

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


“fpls-04-00054” — 2013/3/18 — 18:32 — page 12 — #12

Muthuramalingam et al. Chloroplast H2O2-sensitive proteome

network (Dietz, 2008). This network needs to be expanded by
the functional element redox buffer proteins. RubisCO is com-
posed of eight LSU and eight SSU. LSU contains 9, SSU 4-Cys
residues in A. thaliana. With a concentration of about 500 μM
RubisCO, the RubisCO thiols represent the largest thiol pool
of the stroma that exceeds any other chloroplast compound
(Jacquot et al., 2013). A future challenge will be to monitor
the diverse thiol modifications such as S-nitrosylation, glu-
tathionylation, and intra- or interpeptide disulfide formation
in parallel and to dissect the spatial and functional specificity

of these modifications under conditions of environmental
changes.
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APPENDIX

FIGURE A1 | Percentage of cysteine conservation in A. thaliana
RubisCO large and small subunit protein in comparison to the

following organisms: Rice, maize, Physcomitrella, Chlamydomonas,

Chlorella, Euglena, Synechocystis, Nostoc, Hydrogenovibrio,

R. capsulatus and R. sphaeroides. Encircled are the identified redox
sensitive cysteines.
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Barley (Hordeum vulgare) is an important cereal grain that is used in a range of products
for animal and human consumption. Crop yield and seed quality has been optimized
during decades by plant breeding programs supported by biotechnology and molecular
biology techniques. The recently completed whole-genome sequencing of barley revealed
approximately 26,100 open reading frames, which provides a foundation for detailed
molecular studies of barley by functional genomics and proteomics approaches. Such
studies will provide further insights into the mechanisms of, for example, drought and stress
tolerance, micronutrient utilization, and photosynthesis in barley. In the present review we
present the current state of proteomics research for investigations of barley chloroplasts,
i.e., the organelle that contain the photosynthetic apparatus in the plant. We describe
several different proteomics strategies and discuss their applications in characterization of
the barley chloroplast as well as future perspectives for functional proteomics in barley
research.

Keywords: barley, Hordeum vulgare, proteomics, chloroplast, mass spectrometry, 2D gel electrophoresis

INTRODUCTION
Barley (Hordeum vulgare) is one of the earliest domesticated cere-
als and it is the fourth most important crop world-wide in terms
of total dry production, only exceeded by maize, rice, and wheat.
Barley is mainly used in the brewing industry and as animal feed,
but in certain areas of the world it is an important food source
for humans (Schulte et al., 2009). The increasing demand for food
due to the growing world population has propelled the imple-
mentation of plant breeding programs and biomolecular plant
research to improve sustainable crop production. Prioritized areas
include research in plant resistance to abiotic stress such as soil
salinity, temperature, drought, nutrient uptake (Saeed et al., 2012),
and biotic stress caused by other living organisms and pathogens
(Dreher and Callis, 2007). Barley is by nature diploid, has a low
chromosome number (2n = 14) and a large genome size (5.1 Gb),
is easy to cross-breed and is able to grow under various climatic
conditions. These abilities and the fact that barley is an extremely
important crop makes it desirable to identify genes responsible
for specific beneficial traits in order to improve crop production
and sustainability (Saisho and Takeda, 2011). The recently com-
pleted whole-genome sequencing of the barley genome (Mayer
et al., 2012), gave rise to several interesting observations. A total of
26,159 high confidence genes with gene-family similarity to other
plant genomes, and 53,220 genes with lack of homology denoted
low confidence genes were identified. By comparison to Arabidop-
sis thaliana, the barley genome was estimated to encompass 30,400
genes. RNA sequencing data indicated extensive alternative splic-
ing of the coding regions of the high confidence genes (Mayer et al.,
2012), this adds to protein diversity and may play a role in pro-
tein regulation and gene expression (Syed et al., 2012). These data
opens new opportunities for pursuing in-depth studies of barley
biology by using genomics, transcriptomics, metabolomics, and
proteomics approaches.

The chloroplast is one of the specialized plastids in the plant cell
and it conducts important processes such as photosynthesis and
biosynthesis of amino acids, starch, and vitamins. The chloroplast
contains its own genome, but most of the estimated 2000–3000
chloroplast proteins are encoded by the nuclear genome. Tar-
geting of proteins to the chloroplast often requires N-terminal
pre-sequences called chloroplast transit peptides (cTPs), which to
some extend can be predicted from the genome by using compu-
tational methods such as chloroP, targeP, WoLF PSORT, iPSORT,
predotar, or Protein Prowler (Emanuelsson et al., 1999; Bannai
et al., 2002; Small et al., 2004; Boden and Hawkins, 2005; Horton
et al., 2007).

Functional proteomics is a rapidly evolving scientific discipline
that is driven by advancements in a series of bioanalytical and
computational technologies to enable increasingly detailed stud-
ies of complex protein mixtures derived from cells, tissues, and
organisms (Aebersold and Mann, 2003; Cravatt et al., 2007; Bensi-
mon et al., 2012). The main methods used in proteomics are: (1)
protein and peptide separation techniques; (2) mass spectrome-
try; (3) biological sequence databases and computational query
tools (summarized in Boxes 1 and 2).

Proteomics technologies are now extensively used in plant biol-
ogy, particularly in studies of the model plants and the most
important food crops (Jorrin et al., 2007). Proteomics, i.e., the
systematic study and characterization of proteins in a cell type,
tissue, or a whole organism, encompasses the mapping of pro-
tein composition and abundance, protein interactions and protein
localization, as well as dynamic events in protein regulatory
networks, including signaling mechanisms, metabolism, and tran-
scription (de Hoog and Mann, 2004). A majority of such studies
in plants were carried out in A. thaliana and rice where com-
pletely sequenced genomes are available (Kaul et al., 2000; Goff
et al., 2002). Proteome analysis of plant organelles, including
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BOX 1 | Mass spectrometry.

Mass spectrometry enables unambiguous identification of
proteins by accurate mass measurements of gas-phase protein
and peptide ions and peptide fragment ions. Mass spectrometers
using matrix-assisted laser desorption ionization (MALDI) are
preferred for simple peptide mixtures derived by in-gel digestion
of proteins obtained from 2D gel spots (Gevaert and
Vandekerckhove, 2000). Electrospray ionization (ESI) mass
spectrometers are frequently interfaced directly to nanoliter-flow
HPLC systems, thereby providing separation, mass determination,
and amino acid sequencing in one analytical setup (LC-MS/MS)
(Aebersold and Mann, 2003). Besides being able to identify
thousands of proteins in one single LC-MS/MS analysis, modern
proteomics workflows also provides rather accurate protein
quantification and capability to identify PTMs (Larsen et al., 2006;
van Bentem et al., 2006; Ytterberg and Jensen, 2010; Mithoe and
Menke, 2011). These features make MALDI and ESI mass
spectrometry indispensable in proteomics research for the
characterization and quantification of complex protein mixtures.

chloroplasts, have been reported (Kleffmann et al., 2004). For
example, proteomics strategies were used to elucidate the influence
of various biotic and abiotic stresses on chloroplasts proteins.

The recently completed sequencing of the barley genome now
provides a foundation for more detailed functional proteomics
studies of barley biology. We therefore foresee an increased effort in
barley proteomics using state-of-the-art mass spectrometry based
strategies for qualitative and quantitative characterization of bar-
ley proteins, organelles and regulatory networks. Proteomics will
likely play a major role in further improvements of barley culti-
vars, e.g., by identifying the underlying mechanisms of biotic and
abiotic stress. In the following sections we provide an overview
of proteomics strategies and techniques and the current state of
barley chloroplast proteomics.

GENERAL CONSIDERATIONS AND PROTEOMICS STRATEGIES
Several factors affect the outcome of a proteomics experiment,
and need to be included in the experimental planning phase,
like for example proteome complexity and protein concentration
(summarized in Box 3). This section covers two classical pro-
teomics strategies and highlights things to consider before starting
a chloroplast-targeted proteomics experiment.

Purification: The first step toward success in organelle or sub
proteomic experiment is the quality and purity of the sam-
ple. Contaminating proteins or unwanted cellular debris can
obscure the results with respect to assignment of organelle specific
proteins and their quantification (Agrawal et al., 2011). Highly
purified chloroplasts or mitochondria can be obtained using
a Percoll gradient centrifugation step (Neuburger et al., 1982;
Aronsson and Jarvis, 2002; van Wijk, 2004; Millar et al., 2005).
Endomembrane organelles such as Golgi apparatus, endoplasmic
reticulum, vacuoles, and vesicles are more difficult to purify with-
out cross-contamination from other organelles. Gentle rupture of
the intact chloroplasts enables further purification of four sub-
compartments (1) the inner and outer envelope membranes, (2)
the stroma, (3) the thylakoid membrane, (4) the thylakoid lumen
(Kieselbach et al., 1998, 2000; Peltier et al., 2000, 2006; Schubert

BOX 2 | Quantitative proteomics.

2D gel electrophoresis is the preferred method for comparative
quantitative proteomics in studies of organisms for which only
incomplete gene annotation is available, e.g., for carrots and
cabbage (Nawrocki et al., 2011). The advantage of using 2D gel
electrophoresis is the one spot – one protein premise that makes
it relative easy to make sequence homology searches, de-novo
sequencing of fragmented peptides or protein isoform
characterization (Jacob and Turck, 2008; Moller et al., 2011b).
Mass spectrometry driven quantitative proteomics methods can
be categorized into “label-free” approaches based on peptide
intensity or peptide counting and “stable isotope labeling”
methods where proteins and/or peptides are metabolically or
chemically encoded by heavy stable isotopes of, e.g., carbon,
nitrogen, and oxygen (13-C, 15-N, 18-O; Ong and Mann, 2005;
Thelen and Peck, 2007; Bantscheff et al., 2012). Commonly used
metabolic labeling methods in plant proteomics include stable
isotope labeling by 15-N (Nelson et al., 2007; Bindschedler et al.,
2008; Gouw et al., 2008) and by amino acids in cell culture [stable
isotope labeling by amino acids in cell culture (SILAC); Ong et al.,
2002], although the latter is not easily implemented in plants due
to their amino acid metabolism (Gruhler et al., 2005). Chemical
methods for stable isotope labeling are generically applicable in
plant proteomics and include iTRAQ (Ross et al., 2004; Wiese
et al., 2007) and isotope-coded protein labeling (ICPL; Schmidt
et al., 2005). Examples include phosphoproteomics (Jones et al.,
2006; Melo-Braga et al., 2012), global protein regulation in
response to stress (Neilson et al., 2011; Abdalla and Rafudeen,
2012) or as a consequence of genotypic differences (Chen et al.,
2009; Ng et al., 2012).

The advantage of label-free approaches is that they are rather
straightforward to implement, however, their robustness and
accuracy relies on multiple replicate runs and comparative data
analysis is often rather complex. Nevertheless, recent
improvements in software and statistics for label-free proteomics
make this a very attractive approach. The main advantages of
stable isotope labeling techniques are their accuracy of
quantification and the ability to perform multiplex experiments.
iTRAQ allows up to eight-plex analysis in one LC-MS/MS
experiment (Bantscheff et al., 2007; Pottiez et al., 2012).

et al., 2002; Ferro et al., 2003). The above mentioned extractions
method were used for diverse plant species, and it is important to
have in mind that protocols developed for a specific plant species,
not necessarily works for other species. Typically intact chloro-
plasts are obtained using Percoll gradient centrifugation. This is
by far the best way to obtain pure chloroplasts, but the yield is
rather low. Less pure chloroplast can be obtained in high yields
using low speed centrifugation. It is possible to obtain thylakoid,
stroma, and envelope fractions using a sucrose gradient of osmotic
shocked intact chloroplasts. Soluble luminal thylakoid proteins
can be isolated from the thylakoid preparation using yeda press
rupture of the membranes (Hall et al., 2011).

How much material is needed? It is possible to make quanti-
tative proteomics experiments with less than 20 μg of extracted
protein. The number of identified proteins from such an exper-
iment depends not only on the complexity and dynamics of the
proteome but also the in-house instrumentation (Eriksson and
Fenyo, 2010). In sub proteomic work the amount of starting mate-
rial might exceed several grams to extract a few micro grams of
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BOX 3 | Proteome complexity and protein concentrations.

Due to the high complexity and wide concentration range of
proteins within proteomes, large scale proteome analysis is often
executed at the sub-proteome level (James, 1997; Kuntz and
Rolland, 2012) where specific cellular or tissue fractions are
isolated and analyzed. For example, enrichment strategies can be
used to isolate sub-proteome consisting of, e.g., kinases, or
proteins containing specific modifications (e.g., phosphorylation or
glycosylation), body or tissue fluids (e.g., sap) or organelles such
as cell nuclei, mitochondria, Golgi apparatus, or chloroplasts. The
need for fractionation into sub-proteomes becomes obvious when
considering that the potential number of different proteins from a
single genome coding for 20,000–30,000 genes, might be as high
as 200,000–2 million when considering genomic recombination,
splice variants, differential initiation/termination of transcripts and
protein processing and covalent modifications (Ayoubi and Van De
Ven, 1996; Lander et al., 2001). In addition, the concentration
ranges of proteins in eukaryotic cells typically span five–six orders
of magnitude and in some sub-proteomes as high as 10 orders of
magnitude. In some plants it has been estimated that RuBisCO
makes up 40% of the total protein content, making the stroma in
the chloroplast a very challenging protein matrix to analyze
(Patterson and Aebersold, 2003; Bindschedler and Cramer, 2011).
By reducing protein complexity by sub-proteome fractionation it is
possible to identify low abundant proteins in the proteome of an
organism.

a desired proteome. As an example, from 100 g of soil grown A.
thaliana plants it is possible to extract approximately 1000 mg
leaf protein, 100 mg thylakoid proteins, and only 0.4 mg envelope
membrane protein (Froehlich et al., 2003).

What buffers should I use? There is no universal buffer com-
position to be used in proteomics experiments. Depending on
the targeted tissue or sub-cellular compartment different pro-
tein extraction and sample preparation buffers are used (Fido
et al., 2004; Mano et al., 2008). However, there are few universal
rules that should be taken into consideration. Always add pro-
tease inhibitors, but be aware of the lifetime of the inhibitors,
it might be short under certain conditions, or use strong dena-
turing buffers [e.g., 8 M urea or sodium dodecyl sulfate (SDS)]
to inactivate potential proteolytic activity of enzymes present in
the sample. Use metal chelating agents, e.g., ethylenediaminete-
traacetic acid (EDTA) to trap free metal ions from the sample
to prevent unwanted spontaneous protein oxidation – this is
particularly important when working with organelles such as
chloroplasts and mitochondria. Most buffers used in biologi-
cal experiments contains components which are not compatible
with liquid chromatography-mass spectrometry (LC-MS) but if
the proteins are separated by polyacrylamide gel electrophoresis
(PAGE) all buffers are allowed, due to the excellent washing ability
of gel plugs. For non-gel based strategies some compounds such
as detergents (SDS, Triton X-100, etc.) or ampholytes compro-
mise nanoliter-flow LC or mass spectrometry and they need to be
avoided or removed prior to analysis (Xiao et al., 2004; Yeung and
Stanley, 2010).

Can high abundant proteins be removed? In photosynthetic
tissue the predominant protein is the carbon fixation protein
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). In
some cases more than 50% of the total leaf protein content consist

of Rubisco (Metodiev and Demirevskakepova, 1992). Such highly
abundant protein will hamper both gel and non-gel based pro-
teome analysis because this highly abundant protein will obscure
other proteins and suppress their detection. In gel based studies
it will dominate the gel pattern eclipsing low abundant proteins
with similar physico-chemical properties. In non-gel based pep-
tides generated from this abundant protein will saturate high
performance liquid chromatography (HPLC) columns and sup-
press the signal from lower abundant proteins. This problem
can be partially solved by removing the highly abundant pro-
tein by fractionation, antibody based spin columns, or using
the relative newly developed ProteoMiner beads (Boschetti and
Righetti, 2008; Frohlich et al., 2012). Removal of highly abun-
dant proteins can also result in removal of the associated low
abundant proteins (Cellar et al., 2008; Krishnan and Natarajan,
2009). Another way to reduce the complexity and the dynamics of
protein sample is to perform organelle or sub-organelle fraction-
ation. Isolation of mitochondria or a thylakoid preparation from
chloroplast will exclude the majority of Rubisco protein from the
analysis.

How to proceed after proteome extraction? Proteins, both for gel
and non-gel based strategies (see below) need to be digested into
peptides prior to mass spectrometry analysis. The aim is to gen-
erate ionizable peptides in the mass range 700–2500 Da, which is
the optimal range for most biological mass spectrometers. Disul-
fide bridges (Cys-Cys) in proteins are typical reduced and alkylated
using dithiothreitol (DTT) and iodacetamide (IAA) prior to diges-
tion. Denaturation of the proteins improves digestion efficiency,
thus contributing to the overall protein identification rate. Pro-
teins separated by SDS-PAGE are inherently denatured and are
typically cut out of the gel, reduced, S-alkylated and digested by
trypsin. This is a well-established“in-gel digestion”technique rou-
tinely used by most proteomics laboratories (Shevchenko et al.,
1996, 2006). In solution based digestion is a more delicate pro-
cedure. Keeping the proteins in solution, denatured and available
for trypsin digestion can be facilitated by buffers containing the
commercially available surfactant RapiGest, urea buffers or deter-
gents such as sodium deoxycholate (SDC) that, in contrast to SDS
can relatively easy be removed from the sample prior to the mass
spectrometry analysis (Speers and Wu, 2007; Norrgran et al., 2009;
Lin et al., 2012). In-solution digestion protocols where the diges-
tion is performed within a spin filter device has become popular
and is highly recommended for the digestion of protein amounts
exceeding 100 μg. The filter enables washing of the sample and
retention of large unwanted structures on the filter (Manza et al.,
2005; Wisniewski et al., 2009).

How do I evaluate the quality of the experiment? Proteomics
experiments often aim to detect differential regulated proteins
between groups. This can be accomplished using a statistical test
based on hypotheses about characteristics of both the biological
samples that represent the population, and the variability of the
technical measurements (Podwojski et al., 2012).

If possible, evaluate the protein extract by electrophoresis; this
gives an overall picture of the extract. Non-gel based approaches
can benefit using an internal spike-in protein standard. The
protein standard is digested together with the extract, and by com-
paring sequence coverage and peptide intensities of the spiked-in
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standard among samples, the digest efficiency can be evaluated.
This can be archived using selected reaction monitoring (SRM)
or other label-free quantification methods. Absolute quantifica-
tion can be archived using spiked-in peptides that act as internal
standards (Gerber et al., 2003; Silva et al., 2006).

PROTEOMICS STRATEGIES
The choice of proteomic strategy depends on several factors such as
the overall aim of the proteomics experiment, protein sample com-
plexity and protein amount, number of samples to analyze, mass
spectrometry instrument considerations, sequence database avail-
ability and whether protein quantification is necessary (Figure 1).

2D gel electrophoresis is a separation technique that is based
on isoelectric focusing of the proteins followed by separation of
the proteins according to their molecular mass. It has been used in
proteomics for more than 30 years. Although a number of its limi-
tations have been recognized (reviewed in Issaq andVeenstra,2008;
Chevalier, 2010) it is an effective strategy for the separation and
quantitation of intact protein mixtures, including protein isoforms
and modified proteins. A variation of the classical denaturing 2D
PAGE is blue native (BN) 2D PAGE (Reisinger and Eichacker,
2007). This technique has been used in several membrane pro-
teins studies (Krause, 2006), and is also one of the preferred ways
for characterization of protein complexes. Protein separated by
electrophoresis are visualized by staining, isotope or fluorescent
labeling (Patton, 2002). Often only the differential regulated pro-
teins are selected for spot picking, protein digestion, and protein
identification (Berth et al., 2007). The advantage using the 2D gel

strategy is the one spot – one protein premise, which allows for
relatively easy de novo annotation of peptide fragment spectra and
homolog search.

The combination of SDS-PAGE and LC-MS is very efficient
for proteome profiling. The combination is often called GeLC-
MS/MS,and is excellent for proteome profiling due to the unbiased
solubilization of all protein groups including membrane proteins.
For quantitative measurements it can be used with metabolically
incorporated stable isotopes, isobaric tags for relative and absolute
quantitation (iTRAQ) and semi quantitative approaches such as
spectral counting (Sachon et al., 2006; Wienkoop et al., 2006).

Recently, 2D LC-MS/MS strategies have become more
widespread and robust. The orthogonality between the two LC
separation dimensions is often obtained by using strong cation
exchange chromatography (SCX) in the first dimension and
reverse phase (RP) chromatography in the second dimension,
separating the peptides according to charge and then according
to hydrophobicity (Washburn et al., 2001). Other types of resin,
e.g., hydrophilic interaction liquid chromatography (HILIC) and
size-exclusion chromatography (SEC) have also been used in pro-
teomic studies (Gilar et al., 2005a). More recently, RP–RP HPLC
systems using high pH and low pH mobile phases in the first
and second separation dimensions, respectively, have proved to be
excellent and robust for proteomics work (Gilar et al., 2005b). This
set up can be fully automated and is suitable for proteomics work
where several biological replicates are needed. It can be combined
with both label based and label-free quantification methods. It is
also possible to achieve absolute quantification of the identified

FIGURE 1 |Two commonly used proteomics strategies. The
gel based strategy (lower left panel), where protein bands or spots
are cut out of the gel followed by trypsin digestion and MS analysis of
peptides, and the MS based strategy (lower right panel) where the

unseparated or partially fractionated protein sample is “in-solution
digested” (ISD) with trypsin or digested in a spin filter [filter-aided sample
preparation (FASP)] followed by LC/LC-MS/MS for peptide separation and
sequencing.
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proteins by spiking in known amounts of digested protein stan-
dards (Silva et al., 2006). Separation using only one dimension
is also possible, but for complex samples or samples with high
dynamic range, the number of protein identifications will be lim-
ited due to lower peak capacity compared to 2D LC strategies
where two orthogonally retention mechanisms are used.

Mass spectrometry data contains peptide information at the
MS and at the MS/MS level. For protein identification the MS
and MS/MS data can be searched using commercial or publicly
available search engines such as Sequest, Mascot, OMSSA, or
X!tandem (Cottrell, 2011). Software designed for handling large
proteomics datasets integrates multiple features such as identifica-
tion, quantification, visualization, statistics, and reporting. These
include packages such as Phenyx, Trans-Proteomic Pipeline (TPP)
MaxQuant, and Peaks (Lemeer et al., 2012).

CURRENT STATUS OF BARLEY PROTEOMICS
The areas where barley proteomics has been used can be divided
into (a) industry driven biotechnology, including seed germina-
tion and maturation, beer proteomes, and malting proteomes and
(b) biology driven proteomics covering plant adaptation to abiotic
stress and organelle function including the chloroplast that is the
focus of this review.

Biotechnology driven proteomics: Understanding the mecha-
nisms involved in seed germination and maturation processes are
important aspects in the malting industry where, e.g., enzyme
amount such as amylase in different cultivars influences the con-
version of starch into fermentable sugars. The work with proteome
analysis of different barley seed cultivars and proteomes from dif-
ferent developmental stages of germinating barley started in year
2002 (Finnie et al., 2002; Ostergaard et al., 2002). 2D gels were used
as a protein profiling tool. The proteins were extracted using a low
salt buffer, favoring the extraction of water soluble seed proteins
such as amylases and chitinases, and minimized extraction of high
abundant storage proteins such as hordeins that otherwise would
dominate the protein profile in the 2D gel. The TrEMBL database
at that time only contained 546 barley protein sequences, so there-
fore most of the protein identifications were based on cross-species
protein annotation using other cereals, such as rice, maize, and
wheat. The strength of 2D gel electrophoresis was also pointed out
in these studies, since the same protein was identified in multiple
protein spots, maybe as a consequence of post-translational mod-
ifications (PTM) or multiple alleles with almost identical protein
sequences.

Hynek et al. (2009) reported the enrichment of hydrophobic
membrane proteins from the barley plasma membrane fraction,
which may play a key role in the germination process, by using
two-phase partitioning and RP chromatography. The enrichment
of the membrane fraction was validated using western blotting
against H+-ATPase, a protein located in the membrane. Sixty-
one barley proteins were identified after SDS-PAGE by using
electrospray tandem mass spectrometry (ESI-MS/MS).

Protein profiles of different beers are diverse due to differences
in the barley cultivar, the malting process and the brewing yeast.
2D gel maps of different beer proteomes representing different
cultivars and malting types have been created. The maps can be
used as quality control step in the brewing industry and as a tool to

detect and identify beer type specific proteins or protein isoforms
that might represent taste, flavor, or texture. In the long term this
will potentially enable manipulation of, e.g., flavor proteins (Fasoli
et al., 2010; Iimure et al., 2010). The industrial induced protein
modification called Maillard reactions has also been monitored
and characterized and is important for color, taste, and flavor
and include thermal stability of proteins and the non-enzymatic
glycation of proteins (Perrocheau et al., 2005; Okada et al., 2008;
Petry-Podgorska et al., 2010)

Biology driven proteomics: 2D gel electrophoresis was the pre-
ferred method to study the proteome of barley plants exposed to
salinity stress and adaptation (Fatehi et al., 2012). Barley plants,
a tolerant and a salt-sensitive genotype, were exposed to 0 (con-
trol) or 300 mM NaCl. More than 500 reproducible protein spots
were detected of which 44 appeared to be regulated. The regu-
lated proteins were involved in several biological processes such as
reactive oxygen species scavenging, signal transduction, and pro-
tein processing. The advantage of this 2D gel strategy for studying
a non-sequenced organism was pointed out – only the regulated
proteins needed to be analyzed and identified by mass spectrome-
try. A similar procedure was used in a nitrogen use efficiency study
of barley, where proteomes from barley shoots and roots were
analyzed using 2D gels. Comparative proteome analysis of plants
grown with a nitrogen source and plants grown under nitrogen
deficiency revealed 67 and 49 differentially regulated protein spots
in roots and shoots, respectively (Moller et al., 2011a). Proteins
associated with drought have also been analyzed using 2D gel pro-
teomics (Wendelboe-Nelson and Morris, 2012). In a comparative
study of barley, extracted leave and root proteomes from boron
tolerant and boron intolerant barley plants were studied using an
iTRAQ based method and peptide fractionation by 2D LC prior to
mass spectrometry analysis. A total of 138 proteins were identified
from leaf tissue and 341 were identified from root tissues. Only
11 out of 1038 peptides from the root tissue were regulated in
the boron tolerant barley plant. Interestingly seven of these pep-
tides identified three proteins involved in iron deficiency response
(Patterson et al., 2007).

Protein modifications such as acetylation, glycosylation, and
phosphorylation are important regulators of a wide range of bio-
logical processes in plants (Ytterberg and Jensen, 2010). In barley
only a handful of proteomics studies deal with protein modifi-
cations. These include protein characterization in seeds during
maturation using 2D gels (Finnie et al., 2006; Laugesen et al.,
2007), where spot “trains” of the same proteins appeared dur-
ing maturation as a consequence of small amino acids sequence
differences, processing and differences in the degree of protein gly-
cosylation. Phosphoprotein studies in tonoplasts revealed a total of
65 phosphopeptides, and provide a first view into the regulation
of several metabolic pathways in tonoplast (Endler et al., 2009).
Phosphoproteomics in plants were recently reviewed (Kline-
Jonakin et al., 2011).

THE BARLEY CHLOROPLAST PROTEOME
Only a few studies concerning the barley chloroplast proteome
have been published, and a comprehensive list of barley chloro-
plast proteins is yet to be reported. In contrast, global proteomics
in Arabidopsis has been a reality for more than 20 years due to
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the complete sequencing of the A. thaliana genome at the begin-
ning of this millennium. (Kaul et al., 2000; Wortman et al., 2003).
Chloroplast proteome work in barley, wheat, and A. thaliana will
be discussed below. Figure 2 compares the number of proteins
identified in the chloroplast sub-compartments from these three
species.

The envelope membrane: The envelope membrane of the chloro-
plast is the site of several important functions such as biosynthesis
of glycerolipids, fatty acid export, metabolite transport, and
protein import. In A. thaliana, Ferro et al. (2010) reported
644 proteins to be associated with the membrane envelope using
both in-gel and in-solution digestion of proteins. Earlier stud-
ies of the envelope membrane using both geLC-MS/MS and
2D LC-MS/MS produced fewer identifications (Ferro et al., 2003;
Froehlich et al., 2003).

The thylakoid membrane: The thylakoid membrane contains
the photosynthetic machinery, but also proteins involved in regula-
tion and maintenance of this machinery. In thylakoid preparations
from A. thaliana the number of identified proteins sums up to 242
using geLC-MS/MS and LC-MS/MS and 154 proteins using 2D gels
(Friso et al., 2004; Peltier et al., 2004). A total of 198 thylakoid lumi-
nal proteins have been identified combing data from several studies
(Peltier et al., 2002; Giacomelli et al., 2006). Some of these are
believed to be up to 10,000-fold less abundant than photosynthetic
proteins, and can only be identified by sub-proteome isolation.
Other studies on luminal proteins report less proteins (Schubert
et al., 2002), which might reflect differences in purification and
proteomics strategies.

The thylakoid membrane of barley was investigated by the use
of BN 2D PAGE, with the aim to compare the photosynthetic
machinery of barley with that of other higher plants (Ciambella
et al., 2005). The number of barley thylakoid proteins identi-
fied was 45, of these 17 proteins from photosystem II (PSII),
16 from PSI, 7 proteins from cytochrome B6, and 5 from the

ATP synthase. The same number of barley thylakoid proteins
was reached in another study (Granvogl et al., 2006). One recent
study from 2011 (Ploscher et al., 2011) compares protein com-
plexes from etioplast and chloroplast. This is at the moment
the most comprehensive chloroplast proteome study in barley.
Etioplasts develop in the absence of light but can mature into
chloroplasts by illumination. By using 2D BN/SDS-PAGE to
separate the protein membrane complexes from etioplast and
chloroplast, they found eight etioplast/chloroplast shared protein
complexes, among those with high number of subunit repre-
sentation were the ATPase, cytochrome b6, and the NAD(P)H
dehydrogenase complex, whereas the PSI and PSII complexes were
only present in the chloroplast. The use of BN gels made it pos-
sible to quantify and distinguish between monomeric, dimeric,
and multimeric forms of the photosynthetic protein machinery,
and to distinguish between the different subunits present in the
protein complexes, making assumptions of assembly and matura-
tion of protein complexes possible. Both automated and manually
inspected fragment spectra were generated from the mass spec-
trometry based analysis where both online protein identification
of tryptic digested proteins and off-line identification of intact
small proteins extraction from gel were identified. In an ear-
lier study by the same group (Ploscher et al., 2009), intact low
molecular weight proteins from PSII were identified using off-line
ESI MS.

The stroma: The stroma contains the genetic material and
important metabolic enzymes including those involved in the
Calvin cycle. Using the geLC-MS/MS approach a total of 590
A. thaliana proteins were identified (Zybailov et al., 2008). Less
protein identifications were obtained in an attempt to identify
paralogs using 2D native gels (Peltier et al., 2006). For barley no
stromal proteome studies have appeared to date, but four proteins
from the above mentioned preparations (Ciambella et al., 2005;
Ploscher et al., 2011) are supposedly targeted to the stroma.

FIGURE 2 | Approximate number of chloroplast proteins identified in barley (Ciambella et al., 2005; Bartsch et al., 2008; Ploscher et al., 2011), wheat

(Kamal et al., 2012), and Arabidopsis (Peltier et al., 2004; Giacomelli et al., 2006; Zybailov et al., 2008; Ferro et al., 2010).
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In a recent chloroplast proteomic study in wheat, which shares
sequence similarity with barley, the geLC-MS/MS strategy was
used, and a total of 607 chloroplast proteins were identified.
Of these, 145 were from stroma, 342 were from the thylakoid
membrane, 163 from the lumen, and 166 proteins were integral
membrane proteins (Kamal et al., 2012).

Armbruster et al. (2011) summarizes all proteomics work on
chloroplast and comes up with a total number of nucleus encoded
proteins to be 1741, 63% with predicted cTP.

THE FUTURE FOR PROTEOMICS OF BARLEY AND BARLEY
CHLOROPLASTS
Proteomics work in barley has to date been hampered by the lack
of complete genomic sequence. But by the complete sequenc-
ing of the barley genome the goal to identify all of the predicted
2000–3000 chloroplast protein is within reach. The shift in analyt-
ical methods in proteomics from 2D gels toward 2D LC-MS/MS
based strategies, due to completely sequenced genomes, improved
nano-LC systems and faster and more sensitive tandem mass

spectrometers has over the years increased the output of pro-
teomics data. We foresee that new robust in-solution digestion
protocol coupled with fast online 2D LC-MS/MS systems will
enable the next major step in barley proteomics by decreasing
workload and increasing the throughput, identification rate and
accuracy of quantitation of the proteomics technologies.

In the near future we expect to see more quantitative pro-
teomics studies of barley, e.g., for molecular analysis of abiotic
stress, where sensitive versus non-sensitive barley genotypes
are compared, with the aim of identifying protein biomarker
involved in a certain genotypic trait. Ultimately this would
couple proteomics and other technologies into the multidisci-
plinary systems biology platform in the pursuit of sustainable crop
production.
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In plants, the intercellular communication through the membranous channels called
plasmodesmata (PD; singular plasmodesma) plays pivotal roles in the orchestration of
development, defence responses, and viral propagation. PD are dynamic structures
embedded in the plant cell wall that are defined by specialized domains of the
endoplasmic reticulum (ER) and the plasma membrane (PM). PD structure and unique
functions are guaranteed by their particular molecular composition. Yet, up to recent
years and despite numerous approaches such as mutant screens, immunolocalization,
or screening of random cDNAs, only few PD proteins had been conclusively identified
and characterized. A clear breakthrough in the search of PD constituents came from
mass-spectrometry-based proteomic approaches coupled with subcellular fractionation
strategies. Due to their position, firmly anchored in the extracellular matrix, PD are
notoriously difficult to isolate for biochemical analysis. Proteomic-based approaches have
therefore first relied on the use of cell wall fractions containing embedded PD then on
“free” PD fractions whereby PD membranes were released from the walls by enzymatic
degradation. To discriminate between likely contaminants and PD protein candidates,
bioinformatics tools have often been used in combination with proteomic approaches.
GFP fusion proteins of selected candidates have confirmed the PD association of
several protein families. Here we review the accomplishments and limitations of the
proteomic-based strategies to unravel the functional and structural complexity of PD.
We also discuss the role of the identified PD-associated proteins.

Keywords: plasmodesmata, wall, proteomics, subcellular fractionation, Arabidopsis suspension cells

INTRODUCTION
In plants, intercellular communication must overcome the rigid
pectocellulosic wall that encompasses all cells. To achieve that
plants have developed membranous pores called plasmodesmata
(PD) that perforate the extracellular matrix providing symplas-
tic connections between most cell types (Maule, 2008; Xu and
Jackson, 2010; Maule et al., 2011). PD are central to a wide range
of biological processes that require cell-to-cell communication
such as cell fate specification, coordinated growth and devel-
opment, and transport of carbohydrates. Plant viruses but also
fungus can exploit PD transport machinery to establish infection.
The emerging view is that PD may well represent a consensus
target for pathogens and play a crucial role in defense signaling
(Kankanala et al., 2007; Lee and Lu, 2011; Lee et al., 2011). Data
regarding PD structure mainly derives from electron microscopy
(Helper, 1982; Overall et al., 1982; Tilney et al., 1991; Ding et al.,
1992; Botha et al., 1993). PD are lined by the plasma mem-
brane (PM) and contain a central rod, the desmotubule, which
is derived from, and continuous with, the endoplasmic reticulum
(ER) (Figure 1). Both membrane domains are linked by bridging-
like elements whose identity remains a matter of speculation. The
space between the PM and the desmotubule is called the cyto-
plasmic sleeve and provides a conduit through which molecules
below the size exclusion limit (SEL) can diffuse between cells

in either soluble form or laterally within the membrane phases.
Although PD guarantee both cytosolic and membrane conti-
nuity between plant cells, the exchange of molecules is under
tight control. Non-selective trafficking through diffusion hinges
on the number and SEL of PD at a given cellular interface.
Both parameters vary depending on the cell type and devel-
opmental stage of the tissue considered. An additional level of
regulation involves the selective trafficking of specific macro-
molecules whose size is above the SEL. Such targeted movement
implies direct interaction between the trafficking cargo and PD
components and results in transient opening of the channels.
Understanding of how PD dictate cellular connectivity in such
circumstances is dependent on comprehensive knowledge of the
composition of PD and functional characterization of their con-
stituents.

THE LONG QUEST FOR PLASMODESMAL PROTEIN
CONSTITUENTS
For a long time, the sparse information available about PD con-
stituents has hindered progress in our understanding as to how
these membranous structures function. Over the last 30 years
the search for PD proteins has been a constant topic of research
and endeavors to identify them have employed a wide diver-
sity of approaches (Faulkner and Maule, 2011). Genetic-based
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FIGURE 1 | Structure of a plasmodesma. Schematic representation of a
simple stranded PD. ER, Endoplasmic Reticulum; PM, Plasma Membrane;
PD-PM, Plasma Membrane lining PD.

approaches have failed to divulge PD structural and regulatory
components; this is likely due to the critical role that PD play
in growth and development. However, they have supplied crit-
ical guidance toward PD functional mechanisms by enabling
the identification of proteins, such as a m-type thioredoxin
or RNA helicases, which impact on PD permeability but are
localized in other subcellular compartments (Kobayashi et al.,
2007; Benitez-Alfonso et al., 2009; Stonebloom et al., 2009;
Guseman et al., 2010). Targeted approaches aimed at identi-
fying PD receptors have taken advantage of viral movement
proteins which accumulate at PD and modify their SEL to per-
mit virus transfer (Benitez-Alfonso et al., 2010). Screens were
developed using viral proteins as baits but yielded limited suc-
cess (Citovsky et al., 1993; Kragler et al., 2000; Paape et al.,
2006). Unexpectingly, immunolocalization strategies turned out
to be relatively successful. The idea was to identify proteins
with established functions that associated with PD. Notably, a
close association between PD and elements of the cytoskele-
ton, especially actin and myosin, were revealed (White et al.,
1994; Blackman and Overall, 1998; Radford and White, 1998;
Reichelt et al., 1999). They have since been shown to have crit-
ical roles in the regulation of cell-to-cell movement and control
of PD SEL (White et al., 1994; Ding et al., 1996; Su et al., 2010;
White and Barton, 2011; Deeks et al., 2012). Immunological
approaches were nevertheless limited to known proteins with
available antibodies, and did not lead to unambiguous protein
identification.

The need to identify novel PD proteins lead to the develop-
ment of high throughput screens. Plant cDNAs libraries fused to
the fluorescent tag GFP were utilized to this end (Cutler et al.,

2000; Escobar et al., 2003). While theoretically appealing, these
approaches did not succeed in identifying PD proteins. A different
approach for the identification of PD components was required,
shifting the focus to the potential for biochemical isolation and
proteomic analysis of PD-enriched fractions.

PURIFYING PD-ENRICHED SUBCELLULAR FRACTIONS: FIRST
STEPS TOWARD THE HOLY GRAIL
Access to PD structures by subcellular fractionation is rendered
difficult both by their location, embedded in the extracellu-
lar matrix, and by the small physical contribution they make
to total plant tissue mass. In fact, PD are not simply inserted
into the wall but firmly anchored into it, probably through the
action of proteins and/or wall polymers, that would provide sta-
ble bridges between the PM and the wall (Brecknock et al., 2011).
Even during an intense plasmolysis treatment, PD stay embed-
ded in the wall matrix while the protoplast retracts (Tilney et al.,
1991). However, what was first viewed as a hurdle to PD iso-
lation turned out to be a major advantage. Thus, PD-enriched
fractions were readily obtained by purifying wall fragments from
plant tissues by mechanical disruption of tissues (French Press,
N2 pressure bomb, grinding in liquid nitrogen) followed by
successive low speed centrifugations to recover and wash wall
fragments.

The first attempts to identify PD-associated proteins from
purified cell walls, relied on plant tissues known to be rich
in PD (Monzer and Kloth, 1991; Kotlizky et al., 1992; Turner
et al., 1994; Epel et al., 1995, 1996). With maize mesocotyls as
source material, Epel et al. (1996) identified a 41 kDa protein
enriched in wall extracts. Screening an expression library, the
authors identified Reversibly Glycosylated Polypeptide 2 (RGP2)
whose homolog in Arabidopsis was subsequently found to be
enriched at PD (Sagi et al., 2005). Similarly, monoclonal anti-
bodies raised against maize root tip cell wall proteins (JIM64
and JIM67) were shown to associate with PD in trichomes and
mesophyll cells of N. clevelandii (Turner et al., 1994; Waigmann
et al., 1997) but the identity of their antigen has not yet been
retrieved.

Differentiated plant tissues however are often resistant to
disruption making the preparation of pure cell wall fractions
difficult. This potential drawback is of some importance as the
identification of PD components lies in minimizing the level of
contamination from intact cells, trapped subcellular organelles,
or adhering membranes. As an alternative, the use of liquid
cultured cells was investigated by several groups (Lee et al.,
2003, 2005; Bayer et al., 2004, 2006; Fernandez-Calvino et al.,
2011; Jo et al., 2011). Suspension cells provided an attrac-
tive system, as they comprise a friable population of relatively
uniform, large cells that lay down abundant primary PD on
division walls enabling the recovery of pure wall fractions, con-
taining intact PD (Bayer et al., 2004; Figure 2). Moreover, the
amount of plant material that could be processed is not a lim-
iting factor. Using the non-cell-autonomous Cucurbita maxima
phloem protein (CmPP16) as a bait, the group of Bill Lucas
identified a Non-Cell-Autonomous-Protein-Pathway1 (NACPP1;
Lee et al., 2003) and recently a Plasmodesmal Germin-like
Protein1 (PDGLP1; Ham et al., 2012) from the PD-enriched
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FIGURE 2 | Purification of PD-enriched wall fraction and “free” PD fraction from Arabidopsis thaliana suspension cells.

wall fraction of BY-2 cells. NCAPP1 associates to ER-domains
close to the channels where it possibly acts as a shuttle for
PD translocation. PDGLP proteins are PD-located and affect
root growth when over expressed. Kinase activity essays on
the same BY-2 subcellular fraction, lead to the identification
of a PD-Associated Protein Kinase (PAPK) that was shown to
phosphorylate the movement protein of tobacco mosaic virus
(Lee et al., 2005).

With the aim of analyzing the proteome of PD-enriched frac-
tion, Bayer et al. (2004) selected A. thaliana suspension culture
owing to the extensive genomic information available. Although
PD-enriched wall fractions have undoubtedly been of great value
in the identification of PD constituents (Lee et al., 2003, 2005;
Faulkner et al., 2005; Sagi et al., 2005; Thomas et al., 2008;
Simpson et al., 2009; Jo et al., 2011), the contribution of PD
proteins to the total wall protein extract was still relatively low.
Success in isolating “free” PD from purified cell walls was first
reported by Epel group (Epel et al., 1995), with the crucial
advance being that PD-derived membranes were released from

their position embedded in the wall by treatment with cellulase.
This technique was used by Fernandez-Calvino et al. (2011)
on Arabidopsis cell cultures and produced a final fraction with
clear enrichment in known PD-proteins. Ultimately, biochemi-
cal fractionation of PD has presented the most straightforward
and promising strategy for proteomic-based identification of PD
components.

COMBINING SUBCELLULAR FRACTIONATION AND
PROTEOMIC APPROACHES TO DEFINE THE PD PROTEOME
Proteomic analyses have emerged as powerful tools for large-scale
analysis of complex protein mixtures. Combined with the devel-
opment of subcellular fractionation strategies these approaches
have permitted the identification of an unprecedented number
of PD-associated proteins. These technologies have transformed
what in the past could only be the result of laborious sequencing
of few selected proteins enriched in wall or PD fractions, into a
non-targeted approach whereby most, if not all, proteins present
in a given sample could be identified.
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A limited number of laboratories have actually explored pro-
teomic technologies. Most research teams have only revealed
the identity of “confirmed” PD proteins from their proteomic
datasets (Sagi et al., 2005; Levy et al., 2007; Jo et al., 2011) but
few groups made available the complete list of proteins iden-
tified from their PD-enriched fractions (Faulkner et al., 2005;
Bayer et al., 2006; Fernandez-Calvino et al., 2011). These publi-
cally available databases certainly provide a rich source that can
be exploited by all for further identification of PD proteins.

The most comprehensive proteomic analysis of PD pro-
teins was undertaken by the Maule laboratory. Working with
Arabidopsis suspension cells, the proteome of the wall fraction
was first established (Bayer et al., 2006) and with the further
refinement in the purification technique, that of the PD frac-
tion (Fernandez-Calvino et al., 2011). Protein MS is coupled
and highly dependent on separation strategies that simplify com-
plex biological samples prior to application to the mass analyzer.
Sufficient separation is required for both sensitivity and accuracy.
Due to the likely hydrophobic nature of PD constituents, gel sep-
aration of wall extracts by means of 2D electrophoresis turned
out to be inappropriate as most membrane proteins were not
resolved (Bayer, unpublished). Instead, a non-gel approach, the
Multidimensional Protein Identification Technology (MudPIT;
Washburn et al., 2001), which consists of 2D liquid chromatog-
raphy (2D-LC) directly coupled to a tandem MS, was used to
analyze the total wall extract. The subsequent analysis of the PD
fraction employed a nano-LC ion trap MS/MS method using
an LTQ-Orbitrap™ analyzer that features high resolution, high
mass accuracy, and a wide mass-to-charge range (Fernandez-
Calvino et al., 2011). Both studies generated exhaustive lists
of 792 and 1341 unique protein sequences for the wall and
PD fractions, respectively, among which PD components are
represented.

SELECTING PD POTENTIAL CANDIDATES FROM
PROTEOMIC DATABASES
Sensitive proteomic detection systems have the potential to gener-
ate large datasets. Hundreds of proteins can be identified and even
with relatively pure samples, minor contaminants are present
and cannot be easily discriminated from the proteins of inter-
est. Considering the methodology, what is gained by subcellular
fractionation is partially lost by an increase in sensitivity.

To overcome these drawbacks, an elegant approach was devel-
oped by the Overall laboratory, who exploited the anatomy of
the green alga Chara corallina (Blackman and Overall, 1998;
Faulkner et al., 2005). The protein profile of wall extracts con-
taining PD (nodal complexes) with those of walls without PD
(external internodal walls) were compared by 2D electrophore-
sis and proteins unique to nodal complexes were analyzed by
LC-MS/MS. Some showed sequence similarity to previously iden-
tified PD-associated proteins but the approach suffered from the
absence of a sequenced genome. A similar approach would be dif-
ficult with land plant tissues as virtually all cells are connected
with PD.

An alternative strategy consists on downstream analysis of
the proteomic datasets generated using bioinformatic tools,
databases, and literature sources. This approach was employed by

the Maule laboratory following the establishment of Arabidopsis
cell wall proteome, where PD components accounted for a small
proportion of total proteins (Bayer et al., 2006). The selection of
potential candidates had to rely on specific characteristics that
would distinguish PD-associated proteins from “classical” wall
proteins and cytoplasmic contaminants. Since little was known
about the structure and function of PD, this was a largely sub-
jective process of elimination. However, based on the nature of
PD, the authors argued that a proportion of their protein com-
ponents would be transported along the secretory pathway to
reach either the desmotubule or the PM. Many PD proteins
were also expected to be membrane-associated. Candidates were
therefore selected based upon two main criteria. First, the pre-
protein sequence had to contain a N-terminal signal peptide for
secretion via the ER and second, to be membrane-associated
via either a transmembrane domain (TMD) or a Glycosyl
Phosphatidyl Inositol (GPI) anchor. A conspicuous drawback
of such selection strategy is that it precludes any PD proteins
that would associate with PD by other means. A similar strat-
egy was later on also applied to the Arabidopsis PD fraction
which despite a major enrichment in PD-derived membranes
gave rise a colossal proteomic dataset including likely contam-
inants (Fernandez-Calvino et al., 2011). Jo et al. (2011), who
analyzed the wall proteome of rice callus cultures, also focused
on membrane-associated proteins to identify PD constituents.
The proteomic databases generated from Arabidopsis wall and
PD fractions were searched using bioinformatic prediction pro-
grammes, databases, and published work. In each case about
10% of the proteins identified were shown to fulfill the criteria
for PD association and were therefore elected for further analy-
sis. Ultimate confirmation of the physical association of selected
candidates with PD structures was then achieved through tran-
sient expression of GFP fusion products in leaves and eventually
by immunolocalization with electron microscopy. So far, this
approach resulted in the conclusive identification of several PD-
associated proteins including Plasmodesmata Located Proteins
(PDLP; Thomas et al., 2008), Plasmodesmal Callose Binding pro-
teins (PDCB; Simpson et al., 2009), Receptor-Like Kinases (RLK;
Fernandez-Calvino et al., 2011), and Tetraspanin (Fernandez-
Calvino et al., 2011). We have compiled in Table 1 all PD proteins
that have been identified through subcellular fractionation and
proteomic-based strategies and confirmed through GFP tagging
or immunolocalization.

WHAT HAVE WE LEARNT FROM PROTEOMIC ANALYSIS?
These proteomic-based studies, combined with functional anal-
ysis of identified PD components, have greatly contributed to
elucidate PD organization and regulatory principles. For instance,
an interesting finding was that PD house receptor-like activ-
ities, such as receptor-like kinases (Fernandez-Calvino et al.,
2011; Jo et al., 2011). This implies a role for the channels in
signaling events and emphasizes the potential for extracellu-
lar stimuli to influence cell-to-cell communication. In the same
vein, Thomas et al. (2008) identified from Arabidopsis cell wall
extracts a new family of receptor-like transmembrane proteins
named PDLP which were later on shown to act as receptors
for viral movement proteins (Amari et al., 2010). An existing
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Table 1 | List of confirmed PD-associated proteins identified through subcellular fractionation and proteomic analysis.

Protein Gene Biological material Description and Localization References

used for subcellular putative function

fractionation

Class1 Reversibly
Glycosylated Polypeptide
(C1RGP)

Ortholog in Arabidopsis
At5g15650 (AtRGP2)

Maize mesocotyl
N. tabacum BY-2
suspension cells

May shuttle UDP-sugar
to or from
glycosyltransferase

PD, Golgi Epel et al., 1996
Sagi et al., 2005

β1.3 Glucanase At5g42100 A. thaliana cry2 mutant Degradation of callose PD, PM Levy et al., 2007

Plasmodesmata Located
Protein (PDLP) family

At5g43980
At3g04370
At2g33330
A1g04520
At3g60720
At1g70690
At5g37660
At2g01660

A. thaliana suspension
cells

Type I membrane
receptor
Receptor of viral
movement protein

PD Bayer et al., 2006
Thomas et al., 2008

Plasmodesmal Callose
Binding (PDCB) family

At5g61130
At5g08000
At1g18650
At1g69295
At3g58100

A. thaliana suspension
cells

Callose binding protein
through X8 domain

PD Bayer et al., 2006
Simpson et al.,
2009

Leucine Rich Repeat
Receptor-Like Kinase
(LRR RLK)

At1g56145 A. thaliana suspension
cells

Signaling PD, PM Fernandez-Calvino
et al., 2011

Catharanthus roseus
Receptor-Like
Kinase1-like (crRLK1L)

At5g24010 A. thaliana suspension
cells

Signaling PD, PM Fernandez-Calvino
et al., 2011

S-domain Receptor-Like
Kinase

At4g21380 A. thaliana suspension
cells

Signaling PD, PM Fernandez-Calvino
et al., 2011

Tetraspanin3 (TET3)
At3g45600 A. thaliana suspension

cells
Formation of specialized
membrane
microdomains

PD, PM Fernandez-Calvino
et al., 2011

Hypothetical protein
At3g15480 A. thaliana suspension

cells
– PD, PM Fernandez-Calvino

et al., 2011

Leucine Rich Repeat
Receptor-Like Kinase
(LRR RLK)

OsO6g47750
OsO2g05960
OsO9g02250

Rice callus suspension
cells

Signaling PD Jo et al., 2011

Lectin Receptor-Like
Kinase

Os04g01874 Rice callus suspension
cells

Signaling PD Jo et al., 2011

Wall-Associated Kinase
OsO3g12470
OsO4g51050

Rice callus suspension
cells

Signaling PD Jo et al., 2011

Plasmodesmal-
Associated Protein
Kinase1 (PAPK1)

Ortholog in Arabidopsis
At4g28540 (Casein
Kinase Like6)

N. tabacum BY-2
suspension cells

Signaling
Phosphorylation of viral
movement protein

PD Lee et al., 2005

Nt-Plasmodesmal
Germin-Like Protein1

Orthologs in
Arabidopsis
At1g09560 (PDGLP1)
At1g02335 (PDGLP2)

N. tabacum BY-2
suspension cells

Regulation of primary
roots growth

PD Ham et al., 2012
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discovery was that PDLP TMD was sufficient for PD target-
ing indicating that the sorting signals were recognized within
the lipid bilayer (Thomas et al., 2008). This, together with the
recent finding that lipid rafts, liquid-ordered sterols, and sph-
ingolipids enriched PM microdomains, may associate with PD,
raises questions about the role of lipids in defining PD special-
ized membranes (Raffaele et al., 2009; Mongrand et al., 2010;
Tilsner et al., 2011). It is conceivable that the PM region lining
PD may itself be sub-divided into functional domains. Sterol-
enriched microdomains could well accumulate at the neck region
of PD where GPI-anchored proteins such as PDCB or the β1–3
glucanases accumulate to control callose homeostasis and influ-
ence PD permeability (Levy et al., 2007; Simpson et al., 2009;
Rinne et al., 2011). Hence, GPI anchors preferentially associate
with liquid-ordered membrane domains (Sangiorgio et al., 2004;
Borner et al., 2005; Kierszniowska et al., 2008). Through its X8
callose-binding domain, PDCB provides a physical link between
PD and the wall and may even participate in stabilizing raft
domains at PD (Simpson et al., 2009). The presence of functional
subdomains at PD is also supported by the presence of TET3
a member of the tetraspanin family (Fernandez-Calvino et al.,
2011). Tetraspanins are hydrophobic proteins that have the abil-
ity to associate with one another and to recruit specific proteins
to build up tetraspanin-enriched microdomains that in mam-
malian regulate processes such as cell adhesion, signaling, and
intracellular trafficking (Stipp et al., 2003; Yunta and Lazo, 2003;
Rubinstein, 2011). Like rafts they enable membrane compart-
mentalization, a process that is required for PD to ensure their
unique function.

We must also consider that PD are physically and function-
ally connected with the endomembrane system. In addition to the
continuity of the ER with the desmotubule, the vast majority of
PD components identified to date use the secretory pathway for

delivery to the channels. For instance, Golgi disrupting treatments
prevent both PDLP1 and RGP2 from reaching PD (Sagi et al.,
2005; Thomas et al., 2008). Similarly, many plant viruses, which
replicate in association with the endomembrane system, traffic to
PD along the ER (Niehl and Heinlein, 2011). A number of PD
located proteins also associate with the PM (LRR kinases; Jo et al.,
2011), the Golgi (RGP2; Sagi et al., 2005), or the ER (calreticulin,
Baluška et al., 1999; Chen et al., 2005) highlighting the potential
for functional and dynamic relationships with other membrane
compartments.

CONCLUSION AND PERSPECTIVES
The proteomic-based identification of PD components, com-
bined with imaging techniques, pharmacological, and genetic
approaches have brought substantial insight into the complexity
of PD structure and dynamics. However, our understanding of
PD function is still far from comprehensive and much remains to
be determined before we fully comprehend the regulatory mecha-
nisms governing symplastic transport. Many of the identified PD
proteins still await functional characterization and advances in
this area will provide exciting insights. Moreover, current findings
concentrate on proteins with a membrane-localized signature,
excluding for instance PD-associated soluble proteins or proteins
transiently interacting with the channels which are both likely to
be lost during PD purification due to extensive washes with salt
containing buffer. Finally, many biological processes governed by
symplastic transport probably come with a significant remodeling
of PD constituents dictating that there are many more analyses to
be done before functional PD components are fully described.
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Plastoglobules are globular compartments found in plastids. Before initial proteomic studies
were published, these particles were often viewed as passive lipid droplets whose unique
role was to store lipids coming from the thylakoid turn-over, or to accumulate carotenoids
in the chromoplasts. Yet, two proteomic studies, published concomitantly, suggested for
the first time that plastoglobules are more than “junk cupboards” for lipids. Indeed, both
studies demonstrated that plastoglobules do not only include structural proteins belonging
to the plastoglobulin/fibrillin family, but also contain active enzymes. The specific plas-
toglobule localization of these enzymes has been confirmed by different approaches such
as immunogold localization and GFP protein fusions, thus providing evidence that plas-
toglobules actively participate in diverse pathways of plastid metabolism.These proteomic
studies have been the basis for numerous recent works investigating plastoglobule func-
tion. However, a lot still needs to be discovered about the molecular composition and the
role of plastoglobules. In this chapter, we will describe how the proteomic approaches have
launched new perspectives on plastoglobule functions.

Keywords: plastoglobule, proteomics, Arabidopsis, plastids, stress, subcellular fractionation, fibrillin

INTRODUCTION
In addition to the network of thylakoid membranes which are
the site of photosynthesis, plastids contain in their soluble phase,
the stroma, some enigmatic lipoprotein bodies named the plas-
toglobules (cf. Figure 1). Plastoglobules can be found in diverse
types of plastids, from proplastids (for review, see Nagata et al.,
2002) to gerontoplasts (Kovacs et al., 2008) or etioplasts (Seyyedi
et al., 1999). Although the origin of plastoglobules remains unclear,
they may be closely linked to thylakoid development and dis-
mantlement. Indeed, it has been observed that plastoglobule
abundance increases when photosynthetic activity of green tis-
sues decreases and thylakoids break down, like for example in
senescent chloroplasts (Lichtenthaler, 1968; Guiamét et al., 1999;
Ghosh et al., 2001), or during fruit maturation and ripening,
when chloroplasts turn into chromoplasts and thylakoids disin-
tegrate (Deruere et al., 1994; Vishnevetsky et al., 1999; Bonora
et al., 2000). Reciprocally, plastoglobules are thought to be lipid
reservoirs in greening tissue (Kessler et al., 1999), allowing the
rapid formation of thylakoids. For example they may be involved
in the formation of thylakoid membranes in de-etiolating plas-
tids: etioplasts with poorly developed thylakoids have more plas-
toglobules than chloroplasts, but the plastoglobule abundance
decreases during thylakoid biogenesis (Sprey and Lichtenthaler,
1966; Lichtenthaler and Peveling, 1967; Lichtenthaler, 1968). A
tomographic study showing that plastoglobules are physically
linked to thylakoid membranes (Austin et al., 2006) reinforced
the idea that plastoglobules and thylakoids indeed share a func-
tional relationship. The physical connection between the two
compartments would allow channeling of molecules in both
directions.

Plastoglobules are composed of an outer polar lipid monolayer
containing neutral lipids (mainly prenylquinones, triacylglycerol,
and carotenoids), and harbor proteins (for review, see Bréhélin
et al., 2007; Bréhélin and Kessler, 2008). The diameter of plas-
toglobules is around 50–100 nm but they can enlarge to several
micrometers (Thomson and Platt, 1973) depending on various
factors such as plant species, plastid types, developmental stages,
and environmental conditions. Numerous studies have described
an increase of plastoglobule size and/or number under various
environmental conditions (for review, see Bréhélin et al., 2007;
Bréhélin and Kessler, 2008), such as drought (Rey et al., 2000),
salt stress (Locy et al., 1996; Ben Khaled et al., 2003), or in the
presence of heavy metals (Baszynski et al., 1980). Based on these
ultrastructural observations, the involvement of the plastoglobules
in plant responses to stress has been suggested, but biochemical
or physiological evidence is missing. The exact role of plastoglob-
ules in plant adaptation to stresses remains poorly understood. Yet,
advances are being made in understanding some of their functions,
mostly thanks to proteomics.

DECIPHERING THE NATURE AND ROLES OF
PLASTOGLOBULES: FROM ULTRASTRUCTURAL BASED
SPECULATIONS TO PROTEOMIC INDICATIONS
The progress made in plant electron microscopy allowed the first
descriptions of plastoglobules: Hodge et al. (1955) observed the
presence of “dense spherical bodies” in stroma of maize meso-
phyll chloroplasts while Falk (1960) reported the existence in Ficus
elastica chloroplasts of “osmiophilic spheres” and “magnoglobuli”
ranging from 0.13 to 2.5 µm in diameter. Menke (1962) stated that
the chemical composition of the “spherical inclusions known as

www.frontiersin.org April 2013 | Volume 4 | Article 114 | 226

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_Proteomics/10.3389/fpls.2013.00114/abstract
http://www.frontiersin.org/Plant_Proteomics/10.3389/fpls.2013.00114/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ClaireBr�h�lin&UID=52963
mailto:claire.brehelin@u-bordeaux2.fr
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Proteomics/archive
http://www.frontiersin.org/people/HoudaNACIR/89681


Nacir and Bréhélin Plastoglobule functions revealed by proteomics

FIGURE 1 | Electron micrograph of an Arabidopsis leaf chloroplast showing plastoglobules in proximity with thylakoids. Bar: 500 nm.

osmiophilic granules or globules”was unknown,but that they were
made of ether-soluble compounds, thus highlighting our igno-
rance of the plastoglobule composition, excepted for their lipidic
nature.

The first protocols for the isolation of “osmiophilic globules”
were then rapidly set up (Park and Pon, 1961; Bailey and Why-
born, 1963; Greenwood et al., 1963). They all followed a similar
scheme. First, integral chloroplasts were purified from other cell
components by centrifugation. Next, the chloroplasts were dis-
rupted and plastoglobules separated from chloroplast membranes
by differential centrifugation, thanks to their relatively low density.
The subcellular fractionation of plastoglobules enabled scientists
to investigate their chemical nature, especially with regard to their
lipid and pigment contents (Bailey and Whyborn, 1963; Green-
wood et al., 1963; Lichtenthaler, 1969). These studies reported the
presence, in chloroplast plastoglobules, of several prenylquinones
(tocopherol, phylloquinone, plastoquinone) while no significant
amounts of carotenoids were detected.

While purification protocols were rapidly and easily set up,
making purified plastoglobules available, the protein composition
of this compartment has only started to be investigated 30 years
later. Indeed, plastoglobules were long thought to be passive lipid
droplets, accumulating pigments, and lipids originating from thy-
lakoid disintegration (Smith et al., 2000). One of the first evidence
for the association of proteins with plastoglobules came with
the immunogold labeling of geranylgeranyl pyrophosphate syn-
thase (GGPPS) in Capsicum fruits by Cheniclet et al. (1992). The
authors described the presence of a pool of GGPPS around the
plastoglobules. However, GGPPS is a functionally soluble enzyme
and its specific physical association with plastoglobules was never
confirmed. Pozueta-Romero et al. (1997) demonstrated that a
major protein of bell pepper chromoplasts, the fibrillin, was a
genuine component of plastoglobules and was located at their
periphery. This protein was previously called fibrillin because
of its high abundance in fibrils, a specialized structure of some
chromoplasts wherein carotenoids accumulate (Deruere et al.,
1994). It was proposed that fibrillin could built a compatible

interface between the hydrophobic core of plastoglobule and the
surrounding hydrophilic stroma, thereby allowing the mainte-
nance of their structure and preventing them from coalescence
(Deruere et al., 1994; Rey et al., 2000; Simkin et al., 2007). After-
ward Kessler et al. (1999) showed that plastoglobules contained at
least a dozen of different proteins which they named plastoglobu-
lins. They characterized one of these plastoglobulins and showed
that it belonged to the fibrillin family. Thus at the end of the twen-
tieth century, plastoglobules were still generally viewed as passive
lipid bags delimited by a coat of proteins whose nature and func-
tion were unknown. In this respect, proteomics allowed important
improvement in the understanding of plastoglobule function, pro-
viding the first evidence for the presence of active enzymes in this
compartment.

In 2006, two independent laboratories established for the first
time the proteome of plastoglobules. While hundreds of proteins
are usually listed in subcellular proteomic studies (Wienkoop et al.,
2010), only as few as 30 proteins (cf. Table 1) were identified in
Arabidopsis thaliana chloroplast plastoglobules (Vidi et al., 2006;
Ytterberg et al., 2006), implying that plastoglobules are highly spe-
cialized sites dedicated to a restricted set of tasks in plastids. As
expected, a major part of the proteome was constituted by proteins
belonging to the plastoglobulin/PAP/fibrillin family, and another
part was composed of proteins with unknown function. More
astonishing, was the identification of about 10 known or putative
metabolic enzymes, suggesting an active role for plastoglobules in
some plastid metabolic pathways.

By combining shotgun proteomics with spectral-counting
techniques, a quantitative proteomic approach has recently been
applied to the plastoglobule proteome in order to detect low abun-
dant proteins and quantify the relative abundance of each protein
within plastoglobules (Lundquist et al., 2012b). By using defined
selection filters (presence in biological and technical replicates,
enrichment in the plastoglobule fraction, previously character-
ized subcellular localization), the core plastoglobule proteome was
then restricted to 30 proteins. A striking observation was that
despite the increased sensitivity of current mass spectrometers,
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the plastoglobule proteome size did not enlarge. Only seven new
low abundant proteins were added to the plastoglobule proteome
while others were considered as likely contaminants and therefore
were removed from the previous proteome (cf. Table 1). This new
proteome was established with Arabidopsis plants submitted to
high light stress, which could explain at least part of the observed
variations.

THE PROTEIN COMPOSITION OF ARABIDOPSIS
CHLOROPLAST PLASTOGLOBULE PER SE
A detailed comparison of the three different plastoglobule pro-
teomes has recently been described (Lundquist et al., 2012b). Thus
this review will only briefly summarize the function of the main
protein components of the plastoglobules.

THE PLASTOGLOBULIN/PAP/FIBRILLIN FAMILY
Plastoglobulins (also called PAP for Plastid-lipid-Associated Pro-
tein, or fibrillin) represent more than 50% of the protein mass
of the plastoglobule core proteome in Arabidopsis chloroplasts
(Lundquist et al., 2012b). Proteomic studies have demonstrated
that several members of this family are associated with plastoglob-
ules, some being exclusively localized in plastoglobules (Kessler
et al., 1999; Austin et al., 2006; Vidi et al., 2006) while others
may partition between plastoglobules, thylakoids, and stroma (Rey
et al., 2000; Lundquist et al., 2012b). However it still remains to
be determined if the plastoglobulin composition varies within the
plastoglobule population of a single plastid and if the presence of
one specific plastoglobulin defines a kind of specialization of the
plastoglobules (Vidi et al., 2006). Indeed, the abundance of each
plastoglobulin within the plastoglobule proteome is not uniform,
ranging from 1.8 to 16.1% (Lundquist et al., 2012b), and some
plastoglobulins accumulate in plastoglobules under high light con-
ditions, while others accumulate after dark treatment (Ytterberg
et al., 2006). This suggests that plastoglobulins have diverse func-
tions. In agreement, plastoglobulin mutant phenotypes suggest
an implication of some of these proteins in plant growth regula-
tion and development, as well as in stress tolerance and disease
resistance (for review, see Singh and McNellis, 2011). Notably,
plastoglobulins have recently been demonstrated to be implicated
in jasmonate biosynthesis (Youssef et al., 2010) or plastoquinone
accumulation (Singh et al., 2010, 2012), which illustrate their role
in stress tolerance. However, the exact mechanism of action of
plastoglobulins still needs to be clarified.

THE TOCOPHEROL CYCLASE VTE1
The tocopherol cyclase (VTE1) story illustrates how proteomics
can sometimes prompt us to reconsider accepted models. VTE1
catalyzes the second to last step of α-tocopherol (vitamin E)
synthesis consisting of the cyclization of 2,3-dimethyl-5-phytyl-
1,4-hydroquinol (DMPQ) to γ-tocopherol (Porfirova et al., 2002).
Before the plastoglobule proteomic studies were published, it was
generally thought that the entire pathway for the vitamin E biosyn-
thesis was taking place at the plastid envelope membrane (Soll
et al., 1985). However, proteomics, coupled with immunolocaliza-
tion and GFP-fusion studies, have demonstrated a specific local-
ization of VTE1 in plastoglobules (Austin et al., 2006; Vidi et al.,
2006; Ytterberg et al., 2006; Lundquist et al., 2012b). In addition

to DMPQ, VTE1 also catalyzes the conversion of plastoquinone
(PQH2-9), another prenyl quinone, into plastochromanol (PC-8)
(Szymanska and Kruk, 2010; Zbierzak et al., 2010). Both substrates
(DMPQ and PQH2-9) and products (γ-tocopherol and PC-8)
are present at least partially in plastoglobules (Vidi et al., 2006;
Zbierzak et al., 2010), providing an additional evidence for the
implication of plastoglobules in the synthesis of prenyl quinones.
Tocopherols, as well as plastoquinone and plastochromanol have
antioxidant activity, exerting a photoprotective role to thylakoid
lipids and photosystem II (Eugeni Piller et al., 2012). Thus, plas-
toglobules may represent an antioxidant reservoir available to
protect the thylakoid membranes from oxidative stress.

THE NAD(P)H QUINONE DEHYDROGENASE C1 (NDC1)
When the first plastoglobule proteomes were published, the func-
tion of NDC1 was unknown, and its localization was believed
to be mitochondrial (Michalecka et al., 2003). The identifica-
tion of NDC1 in the plastoglobule proteome prompted Kessler
and colleagues to investigate its localization and function (Eugeni
Piller et al., 2011). Its localization in plastoglobules was confirmed
by means of GFP-fusion constructs and its dual localization in
plastoglobules and mitochondria demonstrated by western blot
analysis. The authors also showed that in the knock-out ndc1 Ara-
bidopsis mutant, the plastoquinone pool was more oxidized than in
the wild type, demonstrating that NDC1 is involved in the regener-
ation of reduced plastoquinone. In addition, the ndc1 mutant was
almost totally deprived of phylloquinone (vitamin K1), suggesting
that the enzyme plays a part in the phylloquinone production.

THE CAROTENOID CLEAVAGE DIOXYGENASE 4
Carotenoid cleavage dioxygenase 4 (CCD4) (also named NCED4
for 9-cis epoxy-carotenoid dioxygenase 4) has been reported to
occur in the plastoglobule proteomes (Vidi et al., 2006; Ytter-
berg et al., 2006; Lundquist et al., 2012b). The members of the
CCD family cleave different carotenoids and xanthophylls to apoc-
arotenoids such as abscisic acid. In vitro, AtCCD4 cleaves prefer-
entially the apocarotenoid 8′-apo-β-caroten-8′ to yield β-ionone
(Huang et al., 2009). However, the in planta substrate for this
enzyme has not been discovered yet, and its current function in
plastoglobule is unknown. The stable isotope experiments per-
formed by Ytterberg et al. (2006) showed an accumulation of the
enzyme after dark treatment compared to high light treatment,
suggesting an implication of AtCCD4 in carotenoid breakdown.

ABC1 KINASES
Six members of the activity of BC1 (ABC1 complex) kinases
have been identified in plastoglobules, representing the second
most abundant protein family of the plastoglobule proteome
(Lundquist et al., 2012b). The ABC1 kinases belong to the atypi-
cal protein kinase superfamily. In Arabidopsis, this superfamily is
composed of 15 members, among which six are most likely mito-
chondrial and the remaining ones are supposed to be targeted
to plastids (Lundquist et al., 2012a). An ABC1 kinase was first
described as playing an essential role in electron transfer in the bc1
complex of Saccharomyces cerevisiae (Bousquet et al., 1991). Two
plastidial ABC1 kinases, AtOSA1, and AtACDO1 which locates to
plastoglobules, were proposed to act against photooxidative stress
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Table 1 |The chloroplast plastoglobule proteome determined by different proteomic studies.

Accession

number

Name/description Percent mass

PG corea

Prot. referenceb Confirmed plastoglobule

locationc

At4g04020 AtPGL35/FBN1a; Stress tolerance

(Youssef et al., 2010)

16.1 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

GFP-fusion (Vidi et al., 2006),

immunogold (Ytterberg et al., 2006)

At3g23400 AtPGL30.4/FBN4; Plastoglobule

development, stress tolerance (Singh

et al., 2010)

11.9 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

GFP-fusion (Vidi et al., 2006)

At4g22240 AtPGL33/FBN1b; Stress tolerance

(Youssef et al., 2010)

9.6 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At2g35490 AtPGL40/FBN2; Stress tolerance (Youssef

et al., 2010)

7.1 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At3g58010 AtPGL34/FBN7a 3.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

GFP-fusion (Vidi et al., 2006, 2007)

At2g42130 AtPGL30/FBN7b 2.1 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At2g46910 AtPGL31/FBN8 1.8 Ytterberg et al. (2006), Lundquist

et al. (2012b)

At5g05200 ABC1 kinase 9; Lundquist et al. (2012a) 5.2 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At4g31390 ABC1 kinase 1/AtACDO1; Photooxidative

stress tolerance (Yang et al., 2012)

4.5 Ytterberg et al. (2006), Lundquist

et al. (2012b)

At1g79600 ABC1 kinase 3; Lundquist et al. (2012a) 4.3 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At3g24190 ABC1 kinase 6; Lundquist et al. (2012a) 2.6 Lundquist et al. (2012b)

At1g71810 ABC1 kinase 5; Lundquist et al. (2012a) 1.7 Ytterberg et al. (2006), Lundquist

et al. (2012b)

At3g07700 ABC1 kinase 7; Lundquist et al. (2012a) 0.8 Lundquist et al. (2012b)

At4g19170 Carotenoid cleavage dioxygenase

(AtCDD4)

3.3 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

Carotenoid catabolism (Huang et al.,

2009)

At4g32770 Tocopherol cyclase (VTE1); Vitamin E

biosynthesis (Porfirova et al., 2002)

2.6 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

GFP-fusion (Vidi et al., 2006),

immunogold (Ytterberg et al., 2006)

At5g08740 NAD(P)H dehydrogenase C1 (NDC1);

Phylloquinone synthesis, plastoquinone

reduction

2.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

GFP-fusion (Eugeni Piller et al.,

2011)

At1g54570 PES1; Phytyl ester synthesis (Lippold

et al., 2012)

2.6 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At3g26840 PES2; Phytyl ester synthesis (Lippold

et al., 2012)

1.4 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At1g78140 Protein with Methyltransferase type 11

domain-1

1.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At2g41040 Protein with Methyltransferase type 11

domain-2

1.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

(Continued)
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Table 1 | Continued

Accession

number

Name/description Percent mass

PG corea

Prot. referenceb Confirmed plastoglobule

locationc

At1g32220 Protein with NAD-dependent

epimerase/dehydratase domain

2.1 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At1g06690 Protein with aldo-keto reductase domain 1.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At4g39730 Lipase/lipooxygenase, PLAT/LH2 family

protein

1.6 Lundquist et al. (2012b)

At1g73750 Protein with α/β hydrolase domain 0.4 Lundquist et al. (2012b)

At5g41120 Esterase/lipase/thioesterase family

protein

0.3 Lundquist et al. (2012b)

At5g42650 Allene oxide synthase (AOS) Jasmonic

acid biosynthesis (Laudert et al., 1996)

Vidi et al. (2006), Ytterberg et al.

(2006)

GFP-fusion (Vidi et al., 2006)

At2g21330 Fructose-bisphosphate aldolase-1 Vidi et al. (2006), Ytterberg et al.

(2006)

GFP-fusion, enzymatic activity (Vidi

et al., 2006)

At4g38970 Fructose-bisphosphate aldolase-2 Vidi et al. (2006), Ytterberg et al.

(2006)

GFP-fusion, enzymatic activity (Vidi

et al., 2006)

At2g01140 Putative fructose-bisphosphate aldolase-3 Vidi et al. (2006), Ytterberg et al.

(2006)

At3g10130 Protein with SOUL heme binding domain 1.8 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At2g34460 NAD(P)-binding Rossmann-fold

superfamily protein

1.5 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At4g13200 Unknown protein-1 1.9 Vidi et al. (2006), Ytterberg et al.

(2006), Lundquist et al. (2012b)

At3g43540 Unknown protein-2 (DUF 1350) 1.3 Lundquist et al. (2012b)

At3g27110 Protein with peptidase M48 domain 0.3 Lundquist et al. (2012b)

aContribution of each protein to the protein mass of the total PG core proteome (in %) determined in Lundquist et al. (2012b). bPlastoglobule proteome from which

the protein was identified. cReference confirming the localization of the protein in plastoglobules.

(Jasinski et al., 2008;Yang et al., 2012). However, the function of the
plant ABC1 kinases is unknown, and the significance of the local-
ization of the six members of this family in plastoglobules, repre-
senting 18% of the protein plastoglobule mass, is still mysterious.

PES1 AND 2
Plastoglobules were demonstrated to be the site of accumulation
of fatty acid phytyl esters (FAPEs) under stress conditions or dur-
ing senescence (Ischebeck et al., 2006; Gaude et al., 2007). FAPEs
consist of a phytol molecule, originating from the breakdown
of chlorophyll, esterified to an acyl group removed from galac-
tolipids. The accumulation of FAPEs in plastoglobules is believed
to prevent the membranes from the detergent-like properties of
free phytol and acyl groups (Bréhélin and Kessler, 2008). The
enzyme(s) responsible for this synthesis were initially unknown.
However, two putative acyltransferases with sequence similarities
to esterases/lipases/thioesterases (At1g54570 and At3g26840) were
identified in the plastoglobule core proteome (Vidi et al., 2006;

Ytterberg et al., 2006; Lundquist et al., 2012b). Lippold et al. (2012)
therefore hypothesized that these enzymes could be involved in the
FAPE synthesis. Using reverse genetic and heterologous expression
approaches, they demonstrated that indeed both proteins cat-
alyzed the formation of FAPEs during stress conditions, and were
therefore likely involved in the maintenance of the photosynthetic
membrane integrity.

OTHER PROTEINS
Three isoforms of fructose-1,6-biphosphate aldolases (FBPA), and
the allene oxide synthase (AOS) were identified in the two first
published proteomes (Vidi et al., 2006; Ytterberg et al., 2006)
but excluded from the plastoglobule proteome established by
Lundquist et al. (2012b). AOS is implicated in jasmonate synthesis
(Schaller and Stintzi, 2009), while FBPA participates to the Calvin
cycle and glycolysis. The localization in plastoglobules of the four
enzymes was confirmed by transient expression of GFP-tagged
constructs (Vidi et al., 2006) and an FBPA activity was measured in
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the plastoglobule fractions (Vidi et al., 2006). These enzymes were
removed from the “core plastoglobule proteome” because they
were not enriched in the plastoglobule fraction. They could how-
ever partition between plastoglobules and other compartments
of the chloroplast. These four enzymes should perhaps not be
excluded from the plastoglobule proteome but rather be consid-
ered as enzymes with roles in plastoglobules as well as in other
plastid compartments.

Some additional low abundant proteins were described in
plastoglobules. The majority was represented by proteins with
unknown function, such as two proteins with methyltransferase
domains, a SOUL heme binding protein, or newly identified pro-
teins (Lundquist et al., 2012b) such as the M48 metalloprotease.
There is no doubt that the understanding of their function will
reveal another panel of the plastoglobule story.

OTHER PLASTOGLOBULE PROTEOMES
The specialized structures wherein carotenoids accumulate dur-
ing chromoplastogenesis define the morphology of chromoplasts
(reviewed in Egea et al., 2010). For instance, during globular
chromoplast formation, carotenoids accumulate in plastoglobules,
leading to an increase of plastoglobule size and/or number (Jeffery
et al., 2012). Ytterberg et al. (2006) analyzed the proteome of
red pepper chromoplast plastoglobules and showed that it con-
tains (i) plastoglobulins, one of the most abundant proteins of
pepper chromoplasts (Siddique et al., 2006), which are known to
be involved in carotenoid sequestration (for review, see Bréhélin
and Kessler, 2008; Egea et al., 2010), (ii) enzymes already char-
acterized in plastoglobules such as VTE1 and FBPA, and (iii)
enzymes involved in carotenoid synthesis including ζ-carotene
desaturase (ZDS), lycopene β-cyclase (LYCB), and two β-carotene
β-hydroxylases. In addition, phytoene synthases were proposed to
locate to plastoglobules based on evidence from GFP-fusion local-
ization experiments (Shumskaya et al., 2012). The presence of such
enzymes suggests that plastoglobules are not only involved in the
sequestration of carotenoids but also in carotenoid biosynthesis.
However uncertainty still persists about the localization of ZDS
and LYCB since they were characterized in envelope fraction of
Arabidopsis chloroplasts by spectral-counting proteomics (Joyard
et al., 2009). The possibility remains that the envelope fraction
was contaminated with plastoglobules in these latter experiments.
Yet, in the same study, plastoglobulins were not found in the
envelope fraction but in the thylakoids, suggesting that plastoglob-
ules are rather associated with the thylakoid membranes in this
preparation. Another explanation could be that the localization
of these enzymes differs depending on plastid type (chloroplast
or chromoplast), organ (leaf or fruit), or species. This under-
lines the need for other chromoplast plastoglobule proteomic
studies.

Finally, other proteomic data about plastoglobules could be
taken from the proteome of Chlamydomonas reinhardtii eyespot.

The eyespot apparatus is believed to play the role of a direc-
tional light sensor (reviewed in Kreimer, 2009). It is constituted
by two layers of carotenoid-rich globules associated with thy-
lakoids. Transmission electron microscopy observations suggested
similarities between the globules of the eyespot apparatus and plas-
toglobules. The resemblance of both compartments is confirmed
by proteomics. Indeed, the proteomes of Chlamydomonas rein-
hardtii eyespot and plastoglobules contain common homologous
proteins, such as proteins with plastoglobulin domain, ABC1
kinases, or FBPA (Schmidt et al., 2006; Kreimer, 2009). Proteins
with plastoglobulin domains may prevent the coalescence of the
carotenoid-rich globules and maintain interactions with mem-
branes. The actual function of the other proteins found both in
eyespot and plastoglobules is not yet understood.

While the plastoglobule proteomes from different plastid types
share proteins in common, they also contain specific proteins
depending on the plastid type. This variation in the plastoglobule
protein composition may indicate a possible specialization of the
plastoglobule function depending on the tissues considered.

CONCLUSION
Proteomic approaches have brought substantial insight into our
understanding of plastoglobule functions. Our conception of the
plastoglobules has dramatically changed from insipid passive lipid
droplets inside plastids to particles with active role at the crossroad
of diverse metabolic pathways, for example in vitamin biosynthe-
sis. Notably, the common denominator of the vast majority of
plastoglobule proteins is a possible involvement in the response to
stress. Recently, our understanding of the plastoglobule function
has reached an upper level with the combination of proteomics and
co-expression analysis (Lundquist et al., 2012b). Assuming that a
set of coexpressed genes is involved in the same or related meta-
bolic pathway, a co-expression network of the core plastoglobule
genes has been built, with the goal to provide a framework to
better decipher plastoglobule roles. Four major co-expression
modules were defined, with specific functions. Thus a model
was proposed, where plastoglobules are involved in senescence,
plastid biogenesis and proteolysis, redox regulation, photoaccli-
mation, and isoprenoid biosynthesis (Lundquist et al., 2012b).
Nevertheless, major efforts still need to be accomplished to com-
prehensively understand the role of plastoglobules in the plant
biology, and especially their involvement in the plant responses to
stress.
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Fluorescent protein (FP) tagging approaches are widely used to determine the subcellular
location of plant proteins. Here we give a brief overview of FP approaches, highlight
potential technical problems, and discuss what to consider when designing FP/protein
fusion constructs and performing transformation assays. We analyze published FP tagging
data sets along with data from proteomics studies collated in SUBA3, a subcellular
location database for Arabidopsis proteins, and assess the reliability of these data sets by
comparing them. We also outline the limitations of the FP tagging approach for defining
protein location and investigate multiple localization claims by FP tagging. We conclude
that the collation of localization datasets in databases like SUBA3 is helpful for revealing
discrepancies in location attributions by different techniques and/or by different research
groups.

Keywords: FP tagging, subcellular localization, database, Arabidopsis, subcellular proteomics

INTRODUCTION
Plant systems are comprised of a complex network where organs,
tissues, and cell types interact with each other. Each cell, in turn,
is characterized by a comparably complex network of subcel-
lular compartments that are morphologically and functionally
different. Proteins located in these subcellular compartments
often share similar attributes and play roles in defining the func-
tion of these distinct cellular environments. To understand how
plant cells are functionally structured, we need to know where
enzymes and regulatory proteins are located within the cell at cer-
tain points in development and under particular environmental
conditions (Millar et al., 2009).

Different methods can be employed to help to determine a
protein’s intracellular location. Computational programs that can
predict the subcellular location from the protein’s nucleic acid
sequence are useful but not conclusive (Richly and Leister, 2004;
Heazlewood et al., 2005; Reumann, 2011). In addition, some pro-
teins exist in multiple locations (Small et al., 1998; Carrie and
Small, 2012) but only a few prediction programs deal with mul-
tiple locations effectively, such as ATP (Mitschke et al., 2009),
Plant-mPLoc (Chou and Shen, 2010), WOLF PSORT (Horton
et al., 2007), and YLoc (Briesemeister et al., 2010; for an overview
of protein localization predictors see also Tanz and Small, 2011).
In vitro uptake studies of an exogenously added protein into an
isolated organelle has been a powerful tool for detailed stud-
ies of the import process but does not reproduce the complex
intracellular environment and might not always reveal target-
ing preference between organelles (Rudhe et al., 2002; Chew
et al., 2003). Immunolabeling of proteins in tissue sections, where
specific antibodies recognize the native conformation of the pro-
tein, can be laborious and time-consuming and may not always
be successful. This approach is also problematic when dealing

with proteins with closely related sequences. Proteomic stud-
ies employing cell fractionation and mass spectrometry (MS)
to identify peptides in the purified subcellular compartments
result in large, information-rich datasets (Jaquinod et al., 2007;
Reumann et al., 2007, 2009; Eubel et al., 2008; Mitra et al., 2009;
Ferro et al., 2010; Olinares et al., 2010; Ito et al., 2011; Klodmann
et al., 2011; Lee et al., 2011; Taylor et al., 2011; Zhang and Peck,
2011; Lundquist et al., 2012). However, MS can be technically
challenging as contamination of the subcellular preparation with
proteins from other parts of the cell is a frequent problem and
low abundance, small and hydrophobic proteins can be missed
employing this approach. Fusion of fluorescent protein (FP) cod-
ing sequences to the coding regions of genes of unknown location
is relatively simple and fast and can be directed to specific proteins
of interest, and as a result FP tagging has become the method of
choice for many plant biologists.

FP tagging and subcellular proteomic studies have become the
dominant tools for determining the location of a protein within
the plant cell and provide complementary and independent infor-
mation. However, these high-throughput approaches are prone to
both false-negative and false-positive claims of protein location.
In addition, the FP tagging approach defines a protein’s target-
ing ability and defines a final location by accumulated fluorescent
signal, while the subcellular proteomics approach determines, in
steady-state, where the native protein accumulates in the cell.
While it is expected that these two approaches should reveal
matching results in most cases, they will not always agree even
when the data from both methods is sound (Millar et al., 2009).
Collating location data sets of different approaches in databases
like SUBA (Heazlewood et al., 2007; Tanz et al., 2013) allows users
to assess these data collectively and can expose discrepancies and
conflicts in location attributions by different methods and/or by
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different research groups. In this report we review the current
location data sets in SUBA3 (Tanz et al., 2013). Specifically,
we focus on the subcellular location data by FP tagging and
examine the broader reliability of these data compared to other
experimental claims, discuss the limitations of the approach, and
analyze localization claims by FP for the same protein in multiple
locations.

THE FP TAGGING APPROACH
FP TAGGING IN PLANTS
Expression of the green fluorescent protein (GFP) from the jelly-
fish Aequorea victoria and its spectral variants within cells (Chalfie
et al., 1994; Zacharias and Tsien, 2006) has stimulated many
experiments to gain new insights into the organization of cel-
lular metabolism and to better understand compartmentation
of cells. FP tagging can now provide answers to the following
questions: Where do proteins localize within the cell? Where do
dynamic proteins move within the cell? How do individual pro-
teins behave in response to developmental and environmental
changes? However, heterologous expression of GFP in plant cells
has not always been straightforward. Initially, GFP tagging was
only successful in animal and fungal cells, whereas only poor GFP
expression levels were observed in plant cells. This was due to the
presence of a cryptic intron in the original jellyfish GFP sequence,
which was incorrectly removed in plant systems. Modifications
to the GFP codon sequence abolished the erroneous removal of
part of the sequence and restored the expression of GFP in plant
systems (Haseloff et al., 1997; Rouwendal et al., 1997).

Today, GFP and its derivatives and homologs (here collectively
referred to as fluorescent proteins or FPs) are the most impor-
tant fluorophores for plant cell biology and their use has been
reported extensively in the literature (reviews include Hanson and
Kohler, 2001; Ehrhardt, 2003; Dixit et al., 2006; Fricker et al.,
2006; Berg and Beachy, 2008). Untargeted or “free” FPs are local-
ized to the cytoplasm in plant cells but also go into the nucleus
due to their small size. In addition, FPs have been targeted to all
plant organelles using FP fusions incorporating location-specific
signal sequences (Tian et al., 2004). In fact, a set of fluorescent
organelle markers has been generated based on well-established
targeting sequences (Nelson et al., 2007). All markers were gen-
erated with four different FPs in two different binary plasmids
to allow for flexible combinations during co-localization studies
(Nelson et al., 2007). The use of FPs to localize individual proteins
is based on the ability to engineer FP fusions, with FP tagged onto
the protein of interest, allowing it to be observed within intact tis-
sue. FPs have even been used to tag viral proteins to investigate
the interaction of such proteins with plant organelles (Lazarowitz
and Beachy, 1999; Ueki and Citovsky, 2011). FP imaging does
not require staining and allows analysis of cells in a relatively
undisturbed, living state. This non-invasive way of monitoring
localization and dynamics of proteins as well as there being no
need for exogenous substrates or co-factors (Chalfie et al., 1994)
are the main advantages of FP tagging.

A disadvantage with FP imaging, particularly in plants,
has been the autofluorescence of cellular components such as
cell walls and plastids, which may overlap with FP spectral
signals (Deblasio et al., 2010). For example, interference by

autofluorescence from the cell wall could be a problem for
the localization of low abundant plasma membrane proteins.
However, most modern confocal microscopes are now able to
account for background autofluorescence and subtract it from FP
signals based on the unique spectral profile of non-FP expressing
reference images.

As increasing numbers of plant genomes are fully sequenced,
high-throughput FP screens are being employed to identify gene
function and regulatory networks (Cutler et al., 2000; Escobar
et al., 2003; Tian et al., 2004; Koroleva et al., 2005; Marion et al.,
2008). For example, a library of Arabidopsis cDNAs was gen-
erated and fused to the 3′ end of GFP. The library was then
transformed into Arabidopsis en masse and the progeny screened
for transgenic plants showing different subcellular localization
patterns (Cutler et al., 2000). In a complementary study, open
reading frame cDNA clones were GFP-tagged at their 3′ end and
transformed cell cultures were screened for localization patterns
(Koroleva et al., 2005). The Arabidopsis localizome project uses
a recombineering-based gene tagging approach to generate FP
fusion proteins in their chromosomal context (Zhou et al., 2011).
A bacterial homologous recombination system is used to insert FP
tags into genes of interest that are harbored by transformation-
competent bacterial artificial chromosomes (TAC; Zhou et al.,
2011). This ensures that all cis-regulatory sequences of a gene are
included and because the genes are not amplified by PCR there
is no limit to the size of a gene that can be tagged. Thus, this is
a promising approach for the future that will eliminate many of
the current problems encountered during FP tagging studies (see
section Considerations with FP/Protein Fusions).

CONSIDERATIONS WITH FP/PROTEIN FUSIONS
The fusion of FP to enzymes often does not inhibit their catalytic
activity and FP tagging is generally thought to be a “safe method”
to determine the subcellular location of a protein. Indeed expres-
sions of FP fusions of proteins have been reported to functionally
complement knockout mutants (Sedbrook et al., 2002; Benkova
et al., 2003; Kim et al., 2003). However, it is possible that in some
cases the FP/protein fusion and the wild-type protein will dif-
fer in their subcellular locations leading to false positive results.
Careful consideration is required where a protein is tagged, as the
presence of the FP could hinder proper localization encoded by a
transit sequence on the attached protein.

FP coding sequences are typically fused to either the 5′ or 3′
end of the coding region of a DNA sequence in question, generat-
ing N- or C-terminal FP fusions (Cutler et al., 2000; Huh et al.,
2003). Alternatively, proteins can be tagged at a selected inter-
nal site, which has the advantage that targeting signals present
at the 5′ or 3′ end of the coding region are not masked by
the FP. For example, N-terminal fusions (FP is fused to the N
terminus of the protein of interest) interfere with plastid and
mitochondrial localization signals and are also likely to abrogate
endoplasmic reticulum (ER) signal peptides. C-terminal fusions
(FP is fused to the C terminus of the protein of interest) may
also cause many proteins to mislocalize, particularly peroxisomal
proteins. In addition, C-terminal fusions could mask stem-loop
structures in the 3′ part of the coding sequence and the 3′ untrans-
lated region, which are necessary for the accurate localization
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of certain mRNAs (Chartrand et al., 1999). N- or C-terminal
fusions may also interfere with posttranslational modification
sites, such as myristylation or farnesylation sites important for
membrane targeting. Indeed, some plasma membrane proteins
failed to localize to the plasma membrane using N- or C-terminal
tags but internally tagged proteins localized correctly (Sedbrook
et al., 2002; Gardiner et al., 2003; Tian et al., 2004). In addition,
more and more multi-targeted proteins are being identified. For
example, proteins with peroxisomal targeting signals and chloro-
plast or mitochondrial transit peptides have only been identified
when analyzed with separate N- and C-terminal fusion constructs
(Carrie et al., 2008; Hooks et al., 2012). Thus, for correct local-
ization it is crucial to examine N- and C-terminal FP fusion
constructs and/or internally tagged proteins.

Similarly, the length of a protein sequence for fusion with an
FP needs to be considered. Using the full-length sequence of a
protein is desirable; however, some genes might be too long to be
easily cloned into an expression vector and thus partial sequences
are frequently used for localization by FP tagging. Most plastid or
mitochondrial targeting sequences are located at the N-terminus
and the N-terminal ∼100 amino acids are generally sufficient for
correct subcellular localization. However, in this case a possible
second C-terminal or internally located targeting sequence might
be missed, as in the case of multi-targeted proteins (Carrie et al.,
2009; Hooks et al., 2012).

The promoter used in front of an FP fusion construct also
needs to be considered. Often the CMV 35S promoter is used
instead of the native gene promoter, which could lead to higher
expression levels of the fusion construct than for the endoge-
nous protein, and subsequently could lead to mistargeting. This
could particularly affect nuclear-encoded proteins targeted to
organelles, where high protein abundance could result in incom-
plete import. Theoretically this might also account for some false
claims of dual targeting of proteins between the cytoplasm and
various organelles.

In addition, the fused FP could be the reason for a confor-
mational modification in the attached protein and a localization
signal could become active, which is normally isolated in the
absence of FP or when it is lacking some endogenous ligand.
Also, the abundance of the fused FP may be very different from
the native protein, leading to mislocation, aggregation, metabolic
disturbance or the like.

CONSIDERATIONS WITH TRANSFORMATION ASSAYS DURING FP
TAGGING
FP fusion constructs can be introduced into plant cells for tran-
sient assays or stably expressed in transgenic plants. With the
latter, many different cell types can be investigated in which the
FP/protein fusion is expressed, while not all cell types are suitable
for transient expression. In addition, cell damage often occurs
during DNA uptake in transient assays and inconsistent amounts
of FP fusion constructs can be delivered into the cells. Thus, it
is more reliable overall to analyse healthy stable transformants
to define protein location by FP. However, the simplicity and
speed of transient assays makes them a very valuable tool, espe-
cially when considering the extra labor and analysis it takes to
generate and test stable transgenic plants. Onion epidermis is a

favorite material for biolistic transient assays, because of its clear
cytoplasm and single layer of living cells. Similarly, Arabidopsis
cell culture, Arabidopsis seedlings and young detached leaves have
also been successfully used in transient assays. Following parti-
cle bombardment with various constructs, cellular compartments
such as ER, Golgi, vacuole, mitochondria, plastids and plasma
membrane can all be labeled by different transiently expressed FP
fusions in Arabidopsis (Nelson et al., 2007). Other popular tran-
sient expression methods include the protein expression in iso-
lated protoplasts by electroporation or using polyethylene glycol
(Miao and Jiang, 2007; Yoo et al., 2007) and the Agrobacterium-
mediated infiltration in Nicotiana benthamiana (Yang et al., 2000)
or Arabidopsis leaves (Tsuda et al., 2012).

ANALYSIS OF FP TAGGING DATA IN SUBA3
THE RELIABILITY OF FP LOCALIZATION DATA
Given that various approaches have been used to define the loca-
tion of proteins, and each has its own drawbacks, it is important
to ask: What is the reliability of the FP tagging approach? In
an attempt to answer this question we have analyzed subcellu-
lar localization data in SUBA (Heazlewood et al., 2007; Tanz
et al., 2013). At the time of writing, SUBA3 contains a total
of 3788 entries based on FP tagging studies from 1074 differ-
ent publications, representing 2477 unique proteins. Of these,
443 proteins have been localized at least twice independently
by FP, and for 375 proteins the independent FP localizations
agree. Thus, for 85% of cases, the FP data are internally consis-
tent, whereas they disagree in the cases of 123 proteins (28%).
For 13% of proteins, the FP localization of one publication has
been shown to agree with a second publication, and shown to
disagree with a third publication; these proteins count toward
both groups. Additional data based on subcellular MS-based pro-
teomics from 122 different publications add 22,191 entries on
7685 distinct proteins. Calculating the percentage of FP tagging
and MS agreements/disagreements for proteins for which both
FP tagging and proteomics data are available shows that 61% of
the data agree and 39% disagree. The remaining 1593 FP entries
are not confirmed nor do they disagree with MS data because no
independent subcellular proteomics data relating to these pro-
teins have been published to our knowledge. Analyzing the FP
data set further and comparing it to data from subcellular MS-
based proteomics reveals that 849 out of 2996 FP protein claims
agree with proteomics data (Table 1). The number of protein
claims (2996) is different to the number of unique proteins (2477)
because it includes cases where the same protein has been found
in multiple compartments and thus accounts for multiple entries,
and it is also different to the total FP entries (3788) as a protein is
only counted once per location regardless how many researchers
have found it in the same location. In these 849 cases, the protein’s
targeting ability tested by FP tagging agrees with the protein’s
accumulation tested by subcellular MS and we can be confident
of the location claim and how the protein got there. On the con-
trary, for 554 FP claims a different location has been reported
by MS studies. Thus, published disagreement of subcellular loca-
tion exist for these FP claims and the protein’s targeting ability
appears to disagree with the claimed location of the protein’s
accumulation.
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Table 1 | Number of localizations by FP tagging for each of the 11 subcellular compartments in SUBA3.

Intracellular FP FP localizations FP localizations FP and MS localizations FP localizations

location localizations confirmed by MS contradicted by MS agree/disagree (% of proteins neither confirmed

with both FP and MS data) nor contradicted

Cytoskeleton 63 0 24 0/100 39

Cytosol 514 119 101 54/46 294

ER 189 31 56 36/64 102

Extracellular 40 9 10 47/53 21

Golgi 145 42 57 42/58 46

Mitochondrion 312 90 54 63/37 168

Nucleus 779 95 149 39/61 535

Peroxisome 130 59 33 64/36 38

PM 245 122 17 88/12 106

Plastid 486 248 34 88/12 203

Vacuole 93 34 18 65/34 41

Total 2996 849 554 61/39 1593

Also shown are the numbers of FP localizations that overlap with MS localization and are thus confirmed by this approach, the numbers of FP localizations that

disagree with MS localizations, the percentage of agreements and disagreements of FP with MS localizations for proteins for which FP tagging and proteomics data

are both available, and the numbers of FP localizations that are neither confirmed nor contradicted by MS data. Data sets were extracted from the SUBA3 database

(http://suba.plantenergy.uwa.edu.au).

Abbreviations: FP, fluorescent protein; MS, mass spectrometry; ER, endoplasmic reticulum; PM, plasma membrane.

A detailed list of the existing FP data for each of the 11 com-
partments in SUBA3 is shown in Table 1, along with the indepen-
dent confirmations and disagreements by published subcellular
proteomics data. For most of the compartments, the agreements
between the claims for localization by FP tagging and subcellular
MS lie between 36% and 65% for proteins with both FP and MS
data available (Table 1). However, for two compartments, namely
plastid and plasma membrane, 88% of proteins for which FP and
MS data are available show an agreement and only 12% of FP
data do not agree with the MS localization data (Table 1). The
relatively high discrepancy between FP and MS data for most
of the other compartments (35–64%, Table 1), likely highlights
technical problems in false positive rates with both the MS and
FP tagging approaches but further analysis will be required to
confirm this.

The three organelles plastid, mitochondrion and peroxi-
some were chosen as examples to closer investigate the proteins
for which a disagreement between FP and MS data has been
observed.

Plastid
A total of 486 proteins have been localized to the plastid by FP
tagging (Table 1). From these, the published plastid FP localiza-
tions of 34 proteins appear to disagree with the locations claimed
by proteomics studies (Supplementary Table 1). For eight of
these proteins, additional FP location data for the same proteins
agree with MS location claims and thus the whole FP data set
does not strictly disagree with the proteomics (Supplementary
Table 1, AGIs with asterisk). Investigating the 34 proteins more
closely reveals that seven proteins are known to be dual-targeted
or dynamic so here the two data sets may both be correct
(Supplementary Table 1, yellow). Another eight proteins clearly
have a function in the plastid with two of these located in a

second compartment other than the one determined by MS (Gao
et al., 2003; Lurin et al., 2004; Murcha et al., 2007; Yu et al.,
2008; Sun et al., 2010; Skalitzky et al., 2011). Thus, the disagree-
ments are due to technical issues with the MS approach and could
result from contamination of these proteins in sample prepa-
rations of other subcellular structures (Supplementary Table 1,
blue). One of these proteins is OEP16 (At4g16160), localized by
FP tagging to the plastid and by MS to the cytosol, but it has
been confirmed by in vitro imports to be targeted to plastids
and not to mitochondria, unlike the mitochondrial isoforms of
this protein family (Murcha et al., 2007). The disagreement is
likely due to be an error or contamination in the MS approach
(Supplementary Table 1, blue). One protein (Complex I sub-
unit At2g02510) clearly functions in the mitochondrion (Brugiere
et al., 2004; Meyer et al., 2008; Klodmann et al., 2011), and
the disagreement in localization is due to technical issues with
the FP tagging approach (Supplementary Table 1, green). These
include artifacts that may result from the foreign passenger pro-
tein affecting the targeting ability of the protein of interest, such
as difference in abundance of the fusion protein, conformational
changes or activation of a localization signal in the attached pro-
tein (see section Considerations with FP/Protein Fusions). The
remaining 18 proteins are either unknown multi-targeted pro-
teins located to the plastid and other compartments in the cell
or the disagreement between FP and MS data is due to limitations
of one or both approaches.

An interesting example for when experimental data appear
to disagree but when in fact they actually complement each
other is alanyl-tRNA synthetase (At1g50200). FP tagging stud-
ies found this protein to be targeted to plastids and mito-
chondria, whereas proteomics studies found it in the cytosol
(Supplementary Table 1). Analysis of the transcription of the
gene showed the presence of two translation initiation codons
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(Mireau et al., 1996). Translation from the upstream AUG gener-
ates an N-terminal extension with features that target the protein
to the mitochondrion and plastid, whereas most ribosomes initi-
ate on the downstream AUG to give the shorter polypeptide cor-
responding in size to the cytosolic enzyme (Mireau et al., 1996).
Examining the peptides identified in the cytosolic MS study (Ito
et al., 2011) showed that all the cytosolic peptides significantly
matching to At1g50200 (see Ito et al., 2011; Supplementary Table
1, protein hit number 68) are downstream of the second start
methionine. Thus, alanyl-tRNA synthetase is only expressed at
low levels in mitochondria and plastids, which explains why
MS studies have not found it in these organelles but only in
the cytosol and why FP studies, using the full-length sequence,
have only found it in plastids and mitochondria but not in the
cytosol.

Mitochondrion
Examining the 54 proteins that have been localized to the mito-
chondrion by FP tagging but elsewhere by subcellular MS studies
shows that as many as 37 of these have additional FP data that
agree with MS locations (Supplementary Table 1, AGIs with aster-
isk). Twenty six of these 54 proteins are known dual-targeted or
dynamic proteins (Supplementary Table 1, yellow). In both cases
no strict disagreement exists. Eight proteins are clearly localized
to and have a function in the mitochondrion as defined by FP
tagging (six of these are additionally targeted to a second com-
partment different to the one defined by MS) and the location
disagreements are due to technical issues with the MS approach
(Supplementary Table 1, blue) (Souciet et al., 1999; Escobar et al.,
2003; Michalecka et al., 2003; Duchene et al., 2005; Murcha et al.,
2007; Carrie et al., 2008, 2009; Palmieri et al., 2009). Another
seven proteins are clearly not located in the mitochondrion but
function in the plastid (Hjelmstad and Bell, 1990; Froehlich et al.,
2003; Asano et al., 2004; Chew et al., 2004; Friso et al., 2004;
Kleffmann et al., 2004; Peltier et al., 2004; Giacomelli et al., 2006;
Peltier et al., 2006; Rutschow et al., 2008; Zybailov et al., 2008;
Ferro et al., 2010; Olinares et al., 2010; Granlund et al., 2011), and
here the disagreement in location is due to technical issues with
the FP tagging approach (Supplementary Table 1, green). The
remaining 13 proteins are either unknown multi-targeted pro-
teins or the disagreement is due to limitations of the FP tagging
or the subcellular MS approach.

Peroxisome
One hundred and thirty proteins are localized to the peroxisome
by FP tagging, of which 33 are localized elsewhere by proteomic
studies (Table 1). Eight of these have additional FP data that
agree with MS locations (Supplementary Table 1, AGIs with aster-
isk). Eight of the 33 proteins are known to be dual-targeted or
dynamic proteins and the two data sets do not necessarily dis-
agree (Supplementary Table 1, yellow). Three proteins are clearly
localized to the peroxisome and have a function in the peroxi-
some (Cutler et al., 2000; Carrie et al., 2008, 2009) as defined by
FP tagging [with two of them, a substrate carrier (At3g55640)
and a NAD(P)H dehydrogenase (At4g28220), also localized to
another compartment different to the one determined by MS],
and the location disagreement is due to technical issues with the

MS approach (Supplementary Table 1, blue). Four proteins are
either unknown multi-targeted proteins or the location difference
is due to limitations of one or both approaches (Supplementary
Table 1, no color). However, about half of the location discrepan-
cies between the two methods are due to technical issues with the
FP tagging approach as most proteins are most likely not localized
to the peroxisome and have functions elsewhere in the cell
(Supplementary Table 1, green).

MULTIPLE LOCALIZATION CLAIMS BY FP TAGGING
The redundancy that is apparent between 2996 FP localizations in
Table 1, but 2477 unique proteins localized by FP tagging, is either
due to multiple locations claimed by single literature reports or
independent reports claim different locations for a single pro-
tein. Examples for the former include dual-targeted proteins to
chloroplasts and mitochondria (Peeters and Small, 2001; Carrie
and Small, 2012), to mitochondria and peroxisomes (Carrie et al.,
2009), and to mitochondria and nucleus (Carrie et al., 2009;
Hammani et al., 2011).

Analyzing only the FP tagging data in SUBA3 generated a total
of 739 claims where proteins are localized to two different loca-
tions (Table 2). The 739 claims comprise 545 distinct proteins
that have been localized to at least two different cellular compart-
ments by FP tagging. A paired matrix of these data displays these
dual localization claims for each possible subcellular compart-
ment combination (Table 2). There is typically 1–20% overlap
between any two subcellular proteomes. However, a 31% and 46%
overlap exists between nucleus and cytosol and a 20% and 32%
overlap between plastid and mitochondrion (Table 2). This can
be partially explained by dynamic proteins that can move between
nucleus and cytosol and proteins that are dual-targeted to these
compartments. No doubt, the FP tagging approach has its limi-
tations and some false positive results must also be contributing
to these overlaps. Furthermore, a dual localization to the nucleus
and cytosol can be due to FP artifacts, including GFP localizing
by itself to the cytosol and the nucleus, which can generate false
positive results to these two compartments.

Of the 739 claims where proteins are localized to two differ-
ent locations, 80% (595 dual claims) are by the same literature
reports. These comprise 491 proteins and because the dual loca-
tion is reported by the same publication these are presumably
dual- or multi-targeted proteins. 20% of these claims (represent-
ing 105 proteins) demonstrate a conflict in the literature (as they
appear as different publications that contradict each other) and
may highlight problems associated with the use of different FP
tagging approaches. However, this set could also include biologi-
cal discoveries such as identification of an unknown dual-targeted
protein or showing dynamic proteins that move around in the cell
in different cell types or treatments.

As examples for further investigation, the dual FP localization
claims for mitochondrion/plastid, mitochondrion/peroxisome,
and plastid/peroxisome were chosen.

Mitochondrion and plastid
Examining the literature references of the 100 proteins that have
been located by FP tagging to the plastid and mitochondrion
(Table 2) reveals that the dual localizations of 92 proteins are
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Table 2 | A paired matrix showing dual FP localization claims for each possible subcellular compartment combination.

FP localization Cytoskeleton Cytosol ER Extracellular Golgi Mitochondrion Nucleus Peroxisome PM Plastid Vacuole

Cytoskeleton 63

Cytosol 11 514

ER 3 15 189

Extracellular 1 3 1 40

Golgi 3 21 28 2 145

Mitochondrion 2 12 4 0 2 312

Nucleus 12 238 13 4 1 8 779

Peroxisome 2 11 2 0 1 10 5 130

PM 8 45 21 14 22 3 23 0 145

Plastid 2 16 10 0 2 100 7 8 3 486

Vacuole 1 5 10 1 10 0 2 2 7 2 93

In total, 739 claims are listed, comprising 545 distinct proteins that have been localized to at least two different cellular compartments by FP tagging. The matrix

diagonal shows the set of proteins claimed in each compartment. In the matrix below the diagonal, the two-way comparisons of claims for proteins to be present

in different compartments are shown. Data sets were extracted from the SUBA3 database (http://suba.plantenergy.uwa.edu.au).

Abbreviations: FP, fluorescent protein; ER, endoplasmic reticulum; PM, plasma membrane.

described in the same literature reports and these proteins are
presumably dual-targeted (Supplementary Table 2, “Y”). Indeed
when investigating the function of these proteins, many are
known dual-targeted proteins (Supplementary Table 2, yellow).
Nevertheless, four proteins are likely to be only located to the
mitochondrion (Supplementary Table 2, orange) and another
eight only located in plastids (Supplementary Table 2, green).
Thus, here the apparent dual location is due to technical issues
with the FP tagging approach that could involve a difference
in abundance of the fusion protein or conformational changes
leading to activation of a localization signal in the attached pro-
tein (see section Considerations with FP/Protein Fusions). For
eight proteins a literature conflict exists and independent reports
claim mitochondrial and plastid locations for a single protein.
These proteins are either dual-located proteins, or the dual local-
izations are false positives due to technical problems with the
FP tagging approach. In fact, based on their function and from
independent literature reports, two of these eight proteins are
already known dual-located proteins [dynamin 3A (At4g33650)
and lon1 protease (At5g26860); Supplementary Table 2, yel-
low] and four are known to be located in the plastid only
(Supplementary Table 2, green) indicating an issue with the FP
approach.

Mitochondrion and peroxisome
Ten proteins have been localized to mitochondria and peroxi-
somes by FP tagging (Table 2) and the dual-locations of all ten
proteins are each reported by the same publication, indicating
all ten proteins are probably truly dual-targeted (Supplementary
Table 2, “Y”). In fact, more than half of the proteins are known
dual-targeted proteins from other literature (Supplementary
Table 2, yellow).

Peroxisome and plastid
Of the eight distinct proteins that have been localized to the per-
oxisome and plastid by FP tagging, five proteins are presumably
dual-targeted (same publication; Supplementary Table 2, “Y”),

of which two are known dual-targeted proteins based on the
function (Supplementary Table 2, yellow). The remaining three
proteins demonstrate a conflict in the literature (Supplementary
Table 2, “N”), of which two are clearly only located in the plas-
tid [Rubisco small chain 1A (At1g67090; Parry et al., 2003) and
chaperonin 20 (At5g20720; Carrie et al., 2009)] and the multiple
localizations of these proteins likely represent technical problems
with the FP tagging method (Supplementary Table 2, green). The
third is the same dynamin 3A (At4g33650) noted above; the plas-
tid claim for this protein by FP pre-dated the dual-targeting claim
in mitochondria and peroxisomes by 6 years. While an expla-
nation of why a plastid FP location was found has not been
provided, the weight of genetic and other evidence appears to sug-
gest this is a technical problem with the FP claim of the plastid
location (Mano et al., 2004).

CONCLUSIONS
FP tagging with its rapidity and simplicity has become a very
important tool for plant biologists to localize proteins at a sub-
cellular level. The analysis of the FP-tagging localization dataset
along with the subcellular proteomics data, both available in
SUBA3, has revealed subcellular compartments where up to 88%
the FP localizations have been confirmed by subcellular pro-
teomics for proteins for which both data are available. Thus, here
the protein’s targeting ability agrees with its observed protein’s
accumulation. The more data become available in the future,
the better the coverage of each subcellular proteome and the
higher the agreement between different methods is likely to be.
However, with more data the number of disagreements between
methods will also increase. Examining the number of existing
disagreements between FP tagging and MS for the individual
subcellular compartments has already exposed discrepancies in
location attributions between the two methods as high as 39%
of the total FP datasets for proteins for which both FP and MS
data are available. Such a high discrepancy highlights problems
with both the MS and FP tagging approaches, which are evident
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when looking closely at the organelle examples of the plastid,
mitochondrion and peroxisome. Apart from the technical issues
and limitations of both approaches, the disagreements can also
be due to unknown biology (dual-targeted proteins or dynamic
proteins). Similarly, investigating the localization disagreements
within the FP tagging method showed that the majority of multi-
ple localization claims (80%) are due to multi-targeted proteins.
The remaining 20% demonstrate a conflict in location attri-
butions by different research groups and are possibly due to
problems with the FP tagging approach, but may in some cases
include dynamic proteins or unknown dual-targeted proteins.
To be able to assess such localization data and draw conclu-
sions about the reliability of localization methods and expose
their limitations, collation of published results in databases like
SUBA3 is extremely helpful. The intersections where existing

data disagree could be avenues for new biological discoveries to
be made.
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Medicago truncatula is a leading model species and substantial molecular, genetic,
genomics, proteomics, and metabolomics resources have been developed for this species
to facilitate the study of legume biology. Currently, over 60 proteomics studies of M. truncat-
ula have been published. Many of these have focused upon the unique symbiosis formed
between legumes and nitrogen fixing rhizobia bacteria, while others have focused on seed
development and the specialized proteomes of distinct tissues/organs. These include the
characterization of sub-cellular organelle proteomes such as nuclei and mitochondria, as
well as proteins distributed in plasma or microsomal membranes from various tissues.The
isolation of sub-cellular proteins typically requires a series of steps that are labor-intensive.
Thus, efficient protocols for sub-cellular fractionation, purification, and enrichment are
necessary for each cellular compartment. In addition, protein extraction, solubilization,
separation, and digestion prior to mass spectral identification are important to enhance the
detection of low abundance proteins and to increase the overall detectable proportion of
the sub-cellular proteome. This review summarizes the sub-cellular proteomics studies in
M. truncatula.

Keywords: Medicago truncatula, subcellular proteomics, mass spectrometry based proteomics, legumes, nodula-

tion, arbuscular mycorrhizal symbiosis

INTRODUCTION
Proteomics has become an important research tool to study
complex biological systems in the post-genomics era, and the
large-scale, systematic analysis of tissue and organelle specific
proteins provides a more direct view of cellular processes not avail-
able through the measurement of DNA. Proteomics can provide
insight on the specialized biochemistry of distinct tissues, protein
localization, protein–protein interactions, enzymatic complexes,
protein-metabolite complexes, post-translational modifications,
and cellular signaling (Kersten et al., 2002; Baginsky, 2009).
There are two general strategies for large-scale proteome anal-
ysis: bottom-up and top-down. With the bottom-up approach,
complex protein mixtures are digested and resultant peptides ana-
lyzed by mass spectrometry (MS) for protein identification and
quantification. Often the complex mixtures are purified using elec-
trophoretic or chromatographic separations to render enriched or
purified proteins which are then subjected to proteolytic diges-
tion and mass spectral protein identification. One example would
be two-dimensional polyacrylamide gel electrophoresis used for
separation of complex protein mixtures followed by proteolytic
digestion of isolated spots and mass spectral fingerprinting (Egel-
hofer et al., 2002). An alternate, “shotgun” proteomics approach
to bottom-up sequencing uses enzymatic digestion of com-
plex mixtures and multi-dimensional separations, such as ion
exchange chromatography and high performance liquid chro-
matography, of the proteolytic fragments (Motoyama et al., 2006).
Mass spectrometric peptide mapping and database searching is
then performed.

Progress in the area of proteomics has relied heavily on
the development of analytical tools for the sensitive, selec-
tive, and high-throughput studies of protein analytes (Aebersold

and Goodlett, 2001). MS has evolved into a primary analyti-
cal tool for proteomics research, especially when coupled with
high resolution separation techniques, due to the high informa-
tion content that can be derived from these coupled techniques
(Aebersold and Mann, 2003). Advances in MS have been sub-
stantially facilitated by two ionizations techniques; electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI). Over the course of the past two decades, these ion-
ization methods have become indispensable for the analysis of
biological molecules, especially proteins and peptides. ESI MS
produces highly charged ions directly from liquids and is there-
fore useful for coupling to liquid separations (Fenn et al., 1989;
Griffiths et al., 2001; Domon and Aebersold, 2006). MALDI is
fast and efficient and has a high tolerance to non-volatile buffers
and impurities (Hillenkamp et al., 1991; Hardouin, 2007). The
samples for MALDI are typically applied to solid supports and
used off-line from liquid or gel separations (Walker et al., 1995;
Rejtar et al., 2002).

Separation of the proteome is challenging due to the com-
plexity of the proteome. Through post-translational modifications
and differential splicing, 5–10 different protein variants can often
be produced from each gene (Collins et al., 2004; Fröhlich and
Arnold,2006). A further complication is the dynamic range of pro-
tein expression at the cellular level, which can range from one up
to 106–109 copies per cell (Corthals et al., 2000). Many important
proteins are present at low abundance and are difficult to isolate
from complex mixtures containing more highly abundant proteins
with current separation methods (Hancock et al., 2002; Hunter
et al., 2002). As an example, two-dimensional gel electrophore-
sis (2-DE) can separate up to 11,000 proteins from a whole cell
lysate, but is restricted to the most highly abundant proteins in
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the sample (Gygi et al., 2000). High peak capacity separations
of proteins with better resolution and faster analysis times are
required for continued improvement of proteomic analyses. This
can be accomplished in a bottom-up fashion, in which the proteins
are proteolytically digested into peptide fragments and separated
before MS analysis.

Legumes are economically valuable crops in the United States,
Asia, South America, and throughout the world. Legumes form
unique symbiotic relationships with nitrogen-fixing soil bacte-
ria such as Rhizobia which provide nitrogen to the plant (Sprent,
2007). The accumulation of high protein levels in legumes pro-
vides an economical dietary source of proteins for humans and
animals. Medicago truncatula (Figure 1) has been utilized as a
model legume because of its small diploid genome compared to
other legumes which have large, complex polyploidy genomes
(Bell et al., 2001). It also has a short generation time, prolific
seed production, and good transformation efficiency (Cook, 1999;
Trieu et al., 2000). Many molecular, genetic, and biochemical
resources are now available for M. truncatula, and it is a mature
model for the study of legumes and legume biology. Legumes
are also a rich source of a wide variety of natural products such
as flavonoids, isoflavonoids, saponins, and alkaloids which have
potential in pharmaceutical and biotechnological applications
(Dixon and Sumner, 2003). Many natural products are produced
in specific tissues such as glandular trichomes and/or stored in
sub-cellular vacuoles.

Cellular proteins are actively and passively transported across
cellular and organelle membranes during normal homeostasis and
in response to stress and external stimuli (Agrawal et al., 2005a,b).
Accurate identification and quantification of a sub-cellular pro-
teome is very useful and can provide insight into cellular/organelle
function and dynamics (Lilley and Dupree, 2007). In addition to
the field of functional proteomics, sub-cellular proteomics can
provide insight into the molecular mechanisms of plant cell mod-
ulation of protein accumulation in intracellular compartments
in response to various perturbations, and thus provides refined
knowledge about signal transduction in organelles (Hossain et al.,
2012). In order to achieve an accurate description concerning
the sub-cellular localization of specific proteins, rigorous isola-
tion procedures are important to prevent cross contamination
from other cellular and organelle proteins. Some of the major
sub-cellular organelles are nucleus, mitochondria, chloroplasts,
plastids, peroxisomes, plasma membrane, cytosolic ribosome,
and extra cellular structures. The proteomes of multiple tis-
sues, sub-cellular organelles, and membrane systems have been
describe from M. truncatula (Figure 1). Several of the global
proteomics approaches for protein characterization from differ-
ent tissues/organs of M. truncatula were based on 2-DE and MS
(Mathesius et al., 2001; Watson et al., 2003). These studies focused
upon total protein characterization but the analytical tools are
still useful for the analysis of proteins from individual cellular
compartments (Valot et al., 2006; Soares et al., 2007). The combi-
nation of protein separation by one-dimensional electrophoresis
with LC-MS/MS has also been utilized for identification of dif-
ferentially expressed sub-cellular proteins (Lefebvre et al., 2007;
Daher et al., 2010). Due to hydrophobic nature of most mem-
brane proteins, gel-free LC-MS/MS or multi-dimensional protein

identification technology (MudPIT) systems have also been
used to investigate sub-cellular membrane components (Zhang
et al., 2006).

In this article, the various proteomic studies focused on sub-
cellular organelles of M. trucatula are briefly reviewed. Several
analytical technologies employed to study specific M. trucatula
sub-cellular compartments are also presented.

M. truncatula SUB-CELLULAR PROTEOME
The plant nucleus is of great interest because it contains the
genomic content and is the critical site of transcription and repli-
cation in eukaryote cells. Repetto et al. (2008) used proteome
analyses to identify nuclear regulators of developing M. truncatula
seeds and to understand the molecular mechanisms of seed devel-
opment. The purity of the nuclear preparations were assessed by
Western blot analyses using antibodies directed against histone
H1, uridine diphosphate (UDP)-glucose pyrophosphorylase, vac-
uolar ATPase, photosystem II reaction center protein D1, and
mitochondrial porin. A total of 179 peptides from 143 differ-
ent proteins were identified using nano LC-MS/MS analysis of
one-dimensional SDS-PAGE in-gel digests obtained from the seed
nuclear proteome at 12 days after pollination (dap) which marks
the switch to seed filling. Identified proteins were associated with
roles in biogenesis of ribosomal subunits or nucleocytoplasmic
trafficking. The results showed that 12-dap seeds accumulated
ribosomal proteins in preparation for protein synthesis activity
prior to seed filling. Other identified proteins were related to chro-
matin structure, transcription, RNA maturation, silencing, and
transport to regulate gene expression and seed development.

Mitochondria are semiautonomous organelles involved in
energy metabolism. They are also involved in many other cel-
lular functions including amino acid and nucleotide metabolism,
synthesis of cofactors, and photosynthesis. The majority of mito-
chondrial proteins involved in different metabolic processes are
encoded by nuclear DNA, translated in the cytosol, and imported
into mitochondria. Dubinin et al. (2011) isolated M. truncatula
mitochondrial fractions from root cell suspension cultures using
Percoll gradient ultracentrifugation. The mitochondrial proteome
of M. truncatula was characterized using 2-DE IEF/Tricine SDS-
PAGE and 2-DE blue-native (BN)/Tricine SDS-PAGE. A total of
144 proteins were identified by 2-DE IEF/SDS-PAGE and 51 pro-
teins were identified on the 2-DE BN/SDS-PAGE. The identified
proteins were related to oxidative phosphorylation (OXPHOS),
pyruvate decarboxylation and citric acid cycle, amino acid degra-
dation, and ATP synthesis. The M. truncatula 2-DE mitochondrial
proteome maps revealed similarities to the one from Arabidopsis.
However, the abundance of complex II was increased in M. trun-
catula compared to Arabidopsis, which indicates increased citric
acid cycle activity in M. truncatula mitochondria. Highly abun-
dant prohibitin complexes were also present in the mitochondrial
proteome of M. truncatula.

Intercellular fluid (IF) and ionically bound (IB) proteins of
M. truncatula leaf apoplast were analyzed using 2-DE separa-
tion coupled with MALDI-TOF/TOF MS identifications (Soares
et al., 2007). The apoplast contains proteins of various functions
including cell expansion, growth cessation, signaling, and response
to biotic and abiotic stresses. Compared to other sub-cellular
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FIGURE 1 | Illustration of the sub-cellular proteomics work flow. A
4-week old Medicago truncatula R108 plant is shown with root nodules
18 days post inoculation with S. meliloti. The root nodules are specialized root
organs resulting from the symbiotic infection of legumes with soil rhizobia
bacteria that enable nitrogen fixation. Symbiotic nitrogen fixation provides a
ready supply of nitrogen to the plant and carbon to the bacteria, and results in
plants with high protein content. Thus, legumes serve as important nutritional
resources throughout the world for humans and animals. The central
micrograph shows the cellular components of M. truncatula root nodule
during an early stage of infection and at a magnification of 1600. Clearly
visible and labeled are traditional organelles such as the nucleus (N), vacuole
(Vac), endoplasmic reticulum (ER), plastid (P) containing starch grains, and cell
wall/plasma membrane. The micrograph provides an image of the rhizobia
infection thread (IT) which results from the invagination of the cell wall/plasma
membrane and contain rhizobium bacteria. Bacteroides are formed as the

bacteria segregate from the infection thread and enter the cell and are
encapsulation by a symbiosome plant membrane. The number of bacteroides
generally increases with the maturity of the nodule cell. Many of the
sub-cellular organelles and especially those related to symbiosis have been
isolated and analyzed using various proteomics methods such as 2-DE or
LC-MS/MS to better understand the protein composition and function of
these specialized organelles. An example of a nano LC-MS/MS shotgun
proteomics experiment is provided that includes the total ion chromatogram
(TIC), full scan mass spectrum (MS), and tandem mass spectrum (MS/MS).
These data are used to search predicted proteins from DNA or RNA or
sequenced protein databases to identify proteins observed in the LC-MS/MS
experiment. The M. truncatula micrograph was provided by Dr. Jin
Nakashima, Manager of the Noble Foundation Cellular Imaging Facility, and
Jiejan Xi. The plant photo was provided by Mr. Broderick Sterns. The
representative 2-DE and LC-MS/MS images were provided by the authors.

proteomics reports, a lower number of proteins from apoplast
were characterized because of the difficulty in isolating apoplas-
tic proteins free from intracellular contamination. Proteins were
extracted with a sodium acetate buffer and were isolated by cen-
trifugation followed by pressure-assisted filtration using molecular
weight cut-off membrane filters. Soares et al. (2007) separated 220
IF and 84 IB proteins in the M. truncatula leaf apoplast. Malate
dehydrogenase activity was measured as a marker of cytosolic
contamination from leaf extracts. An analysis of 2-DE of apoplas-
tic proteins revealed the IF and IB proteins consisted largely
of different protein populations representing distinct functional

components of the apoplast. The authors found a high num-
ber of chitinases and β-1,3-glucanases which are glycine-rich
proteins associated with defense and predominate the IF. Iden-
tified IB proteins were related to energy production/conversion,
oxidoreductases, transport/binding of solutes, and cell wall
structure.

Extracellular and secreted proteins (cumulatively referred
to as the secretome) serve important roles in intercellular
communication, development, and defense. Many secreted pro-
teins are found in the apoplast. However, isolating proteins
from apoplast is challenging and often contaminated with
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intracellular proteins as noted above. To circumvent intracellular
contamination and to better understand apoplast protein com-
position, Kusumawati et al. (2008) proposed cell cultures as a
model system to study apoplast proteins and characterized the
secreted proteins from the extracellular medium of three Med-
icago cell suspension cultures. These included M. truncatula 2HA,
M. truncatula sickle, and M. sativa cell lines. The authors sug-
gest that cell suspension cultures provide an effective method to
obtain representative apoplastic proteins without damaging the
plant and potentially little or no sample contamination with cyto-
plasmic proteins. The M. truncatula cell culture secretome was
isolated using a two-step centrifugation process. A total of 26 pro-
teins were identified in the cultures derived from M. truncatula
using SDS-PAGE and MALDI-TOF/TOF MS. Among the identi-
fied proteins, three secreted proteases including a subtilisin-like
serine protease, aspartyl protease, and a serine carboxypeptidase
were identified and detected only in M. truncatula cell cultures
and not in the other Medicago cell cultures. Twelve putative
defense response proteins including four chitinases, a peroxidase,
three thaumatin-like PR5 proteins, PR1a, PR4a, and a prehevein-
like protein were also identified from M. truncatula secretome.
The authors conclude that all the identified cell culture secreted
proteins are part of the classical or non-classical secretion path-
ways and have not been reported in other M. truncatula tissues.
Therefore, they further conclude that cell culture secreted pro-
teins are a good approximation of the appoplastic proteins of
Medicago spp.

Plant membranes are key in maintaining homeostasis and in
the transport/storage of cellular materials. They are also impor-
tant in the perception and transduction of signals that enable
effective communication with the cell’s surroundings. Valot et al.
(2004) reported on the total root microsomal proteome from M.
truncatula due to the importance of this model legume in study-
ing plant–microbe interactions; especially symbiosis. Microsomal
proteins were separated using 2-DE, and three different extraction
methods were compared for preparing microsomal proteins. The
extraction methods were based on phenol, acetone, and a chlo-
roform/methanol mixture. A total of 440 microsomal proteins
were visualized using analytical, silver stained 2-DE. Ninety-six
proteins from 115 Coomassie stained micropreparative 2-DE pro-
tein spots were identified following in-gel digestion, MALDI-TOF
MS peptide mass fingerprinting, and M. truncatula clustered EST
database searches. This search method led to an increase in the per-
centage of successfully identified proteins to 83%. The Valot et al.
(2004) report provided early methods for M. truncatula mem-
brane proteomics and a catalog of membrane proteins useful to
future studies of these important cellular components.

Lefebvre et al. (2007) investigated the role of lipid rafts from
plasma membranes of M. truncatula and provided an extensive
analysis of their structure, lipid composition, and protein con-
tent. In the process, the authors identified 270 proteins associated
with M. truncatula lipid rafts. The contamination of the plasma
membranes was evaluated through the measurement of azide-
sensitive ATPase activity for mitochondria and nitrate-sensitive
ATPase for tonoplasts. The major proteins found were related to
signaling, transport proteins, redox proteins, cytoskeleton, traf-
ficking, and protein stability. The authors conclude that the lipid

rafts contain a complete plasma membrane redox system impor-
tant for stress mediation and defense, and contain a large number
of receptor-like protein kinases (RLKs) that re-enforce the hypoth-
esis that plant lipid rafts are part of the signaling network similar to
animals.

The sub-cellular proteomes of membrane-associated protein
modifications in response to arbuscular mycorrhizal (AM) sym-
biosis have also been studied (Valot et al., 2005). This early study
focused on the identification of AM fungal proteins in planta.
Total membrane fractions were obtained by differential centrifuga-
tion. Membrane proteins were then extracted with a cold mixture
of chloroform/methanol (6/3, v/v). Membrane proteins were
extracted from AM fungal (Glomus intraradices) inoculated or
non-inoculated M. truncatula roots. Thirty-six 2-DE protein spots
were differently accumulated where 15 proteins were induced,
three were up-regulated, and 18 were down-regulated compared
to 2-DE protein spots from non-inoculated roots. Among them,
25 spots were identified with MALDI-TOF MS peptide mass
fingerprinting. Most of the identified proteins had not been
associated with AM symbiosis previously via proteomics, tran-
scriptomics, nor or suppressive subtractive hybridization which
illustrated the potential of direct proteomics. Nineteen of the 25
mycorrhiza-responsive proteins were found to be not regulated
by phosphate supply further suggesting that these proteins could
serve as markers for AM symbiosis.

Valot et al. (2006) followed with another report focused upon
the study of periarbuscular membrane composition which iden-
tified 78 proteins from enriched membrane fractions obtained
using a discontinuous sucrose gradient method. Marker enzymes
for the plant cell membranes were assayed using K+, Mg2+-ATPase
sensitivity assays. Pyrophosphatase, inosine diphosphatase, nicoti-
namide adenine dinucleotide (NADH)-cytochrome c reductase
insensitive to antimycin A and cytochrome c oxidase were used
for markers for tonoplast, golgi, endoplasmic reticulum, and
mitochondria respectively. In this study, the authors used two-
dimensional LC-MS/MS or gelC-LC-MS/MS for protein separa-
tion and identification as opposed to the 2-DE method used in
their earlier report which allowed for the identification of a larger
number of proteins (Valot et al., 2005). Comparison between
G. intraradices inoculated and uninoculated membrane fractions
revealed two differentially accumulated proteins; i.e., H+-ATPase
(Mtha1) and a predicted glycosylphosphatidylinositol-anchored
blue copper-binding protein (MtBcp1). The role of these proteins
in AM symbiosis remains to be investigated.

Symbiosome membrane proteins from M. truncatula and the
corresponding Rhizobia bacterium Sinorhizobium meliloti were
investigated using 2-DE and LC-MS/MS (Catalano et al., 2004).
Symbiosome membranes derived from the plant plasma mem-
brane encircle Rhizobia in infected root nodule cells. See Figure 1.
This membrane is important for biological nitrogen fixation.
Proteins in the symbiosome membrane are critical for trans-
port, energy, metabolic processes, nodule formation, signaling,
pathogen response, and protein destination. Symbiosomes were
isolated from M. truncatula root nodules using differential cen-
trifugation. Western blot analyses were used to evaluate the
fraction purity by comparison of protein distributions between
2-DE of symbiosome membrane and other symbiosome fractions.
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Fifty-one proteins, mostly associated with protein destination and
storage, were identified from the symbiosome membrane. Twenty-
eight plant symbiosome proteins were functionally classified into
energy and transport, protein destination, nodule-specific, and
unclassified categories. The proteomics results provide a better
defined biochemical composition of the symbiosome membrane
and serve as a hypothesis generating dataset to better understand
the mechanism of plant–rhizobia symbiosis.

Larrainzar et al. (2007) characterized the proteome of M. trun-
catula root nodules in response to drought stress. Proteins from
nodules of M. truncatula in symbiosis with S. meliloti were
profiled using fast protein liquid chromatography (FPLC) and
two-dimensional LC-MS/MS. Western blot analyses were per-
formed using antibodies against NifDK as a marker for bacteroid
contamination. A quantitative analysis of plant and bacteroid
responses to drought stress was also performed using one-
dimensional-LC-MS/MS. The larger identified functional protein
classes were involved in protein synthesis and degradation, amino
acid metabolism, and glycolytic pathway and TCA cycle. The
other functional groups comprised proteins involved in redox state
control, defense against biotic and abiotic stress, and signaling
processes in nitrogen-fixing nodules. In the quantitative study, the
authors found the relative content of five nodule proteins such as
Met synthase, SuSy, Asn synthetase (AS), Lb, and the transcrip-
tional eukaryotic elongation factor-2 (eEF-2) decreased following
water deficit compared to those from control nodules. The data
confirm the role of SuSy and identified four new enzymes involved
in drought stress.

Daher et al. (2010) studied the root plastid proteome using
nano LC-MS/MS and identified 266 protein candidates which have
a role in nucleic acid-related processes, carbohydrate, and nitro-
gen/sulfur metabolisms, and stress response mechanisms. A major
challenge to root plastid proteomics was the isolation of the col-
orless, low abundant, heterogeneous, and fragile organelles which
was ultimately achieved using a differential centrifugation method
originally developed for pea (Pisum sativum). Another challenge
was the identification of a whole set of proteins with diverse chem-
ical properties. The structures of non-photosynthetic plastids are
important because they are associated with nitrogen-assimilation,
starch, and lipid synthesis. Plastids are also involved in connecting
individual organelles during symbiotic nitrogen fixation. In this
article, the authors provide an impressive comparison of the M.
truncatula root plastid proteome relative to the proteomes of amy-
loplasts, chloroplasts, and proplastids. The authors conclude that
the functional distribution of the M. truncatula root plastids pro-
teome mainly resemble that of wheat endosperm amyloplasts and
tobacco proplastids, but are markedly different from chloroplasts.

CONCLUSION
Sub-cellular proteomics, the analysis of proteins purified from
a cell compartment, has emerged as a promising method to

better understand the spatial segregation of cellular processes
and organelle function. A growing number of studies of plant
proteomics have been reported on elucidating the protein func-
tions and dynamics of plant sub-cellular compartments. Although
more extensive sub-cellular proteomics literature exists for Ara-
bidopsis and rice, research using M. truncatula as a model system
is increasing with the bulk of these efforts focused upon plant–
microbe interactions and symbiosis. The current M. truncatula
sub-cellular proteomics literature reveals nuclear proteome con-
tains specific proteins involved in signaling and gene regulation;
whereas the mitochondrial and chloroplast proteomes revealed
protein fractions implicated in energy production, either in elec-
tron transport or in ATP production. Additional studies on the
apoplast or secreted proteomes revealed predominantly defense
related and cell wall modifying proteins. Substantial effort has
also been focused on M. truncatula membranes during mutu-
alism with AM symbiosis and many of the identified proteins
had not been associated with AM symbiosis previously thereby
providing additional compositional information relative to this
important plant–fungal interaction. Legumes are unique in their
ability to form unique symbiotic relationships with soil rhizo-
bia in the fixation of nitrogen. Identified proteins in the M.
truncatula rhizobia symbiosome membranes are critical for trans-
port, energy, metabolic processes, nodule formation, signaling,
pathogen response, and protein destination. These results provide
novel insight into the exchange of nutrients and plant–rhizobia
communication.

Overall the number of M. truncatula sub-cellular identified
proteins is still quite modest relative to the number of proteins
expected to be present and relative to other plant species such
as Arabidopsis and rice. More comprehensive sub-cellular pro-
teomics analyses; especially related to symbiosis, are expected
to be even more informative. The accurate characterization of
the proteome in different sub-cellular locations also remains a
challenging task dependent on the successful isolation of purified
organelles. The extent of error associated with the interpretation of
protein sub-cellular localization is often due to inevitable contam-
ination from other sub-cellular components. Accurate methods to
detect and quantify proteins in mixtures are necessary to assess
the purity of sub-cellular purification. Although the analysis of
marker enzymes based on organelle specific antibodies and the
microscopic detection of sub-organelle fractions are still useful
to determine the purity, the accuracy is low and varies consid-
erably. However, the combination of 2-DE profiling, MS-based
measurements, and the use of genomic data can be useful for
comparing protein identities and abundances among samples.
In addition to developments in sub-cellular isolation methods,
advances in bioinformatics are still needed to enable large-scale
comparison and correlation of large datasets from various sub-
cellular proteomics studies to better describe complex biological
system.
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The plant secretome refers to the set of proteins secreted out of the plant cell into the
surrounding extracellular space commonly referred to as the apoplast. Secreted proteins
maintain cell structure and acts in signaling and are crucial for stress responses where they
can interact with pathogen effectors and control the extracellular environment. Typically,
secreted proteins contain an N-terminal signal peptide and are directed through the
endoplasmic reticulum/Golgi pathway. However, in plants many proteins found in the
secretome lack such a signature and might follow alternative ways of secretion. This
review covers techniques to isolate plant secretomes and how to identify and quantify
their constituent proteins. Furthermore, bioinformatical tools to predict secretion signals
and define the putative secretome are presented. Findings from proteomic studies and
important protein families of plant secretomes, such as proteases and hydrolases, are
highlighted.
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INTRODUCTION
In plant cells, many proteins undergo secretion or exocytosis to
the extracellular space (ECS) in order to maintain cell structure,
regulate the external environment and as a part of signaling and
defense mechanisms. The ECS is composed by the cell wall and
space between these and contains what is often referred to as the
apoplastic fluid (APF). The protein composition of the phloem
and xylem are not considered in this review.

The word secretome was first used in association with proteins
secreted from bacteria (Tjalsma et al., 2000). In plants, there has
been an ongoing discussion on how to define secretomics. Agrawal
et al. (2010) described it as “the global study of secreted proteins
into the ECS by a cell, tissue, organ or organism at any given time
and conditions through known and unknown secretory mechanisms
involving constitutive and regulated secretory organelles.” This is a
useful definition even though it should be noted that until now few
studies have identified more than 100 proteins and thus cannot be
considered to give a “global” view of the secretome.

In “classical” or “conventional” protein secretion, a mechanism
highly conserved in eukaryotes, proteins containing a signal pep-
tide are transported via the Golgi apparatus. In the Arabidopsis
genome, 18% of proteins are predicted to be secreted (the Ara-
bidopsis Genome Initiative, 2000), but recurrently between 40
and 70% of the proteins identified in secretome studies lack a
signal peptide, and thus putatively belong to the class of leader-
less secreted proteins (LSPs), even though possible contamination
of proteins from other cell compartments is a concern (discussed
below).

In spite of the fact that commonly the majority of identified
secretome proteins lack signal peptides, unconventional protein
secretion (UPS) has been little studied in plants, as pointed out in
a recent review by Ding et al. (2012). UPS can be divided into two
major classes: proteins are either transported in a non-vesicular
mode where they pass directly from the cytosol through the

plasma membrane or by various vesicular modes with membrane-
bounded structures fusing with the plasma membrane before
release in the ECS. Recently, a plant-specific compartment named
EXPO (exocyst-positive organelle), which appears to mediate UPS
without proteins passing the Golgi apparatus, trans-Golgi net-
work, or multi-vascular body, was discovered (Wang et al., 2010).

ISOLATION AND IDENTIFICATION OF SECRETOME PROTEINS
Until the last 3–4 years suspension-cultured cells (SSCs) were the
preferred choice for preparation of secretome samples and so far
around half of the published studies have been conducted with
SSC. Advantages over material derived in planta are that cell leak-
age can be readily estimated by determining the number of dead
cells and that the separation of the secretome from intact cells by
filtration and/or centrifugation is easier. Still, the general trend is
that recent studies are carried out in planta, and there are good
reasons for this switch since SSC does not provide a natural envi-
ronment for the cells and physiologically relevant treatments are
difficult to apply. Furthermore, it is possible to derive organ- and
developmental-specific secretomes using plant material. Jung et al.
(2008) reported on a striking difference in rice secretome proteins
depending on whether in planta or SSC material were used with
an overlap of only 6 spots out of 222 after resolution by two-
dimensional gel electrophoresis (2D-PAGE) and a difference in
the levels of identified proteins with predicted signal peptides of
27 and 76%, respectively, between the two systems. Both secre-
tomes showed low level of contamination as determined by a
malate dehydrogenase activity. This indicates that there are large
differences in the protein populations derived in planta and from
SSC and that the secretion mechanisms might be fundamentally
different.

When preparing secretomes from intact plant organs cau-
tion must be taken to minimize cell breakage and leakage.
Non-destructive methods are less likely to give rise to cytosolic
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contamination. The most common method, vacuum infiltration-
centrifugation, has been practiced for about 50 years (Klement,
1965). Whereas pH of the infiltration buffer affects the metabolic
composition, osmolarity and incubation time have little effect on
the eluate (Lohaus et al., 2001). Due to differences in sample infil-
trability adjustment depending on species may be necessary, e.g.,
Nouchi et al. (2012) recently suggested a rice-specific method. For
potato leaves we first thoroughly rinse the leaves with a buffer to
reduce leaf surface tension and facilitate the vacuum infiltration
which is repeated once. After infiltration the leaf surfaces should
quickly be dried not to dilute samples. Thereafter carefully rolled
leaves are transferred to 15 mL Falcon tubes with a washer at the
bottom to avoid immersion of leaves into the collected APF (Ali
et al., 2012; Figure 1). The centrifugation force should not exceed
1000g in order to avoid cell breakage (Terry and Bonner, 1980). In
general, there is a noticeable lack of studies comparing the effect
of different procedures, e.g., buffer concentrations, for secretome
isolation.

An alternative, the gravity extraction method (GEM), has been
proposed, but it has so far only been used in one study (Jung et al.,
2008). In this method, the vacuum infiltration step is omitted and
the APF is collected directly to decrease cell damage and solubi-
lization of membrane proteins. After sap isolation it is necessary
to add a cetyltrimethylammonium bromide (CTAB) precipita-
tion step to remove interfering compounds such as carbohydrates.
Various methodological adaptations might be necessary for effi-
cient secretome preparation, e.g., a water-displacement method
was developed to obtain apoplast fluid from stem tissue in poplar
(Pechanova et al., 2010).

PURITY ASSESSMENT
Enzyme activity, immunoblotting and microscopy have been used
to assess the purity of secretome fractions, e.g., by comparison
to the microsomal fraction. Especially in planta studies require
more stringent assessment of purity to ensure secretome frac-
tions with little intracellular contamination. To estimate cytosolic
contamination, enzyme activities of glucose-6-phosphate dehy-
drogenase, catalase and malate dehydrogenase are commonly
measured. Based on malate dehydrogenase activity 1–3% of con-
tamination is usually seen, but up to 10% has been reported (Song
et al., 2011). In destructive methods, where the cell-wall fraction
is isolated, determining the putative contamination by the plasma
membrane is also necessary, e.g., by measuring H-ATPase activ-
ity (Pandey et al., 2010; Bhushan et al., 2011). Antibodies against
malate dehydrogenase and RuBisCo are also frequently used to
determine the contamination level (Pechanova et al., 2010; Gupta
et al., 2011). It can be necessary to estimate levels of membrane
damage caused by the test condition itself, and for this purpose
electrolyte leakage and concentration of malondialdehyde, which
is a breakdown product of membrane lipid peroxidation, have
been measured (Zhou et al., 2011). In plant–pathogen interac-
tion studies, it should be remembered that cell leakage can be
caused by direct damage of hyphae or cell wall maceration, and
thus be a result of the biological system itself rather than the iso-
lation procedure. Likewise, plant developmental processes, such
as programmed cell death during xylem formation, can release
non-secretary cytosolic proteins into the apoplast.

FIGURE 1 | Outline of secretome preparation in potato leaves. The
leaves are washed in a beaker by gentle swirling in a solution of 1%
Tween-20 and thereafter dried quickly. Up to five potato leaves can be
processed at the same time. They are then placed in petri dishes containing
150 mM sodium phosphate pH 7 and 50 mM sodium chloride and covered
with a metal grid to ensure that they are completely immersed. Vacuum is
applied for two rounds of 5 min each, with the pressure being allowed to
return to atmospheric in between. The leaves are then removed, gently
dried with tissue paper, placed in tubes containing protease inhibitor and
centrifuged for 1000g at 4◦C. It is vital to roll the leaves gently, preferably
several together, when placing them in the tubes to minimize cell breakage
and subsequent contamination. A metal washer in the tube separates the
extracted secretome from the leaves.
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By estimating enrichment or depletion of peptides of a set of
marker proteins, quantitative proteomics can be a good method
to determine the level of contamination. Due to its sensitiv-
ity, selected reaction monitoring mass spectrometry (SRM-MS),
discussed below, is particularly promising.

PROTEOMIC ANALYSES
In plant secretome analysis mainly 2D-polyacrylamide gel elec-
trophoresis (PAGE), but also 1D sodium dodecyl sulfate (SDS)-
PAGE, have been used (e.g., Gupta et al., 2011; Ali et al., 2012).
2D-PAGE is a well-established and relatively inexpensive method.
While transmembrane, highly hydrophobic and very large proteins
can be difficult to analyze using 2D-PAGE, apoplast proteins do
not generally belong to these categories. Furthermore, 2D-PAGE
separation is based on the properties of the intact proteins and
splicing and post-translational modifications (PTMs) will affect
migration, something that is not always desirable. Finally, multi-
ple proteins are often identified from the same 2D-gel spot, making
unambiguous identification difficult.

More recently, high-performance liquid chromatography
(HPLC)-based methods, where tryptic peptide digests rather than
proteins are analyzed, permit simultaneous identification of larger
number of proteins. The proteins can be digested directly or pre-
fractionated, e.g., on 1D-SDS-PAGE. Consequently, HPLC-based
methods are useful for the analysis of hydrophobic proteins diffi-
cult to retain in solution during 2D-PAGE and for small proteins
such as the proteolytic fragments commonly found in the protease-
rich apoplast. However, these methods sometimes require more
complicated sample preparation and data processing, and since
analysis is done for individual peptides splice variants and PTMs
may remain unrecognized.

In the HPLC-based methods, peptides can be quantified either
by isotopic labeling or by label-free methods (Schulze and Usadel,
2010; Neilson et al., 2011; Yao, 2011). Isobaric tags for relative and
absolute quantitation (iTRAQ) was used by Kaffarnik et al. (2009)
to analyze secretome of Arabidopsis SSC challenged with Pseu-
domonas. In the label-free methods, quantitative data is obtained
by analyzing the intensity of the mass spectrometrical signal from
a peptide, or by counting the number of times it is identified
(spectral counting). The label-free methods are simpler in terms
of sample preparation and the number of comparisons you can
make is not limited, but analysis can be more computationally
challenging.

In SRM-MS, the eluate from an HPLC column is monitored to
detect selected peptides enabling high dynamic range (Anderson
and Hunter, 2006; Kitteringham et al., 2009). When combined
with isotopically labeled internal standard peptides this method
allows for sensitive absolute quantification. However, it will only
measure peptides from a pre-selected set.

In plant–pathogen interactions identification of secreted pro-
teins from more than one organism is expected. Still, very
few pathogen proteins have been identified in interaction stud-
ies. Nevertheless, since proteins from the interacting organism
can be expected to be a minority, precautions should be taken
to avoid false positive hits from host peptides when match-
ing pathogen peptides. In our experience, the use of a com-
bined plant–pathogen protein database extended with a random

sequence database for false discovery rate determination is a good
approach.

Pathogens and other sources of stress result in a powerful
oxidative burst in the secretome. Protein oxidation is known
to affect both stability and enzymatical activity (Sweetlove and
Moller, 2009) and oxidation proteomics is a field in rapid devel-
opment. Oxidation products can be identified in global analyses
by searching for peptides with oxidized amino acids, or by
enrichment-based approaches, e.g., enrichment of carbonylated
(Madian and Regnier, 2010) or nitrosylated peptides (Lindermayr
et al., 2005). Since oxidative modifications can be quite labile,
sample preparation should be optimized to minimize changes in
oxidation state (Hawkins et al., 2009). Depending on the possible
enrichment strategies, buffer composition should be considered
during experimental design, e.g., when isolating modified cysteine
residues (Lindermayr et al., 2005). A proteomic investigation of
oxidation in the secretome is still lacking but could yield interesting
knowledge regarding targets and extent of the oxidative burst.

BIOINFORMATICAL TOOLS AND DATABASES
For in vitro prediction of signal peptides SignalP (Petersen et al.,
2011) has been widely used. SecretomeP is a prediction method
trained on sequence features outside of the signaling peptide of
secreted proteins (Bendtsen et al., 2004). It is based on mammalian
and bacterial proteins, but interestingly, 60% of the LSPs identified
in Arabidopsis SSC were predicted to be secreted by SecretomeP
(Cheng et al., 2009). New tools are emerging and, e.g., LocTree2 has
high prediction success especially for secreted proteins (Goldberg
et al., 2012).

In the SUBA3 database 471 Arabidopsis proteins are registered
as “extracellular” based on MS/MS identification (Heazlewood
et al., 2007). Little less than half of these have been reported exclu-
sively in the “extracellular” compartment and less than 10% are
not predicted by TargetP to be extracellular proteins. Lum and
Min (2011b) identified 1704 plant proteins annotated as secreted
in the manually curated UniProt database. Using three prediction
tools 97.5% were identified to carry a signal peptide. A database for
secreted plant proteins, PlantSecKB, is currently being established
(Lum and Min, 2011a).

BIOLOGICAL FINDINGS
For plant secretome studies published before 2010 we mainly refer
to Agrawal et al.’s comprehensive review (Agrawal et al., 2010).
Since then more than a dozen studies have appeared (highlighted
below). Protein families commonly found in the secretome are
listed in Table 1. For a review on secretomes of oomycetes and
fungi we refer to Kamoun (2009).

Plant secretomes have been studied in natural conditions (e.g.,
Soares et al., 2007), in different cultivars (e.g., Konozy et al., 2012),
during nutritional deficiency (Tran and Plaxton, 2008), after hor-
mone treatment (e.g., Cheng et al., 2009), temperature change
(Gupta and Deswal, 2012), salt stress (Song et al., 2011), and
presence of pathogens and elicitors (e.g., Kim et al., 2009).

Martinez-Esteso et al. (2009) studied the grape secretome of
SSC in response to methylated cyclodextrins and methyl jas-
monate (MeJA) and could show that the expression levels of
peroxidases, pathogenesis-related (PR) proteins, SGNH plant
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Table 1 | Proteins families commonly found in the secretome. Protein family name is given together with PLAZA2.5 gene family identifiers and

number of members in Arabidopsis and rice (spp. japonica) according to PLAZA2.5.

Protein family PLAZA2.5 gene

family identifier

Number identified

in A. thaliana

Number in rice

(spp. japonica)

Subtilase-related (e.g., P69 protein, proteinase inhibitor I9, serine proteases) HOM000020 69 77

Eukaryotic aspartyl protease HOM000037 58 102

Serine carboxypeptidase HOM000054 54 60

Cysteine protease inhibitor (serpins) HOM000290 13 20

Pectin methylesterase inhibitor/ Pectin lyase-like HOM000034 70 47

Kunitz-type trypsin and protease inhibitor HOM000489 4 3

Glycosyl hydrolases family 17 (e.g., PR2) HOM000021 95 86

Glycosyl hydrolases family 31 HOM000508 5 6

Chitinase family (Glycoside hydrolase, family 19, PR3) HOM000272 14 18

Cysteine-rich secretory protein family (e.g., PR1) HOM000169 23 40

Thaumatin family (e.g., PR5) HOM000107 22 36

Pectinacetylesterase HOM000436 12 10

RmlC- and germin-like cupins HOM000084 33 42

Peroxidases class III HOM000453 7 10

xyloglucan endotransglucosylase/hydrolase HOM000089 33 30

lipase-like, xyloglucan endotransglycosylase and subtilisin-like
protease were affected. In a similar study, application of elicitors
MeJA and cyclodextrins also led to the identification of chitinases
and other PR proteins in tomato SSC (Briceno et al., 2012).

Gupta et al. (2011) characterized the secretome from SSC of the
legume chickpea and identified over 700 proteins by combining
1D SDS-PAGE and HPLC-MS/MS. By comparing the secretome
based on sequence homology to previously published Arabidopsis,
Medicago, and rice data the authors could show a large degree of
species-specificity in secreted proteins hinting at differences in the
apoplast composition between species and monocots and dicots,
something that needs further investigation. Cultivar-specific secre-
tome composition also exists and in the fruit pericarp of three
tomato cultivars the percentage of proteins with signal peptides
varied with 50–70% (Konozy et al., 2012).

Even if only a few proteins were identified, differences in the
effects on exocytosis and protein transport were observed in an
elegant experiment using transient over-expression of different
SNAREs in tobacco protoplasts (Ul-Rehman et al., 2011)

Several studies have targeted the rhizosphere. Over 100 secreted
proteins were identified from rice roots grown in an aseptic hydro-
culture (Shinano et al., 2011). These proteins are believed to play
an important role in the rhizosphere and a relatively high number
(54%) had predicted signal peptides. Ma et al. (2010) collected
proteins secreted in the mucilage of primary maize roots. Using a
combination of 1D SDS-PAGE and HPLC-MS/MS, the presence
of 2848 proteins were reported, which is over 50 times more com-
pared to earlier quantitative studies of root mucilage based on
2D-PAGE or MudPIT (Basu et al., 2006; Wen et al., 2007).

The effects in the secretome of rice seedlings were studied
under oxidative stress caused by 0.3 and 0.6 mM of hydrogen
peroxide (H2O2). Of the 54 proteins identified, around half of the

responsive proteins were involved in carbohydrate metabolism,
with redox homeostasis as the second largest group (Zhou et al.,
2011). The typical stress response marker PR1a was also up-
regulated. In rice leaves more than 100 identified proteins were
shown to be affected by drought stress in a time series spanning
over 8 days (Pandey et al., 2010). Similarly to this study, Song
et al. (2011) studied the effect of salt stress in rice during a 12 h
time course and found 64 proteins with changed abundance. In
both studies, proteins related to carbohydrate metabolism were
the largest group of proteins with changed abundance.

Gupta and Deswal (2012) explored the secretome of seabuck-
thorn after low-temperature treatment and identified thaumatin-
like protein and chitinase as putative antifreeze proteins.
Pechanova et al. (2010) collected secretome samples and measured
gene expression by microarrays from poplar growing in a riverine
ecosystem exposed to multiple stresses. The composition of the
secretome showed clear specificity depending on the tissue and
type of stress response.

In plant interaction studies, Goulet et al. (2010) found around
90 proteins, two of which were bacterial, in the leaf apoplast
of Nicotiana benthamiana infected by the bacterial gene vec-
tor Agrobacterium tumefaciens. PR proteins were found to be
the most abundant proteins in the isolated fraction, and sev-
eral increased greatly upon infection. Floerl et al. (2012) identified
seven proteins, several of which were peroxidases, with changed
abundance in the leaf secretome of Arabidopsis infected by the soil-
borne fungal pathogen Verticillium longisporum. Shenton et al.
(2012) used virulent and avirulent Magnaporthe oryzae strains
to compare compatible and incompatible interactions in rice in
early and late infection. A number of DUF26 domain-containing
proteins increased in the compatible interaction already at 12 h. In
the incompatible reaction several PR proteins were accumulated.
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Interestingly, one M. oryzae protein, a cyclophilin, was identified
and that only in the compatible interaction. The authors reduced
the detergent concentration in the vacuum infiltration buffer to
compensate for Tween-20 used for the Magnaporthe inoculation.

CONCLUSIONS AND FUTURE PERSPECTIVES
To date, over 30 secretome studies in more than 10 plant species
have shown that hundreds of proteins are secreted into the
apoplast. The relatively simple procedure to isolate secretome sam-
ples together with the fact that it constitutes the interface between
the plant cell and its environment makes it an excellent frac-
tion for identification of biomarkers for signal and stress cues,
and highly suitable for monitoring biotic interactions. Secretome
studies have firmly established the presence of a substantial level
of secreted proteins lacking signal peptides and indicated a large
degree of plant species specificity in the composition of secreted
proteins. A transition from SSC to in planta systems have taken
place, but comparative organ-specific studies are still lacking and
little is known about the changes in the secretome during plant
developmental stages, which are known to affect both metabolism,
signaling pathways and resistance levels. Finally, no global study

has been done of glycosylation of secreted proteins and little is
known of PTMs, such as oxidation, in this fraction. To identify
putative effector targets in the secretome, reliable quantitative
proteomics will be crucial, since a down-regulation of a pro-
tein upon pathogen attack might indicate regulation by pathogen
effectors.

Recent technical advances such as improved databases, e.g.,
based on RNA-seq data, and increased sensitivity of mass spec-
trometers will aid in the identification of specific isoforms. The
regulation of single gene family members important in ecological
and agricultural systems can now be dissected even in non-model
species. Furthermore, the high through-put of SRM-MS will
enable processing of large sample numbers, e.g., by so called eco-
proteomics in field-grown material exposed to complex, natural
environments, and influenced by multiple organisms. Overall, we
are closer than ever to global analyses of plant secretomes similar
to what we have seen for some prokaryotes.
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