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FIGURE 6 | Comparison of RPS6 amino acid sequences. Arabidopsis RPS6s (AtRPS6A, At4g31700.1, and AtRPS6B, At5g10360.1), Nicotiana tabacum RPS6
(NtRPS6, P29345.2), Zea mays RPS6s (ZmRPS6-1, NP_001105544.1 and ZmRPS6-2, NP_001105634.1), Homo sapiens RPS6 (HsRPS6, NP_001001.2), Mus
musculus RPS6 (MmRPS6, NP_033122.1), Drosophila melanogaster RPS6s (DmRPS6A, NP_727213.1 and DmRPS6B, NP_511073.1) and Saccharomyces
cerevisiae RPS6 (ScRPS6, NP_015235.1) protein sequences were aligned by T-Coffee (http://tcoffee.crg.cat). The level of conservation is represented by a color
code in which the most conserved residues are in black, those with intermediate conservation are gray and the least conserved are in white. RPS6 peptides
identified in Arabidopsis by the proteomic analysis are represented by lines over the corresponding amino acid sequences (black for the peptides common to the
two isoforms and gray for peptides specific to one isoform). An asterisk shows the conserved phosphorylated Ser240 residue.

proteins in the TOR RNAi lines when treated with ethanol for
10 days.

To confirm this phosphoproteomic analysis, a phospho-
specific antibody was raised against a synthetic SRLpSSA
AAKPSVTA peptide in which only Ser240 was phosphorylated.

The obtained polyclonal antibody was purified against this
peptide and the eluted antibody fraction detected a single band
corresponding in size to RPS6 proteins (Supplementary Figure
S4A; Figure 7). Furthermore this antibody was found to be highly
specific for the phosphorylated SRLpSSAAAKPSVTA peptide,
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FIGURE 7 | Detection of RPS6 phosphorylation by Western blot assay. Total protein extracts obtained from seedlings were separated by SDS-PAGE and
blotted onto a membrane. After incubation with the phospho-specific antibody against RPS6 Ser240 (P-RPS6) or a monoclonal antibody against total mammalian
RPS6, blots were revealed by a secondary antibody linked to HRP activity and imaged with a CCD camera (see Materials and Methods for details and Supplementary
Figure S4). (A) AZD treatments inhibit Ser240 RPS6 phosphorylation. Six day-old seedlings were either mock or AZD treated for 24 h. NT, non-treated plants at time
0 and 24 h. (B) Sucrose treatment induces RPS6 phosphorylation. Six day-old seedlings were transferred to sugar-free medium for 24 h and then either mock
(0–24 h) or sucrose (0,5%) treated for 24 h. 0: plants before sucrose induction at time 0. (C) Silencing of TOR decreases RPS6 phosphorylation. The control (GUS) or
TOR RNAi lines were grown for 7 days and induced with 5% (v/v) ethanol (EtOH). Bottom panels show Ponceau Red staining of the membranes.

showing no reaction with the control non-phosphorylated
peptide in an ELISA test (Supplementary Figure S4B).

This antibody was used in an optimized Western blot
assay and the obtained signal was very strong even when
the antibody was diluted 1/5000. This band co-migrated with
the band decorated by a specific monoclonal antibody against
mammalian RPS6 (Figure 7) which was subsequently used
to quantify the amount of total RPS6 in protein extracts.
Both treating Arabidopsis seedlings with AZD-8055, a strong
and specific second generation TOR inhibitor (Montané and
Menand, 2013), or silencing the expression of TOR by a 7-day
ethanol treatment, resulted in a significant and dose-dependent
decrease in the signal obtained with the RPS6 phospho-specific
antibody, whereas the total amount of RPS6 protein only
decreased slightly (Figures 7A,C). Since this antibody is highly
specific for the phosphorylated RPS6 protein, this confirms
that there is a reproducible decrease in Ser240 phosphorylation

level following TOR inactivation. Accordingly it was previously
shown in animals that AZD inhibits TOR, and as a consequence
S6K activity and RPS6 phosphorylation (Chresta et al., 2010).
TOR and S6K were previously shown to be activated by sugars
like sucrose and glucose (Xiong et al., 2013). Consistently
RPS6 phosphorylation was augmented by the addition of
sucrose when supplied to sugar-starved Arabidopsis seedlings
(Figure 7B). Next we examined the kinetic of changes in RPS6
phosphorylation after either AZD-8055 or sucrose treatments
(Figure 8). As soon as 1 h after AZD addition, a significant
decrease in Ser240 phosphorylation was observed (Figure 8A).
For sucrose, an increase in phosphorylation was detected 2 h
after supply. However it is difficult at this stage to discriminate
between a direct signaling effect of sucrose and an indirect
consequence of sugar metabolism (Figure 8B). Altogether these
data suggest a strong positive correlation between the RPS6
phosphorylation level, as detected by this specific polyclonal
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FIGURE 8 | Kinetics of variations in RPS6 phosphorylation following AZD-8055 or sucrose addition. Total protein extracts obtained from seedlings were
separated by SDS-PAGE and blotted onto a membrane. After incubation with the phospho-specific antibody against RPS6 Ser240 (P-RPS6) blots were revealed by
a secondary antibody linked to HRP activity and imaged with a CCD camera. (A) Kinetics of the inhibition of RPS6 Ser240 phosphorylation by AZD 8055. Seven
day-old seedlings were either mock (DMSO) or AZD-8055 (2 µM) treated and then harvested at the indicated time. (B) Kinetics of the induction of RPS6 Ser240
phosphorylation by sucrose. Seven day-old seedlings were transferred in sugar-free medium for 24 h and then either mock (0) or sucrose (0.5%) treated. Seedlings
were harvested at the indicated time. Bottom panels show Ponceau Red staining of the membranes.

antibody, and TOR activity. Therefore, it seems that in plants,
like in animals and yeast, RPS6 phosphorylation can be used as
a robust and sensitive readout for TOR activity.

DISCUSSION

Several studies have investigated the impact of TOR inhibition
in Arabidopsis on transcript or metabolite levels (Deprost et al.,
2007; Moreau et al., 2012; Caldana et al., 2013; Xiong et al.,
2013; Dong et al., 2015) but hitherto the global proteome has not
been examined. In this paper, we investigated the expression of
ribosomal proteins and genes using transcriptome, translatome,
proteome and phosphoproteome analyses following silencing
of the TOR gene. Concerning the cytoplasmic ribosome, we
identified in our proteomic experiments 65 families of ribosomal
proteins, corresponding to 69 ribosomal protein isoforms
identified with at least two proteotypic peptides. Hummel et al.
(2015) identified 165 cRPs isoforms by LC-MS/MS after a tryptic
digestion. We were able to find more than one third of these
protein paralogs and only 16 families were not found in this
analysis. Seven of these 16 families cannot be identified by LC-
MS after a tryptic digestion mainly because of the small size of the
resulting peptides due to their high content in lysine and arginine.
Thus, only nine out of the 81 ribosomal protein families were
missing in our analysis (RPL22, RPL35a, RPL38, RPP3, RPS27,
RPS28, RPS29, RPS30, and RACK1). Moreover, this work has
been focusing solely on young seedlings while Hummel et al.
(2015) were also using rosettes in their analysis and some specific
paralogs may be expressed only in specific tissues or at some
specific developmental stages (Weijers et al., 2001; Sormani et al.,
2011). Since we performed our proteomic analyses using plants
silenced for TOR expression by a long ethanol treatment (3 and
10 days), our analysis of changes in protein abundance may reveal

steady-state long-term, and sometimes indirect, adaptation to a
decrease in TOR activity.

In plastids translation occurs on 70S bacterial-type ribosomes.
About half of the plastid small ribosome subunit (30S) proteins
and most of the large subunit (50S) proteins are encoded by
the nuclear genome (Yamaguchi and Subramanian, 2000). TOR
silencing (Deprost et al., 2007; Xiong and Sheen, 2012; Caldana
et al., 2013), inhibition by rapamycin (Sormani et al., 2007;
Ren et al., 2011) or by AZD-8055 (Montané and Menand,
2013; Li et al., 2015) as well as mutations affecting the
TORC1 complex (Moreau et al., 2012; Kravchenko et al., 2015)
consistently result in leaf chlorosis and yellowing. We show
here that TOR inhibition results in a coordinated decrease in
pRP expression, at the level of protein abundance but also
at the total and translated mRNA levels, which could explain
these chlorotic phenotypes (Figure 3). Whether this is the
result of a decreased synthesis or an increased degradation of
the chloroplast components by autophagy, which is induced
after TOR inactivation (Liu and Bassham, 2010), remains to be
determined. Interestingly the expression of nuclear genes coding
for cytosolic proteins was found to be mostly induced whereas
the level of proteins often decreased. The same trends were
observed in N-limited Chlamydomonas where the levels of pRPs
as well as their corresponding mRNAs decreased in response
to N starvation whereas only protein levels decreased for cRPs
(Schmollinger et al., 2014). The same effect of TOR inactivation
on the expression profile of the pRPs was confirmed by the
comparison with transcriptomic data obtained using estradiol-
inducible TOR RNAi line (Supplementary Figure S2) (Xiong
et al., 2013). Interestingly, nuclear genes coding for pRPs were
down-regulated in response to several abiotic or biotic stresses
suggesting that they may play an important role in the adaptation
to stresses (Supplementary Figure S2). These genes were also
repressed by ABA but strongly induced by the application of

Frontiers in Plant Science | www.frontiersin.org November 2016 | Volume 7 | Article 1611 | 19

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


fpls-07-01611 November 3, 2016 Time: 17:28 # 13

Dobrenel et al. TOR and the Plant Ribosome

brassinolide. This is consistent with the inhibitory effects of
ABA on the growth-promoting hormones like brassinosteroid
and with the role of TOR in brassinosteroid (Zhang et al.,
2009, 2016) and ABA signaling (Kravchenko et al., 2015; Li
et al., 2015), which could result in TOR inhibition. As reported
earlier by Pal et al. (2013) we found diverse and uncoordinated
responses to variations in sugar supply for nuclear genes coding
for pRPS while their expression was repressed by nitrogen
starvation as observed in Chlamydomonas (Schmollinger et al.,
2014). Altogether, these data suggest that nuclear genes coding
for the pRPs are controlled by TOR at multiple levels to
integrate environmental cues for the regulation of chloroplastic
translation.

In animals TOR is known to regulate the translation of TOP-
containing mRNAs (Hsieh et al., 2012; Thoreen et al., 2012;
Meyuhas and Kahan, 2015). This motif is particularly present in
the 5′ UTR of genes coding for ribosomal proteins or components
of the translation machinery (Meyuhas and Kahan, 2015). Using
a MEME analysis we did not detect any specific enrichment for
TOP motif in cRPs. The most abundant motif was related to
the telo-box (Figure 4A). This DNA motif is found in the 5′
regions, often close to the start codon, of nuclear genes coding
for both mitochondrial and cytosolic RPs, but not in the genes
encoding pRPs (Wang et al., 2011). Conversely, we found a highly
significant occurrence of a pyrimidine-rich motif in the 5′ UTR
of nuclear genes coding for pRPs. This motif is reminiscent of
TOP motifs (Figure 4A). A TOP-like motif was also previously
identified in mRNA coding for ribosomal proteins in maize
embryonic axes (Jiménez-López et al., 2011) but these motifs
are so far poorly described in plants. Canonical TOP motifs are
located at the start of the mRNA, which is not the case in our
analysis. Nevertheless, a previous study has demonstrated the
presence of several transcription start sites in genes coding for
pRPs (Lagrange et al., 1993). Interestingly for the plastidic RPL21
gene, the start site specifically used in leaves produced a mRNA
starting with a canonical TOP motif. The 5′ UTRs of cRP genes
which are less translated after TOR inactivation were enriched
in a motif that is strikingly similar to the PRTE motif found
within the 5′ UTRs of animal genes controlled by TOR at the
level of translation (Figures 4C,D) (Hsieh et al., 2012). It is thus
tempting to hypothesize that TOR has been recruited in plants to
regulate specifically in leaves the translation of nuclear mRNAs
coding for chloroplastic ribosomal proteins. It was previously
shown that translation of animal TOP-containing mRNAs can be
differentially regulated in vitro in a wheat germ extract (Shama
and Meyuhas, 1996) and that auxin stimulates S6 ribosomal
protein phosphorylation on maize ribosomes and the recruitment
of TOP-like mRNAs for translation (Beltrán-Peña et al., 2002).
Since TOR is also activated by auxin (Schepetilnikov et al., 2013)
these data suggest that plant mRNAs containing TOP-related
motifs could also be regulated in a TOR- and phosphorylated
S6-dependent manner.

Only phosphorylation of the RPS6 protein could be
identified in a reproducible manner in previous unbiased
phosphoproteomic analyses of the ribosomes performed in
eukaryotes (Huber et al., 2009; Hsu et al., 2011; Yu et al., 2011).
Nevertheless, despite a wealth of studies and several hypotheses,

the precise biological role of these conserved phosphorylation
events remains disputed and unclear. For example, expression
of human RPS6 containing alanine at all phosphorylated serine
residues did not modify the overall translation rate, even for
TOP mRNAs (Ruvinsky et al., 2005). Instead cell growth and
size as well as ribosome biogenesis were affected (Ruvinsky
et al., 2005; Chauvin et al., 2014). The same result was observed
in yeast expressing non-phoshorylatable RPS6 (Yerlikaya
et al., 2016). However, phosphorylation of the C-terminal Ser
residues of RPS6 has been used as a robust and recognized
readout for TOR activity in animals and yeast (Meyuhas, 2008,
2015; Yerlikaya et al., 2016). In this study, a decrease in RPS6
phosphorylation in response to TOR inactivation was observed
(Figures 5 and 7). The phosphoproteomic analysis identified a
C-terminal phosphorylation site in both the RPS6A and RPS6B
proteins that is TOR activity-dependent without unambiguously
determining which of the C-terminal serine residues is modified.
In Arabidopsis Ser237 was previously identified by MALDI-TOF
as being phosphorylated but the absence of fragmentation
in the C-terminal region hindered the precise localization of
the other modification sites by MS/MS analysis (Chang et al.,
2005). Several phosphoproteomic studies of the plant ribosome
have already shown the presence of a phosphorylation site in
the C-terminal peptide of the RPS6 and have suggested that
the Ser240 could be one of the modified residues together
with Ser229, 231, or 237 (Carroll et al., 2008; Turkina et al.,
2011; Boex-Fontvieille et al., 2013). A global phosphoproteome
analysis of Arabidopsis identified Ser237 and 240 as being
phosphorylated together with Ser247 and Thr249 (Reiland et al.,
2009). Ser240 is conserved in all plant RPS6 sequences whereas
Ser241 is missing in the maize and tobacco sequences (Figure 6).
Conversely Ser237 is found in all plant sequences but only
Ser240 can be aligned with one of the known phosphorylated
serine in the yeast (Ser232) or human (Ser235) RPS6 sequence
(Figure 6; Meyuhas, 2015). It is well known in yeast and animals
that TOR activity controls RPS6 phosphorylation through
activation of S6K (Wullschleger et al., 2006; Biever et al., 2015;
Meyuhas, 2015) and Mahfouz et al. (2006) have established that
TOR interacts with S6K through RAPTOR to activate RPS6
phosphorylation. Nevertheless it should be noted that S6K is
also activated by the 3-phosphoinositide-dependent protein
kinase 1 (PDK1) which operated after S6K phosphorylation by
TOR (Mahfouz et al., 2006; Otterhag et al., 2006). Interestingly
the SnRK1 kinase, which probably acts antagonistically to TOR
(Dobrenel et al., 2016), was recently shown to interact with and
phosphorylate RAPTOR in Arabidopsis (Nukarinen et al., 2016).
Moreover, a strong increase in RPS6 Ser240 phosphorylation
was also observed after SnRK1 inactivation. This is coherent
with the hypothesis that SnRK1 inhibits TOR activity, and
hence RPS6 phosphorylation, presumably through RAPTOR
phosphorylation (Nukarinen et al., 2016).

Western blot assays using the RPS6 Ser240 phospho-specific
antibody demonstrated that phosphorylation of this residue
decreased following TOR inactivation either by silencing or
by using a specific inhibitor (Figure 7). Therefore this assay
could be used as a TOR readout in plants. Previous assays for
TOR activity in plants were based on the detection of Thr449
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phosphorylation in S6K by commercial antibodies directed
against phosphorylated Thr389 in animal S6K. However, these
antibodies produce many non-specific bands in Western blot
assays (Schepetilnikov et al., 2011; Xiong and Sheen, 2012).
Moreover the abundance of plant S6K is low in plants whereas
RPS6 is present in large amounts.

Taken together these data show that the TOR-dependent
C-terminal RPS6 phosphorylation is conserved in plants like in
other eukaryotes. We have taken advantage of this conserved
phosphorylation to design a sensitive and specific assay to
monitor TOR activity in plants. The question that remains
open is the biological role of RPS6 phosphorylation. Structural
studies have shown that RPS6 is accessible to the solvent,
and hence to kinases, but the disordered C-terminal region
is unfortunately absent from the resolved ribosome structure
(Khatter et al., 2015). Nevertheless the charge modifications
produced by phosphorylation of RPS6 probably have important
biological roles either within the ribosome or for extra-ribosomal
functions of RPS6. Indeed it was recently reported that RPS6
affects ribosomal RNA production and interacts with the HD2B
histone deacetylase (Kim et al., 2014). More work is therefore
needed to elucidate the role of TOR in regulating translation or
development through the conserved RPS6 phosphorylation.
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The mRNA translation machinery directs protein production, and thus cell growth,
according to prevailing cellular and environmental conditions. The target of rapamycin
(TOR) signaling pathway—a major growth-related pathway—plays a pivotal role in
optimizing protein synthesis in mammals, while its deregulation triggers uncontrolled
cell proliferation and the development of severe diseases. In plants, several signaling
pathways sensitive to environmental changes, hormones, and pathogens have been
implicated in post-transcriptional control, and thus far phytohormones have attracted
most attention as TOR upstream regulators in plants. Recent data have suggested that
the coordinated actions of the phytohormone auxin, Rho-like small GTPases (ROPs)
from plants, and TOR signaling contribute to translation regulation of mRNAs that harbor
upstream open reading frames (uORFs) within their 5′-untranslated regions (5′-UTRs).
This review will summarize recent advances in translational regulation of a specific set of
uORF-containing mRNAs that encode regulatory proteins—transcription factors, protein
kinases and other cellular controllers—and how their control can impact plant growth
and development.

Keywords: target of rapamycin TOR, small GTPases ROPs, S6K1, endosomes, signal transduction, translation-
reinitiation

INTRODUCTION

Plant hormones (phytohormones) trigger complex growth and developmental processes. One
of the most important plant growth regulators is auxin (from the Greek “auxein” meaning
to enlarge/grow)—a small signaling molecule with great ability to induce growth responses
throughout the plant life cycle. The auxin signaling pathway modulates diverse aspects of plant
growth and development, such as responses to light and gravity, organ patterning, general root
and shoot architecture and vascular development. Auxin elicits responses—cell division and
expansion—depending on the cellular and developmental context in which it is perceived. The core
components of auxin signaling differ in their expression patterns due to transcriptional and post-
transcriptional regulation. Here, we review recent data describing auxin signaling in the cytoplasm
of plant cells, and how auxin perception leads to activation of target of rapamycin (TOR), which
promotes a protein synthesis pathway. In eukaryotes, TOR signaling is a key signaling pathway
connecting environmental signal perception to growth decisions. Thus, TOR is a sensor that up-
regulates cell growth and proliferation but also limits life span in yeast, mammals and plants.
A hypothetical scheme linking auxin and TOR signaling with the G-protein (guanine nucleotide-
binding proteins) family is described. This observation makes TOR an important part of the auxin
signaling pathway that up-regulates translation, and, thus, plant growth and development.
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It is clear that many environmental cues, such as nutrient
and energy availability, instruct phytohormones to control plant
growth, making it a very plastic process. We decided to travel
along the recently discovered pathway from auxin to TOR via a
small GTPase, ROP2, which ends by up-regulating production of
critical effector proteins using a post-transcriptional mechanism
via targeting of a specific translation initiation pathway:
reinitiation.

AUXIN PERCEPTION AND SIGNALING

Auxin distribution is highly regulated in plants. Local auxin
maxima and concentration gradients drive cell differentiation
and embryogenesis. Auxin patterns form dynamically in response
to environmental inputs (e.g., light and gravity). Thus auxin
signal is converted into context-dependent developmental
responses. Auxin perception is believed to be mediated by
receptors that physically bind auxin, allowing it to travel from
outside the cell into the cell cytoplasm, where it then initiates
signal transduction cascades that trigger specific physiological
auxin responses.

The best-characterized auxin pathway targets the nucleus
(Mockaitis and Estelle, 2008), whereas the cytoplasmic role of
auxin remains unexplored despite the existence of cytoplasmic
auxin networks in the ER and plasma membranes (PMs)
(Friml and Jones, 2010). The classical nuclear auxin signaling
pathway relies on a molecular mechanism of action via
auxin-dependent degradation of the transcriptional repressors
Aux/IAA, which leads to gene activation outputs depending
on the cellular spatio-temporal context. This degradation is
dependent on the ubiquitin ligase Skp1-Cullin-F-box (SCF)TIR1

protein complex, where the associated F-box protein TIR1
confers target specificity (Lavy and Estelle, 2016). In the
presence of auxin, the F-box protein TIR1 binds to Aux/IAA,
resulting in the ubiquitination and degradation of the latter
(Gray et al., 2001). By filling in a hydrophobic cavity at the
protein interface, auxin enhances TIR1–substrate interactions
by acting as a “molecular glue” (Tan et al., 2007). In this
context, F-box protein TIR1 is a true auxin receptor, mediating
transcriptional responses to auxin in plants (Dharmasiri et al.,
2005; Kepinski and Leyser, 2005). Each TIR receptor targets
specific Aux/IAA proteins for degradation (Parry et al., 2009),
thus switching on transcription of a multitude of genes,
including auxin response factors (ARFs). The ARF transcription
factors (23 members in Arabidopsis) contain DNA binding
domains and interact specifically with tandem repeats, known
as Auxin-Responsive Elements (AuxREs; Ulmasov et al., 1995,
1997a,b) that serve as either activators or repressors of
transcription. ARFs regulate a multitude of critical steps in
plant development by converting local auxin maxima into gene
expression responses. Several ARF genes confer developmental
phenotypes, and some possess interaction complexity and
functional overlap. One example is ETTIN/ARF3, which is
involved in establishment of organ polarity (Sessions et al., 1997;
Garcia et al., 2006; Marin et al., 2010; Kelley et al., 2012).
Recent data suggest the existence of a non-canonical direct

auxin effect on ETTIN without the ubiquitination and Aux/IAA-
mediated degradation steps (Simonini et al., 2016), thus raising
the question of whether alternative auxin pathways can exist.
Another well-studied example of a transcription-activating ARF
is MONOPTEROS/ARF5 (MP). Defects in MP result in aberrant
seedling morphology, often with a single cotyledon and a
loss of basal structures (Hardtke and Berleth, 1998). Current
data indicate that ARF protein levels are regulated post-
transcriptionally (Nishimura et al., 2005; Leyser, 2006; Zhou et al.,
2010).

Auxin Binding Protein 1 (ABP1), which displays high affinity
to chlorinated auxins (Reinard et al., 1998; Napier et al., 2002),
was characterized as an auxin receptor and implicated in many
aspects of growth and development, particularly mediating the
fast, non-genomic effects of auxin (for a review, see Chen and
Yang, 2014). Specifically, ABP1 was implicated in rapid cell
surface-located auxin signaling as a sensor of cytosolic pH and
K+ flux (Thiel et al., 1993; Gehring et al., 1998). Although
ABP1 is a soluble auxin receptor, its partnering with membrane
associated-receptor-like kinase TMK (transmembrane kinase)
was proposed for perception of auxin and its travel to the
cytoplasm (Xu et al., 2014). In 2015, however, several publications
raised significant concerns about the role of ABP1 in both auxin
signaling and Arabidopsis development (Gao et al., 2015; Strader
and Zhao, 2016).

Since auxin efflux carriers bind auxin and promote its
polar active transport (PAT) from cell to cell, it was suggested
that the PIN-FORMED (PIN) family of auxin efflux carriers
could be considered as auxin receptors (Hertel, 1995). PINs
orchestrate polar cell-to-cell auxin transport via asymmetric
subcellular concentrations. Moreover, PINs were implicated in
the formation of auxin perception complexes when partnered
with PID (PINOID) protein kinases (for a review, see Strader
and Zhao, 2016). However, since PINs are not able to generate
secondary messengers or the intermediate reactions required
for signal transduction, this idea seemed to be non-productive.
Interestingly, several PINs, including PIN5 and PIN8, are
involved in cytoplasmic auxin trafficking, where PIN5 likely
mediates auxin transport from the cytosol into the lumen of
the ER (Mravec et al., 2009), and PIN8 from the ER to the
cytosol (Ding et al., 2012). PIN8 is highly expressed during
pollen development, and resides in the ER of pollen grains and
germinated tubes (Bosco et al., 2012; Ding et al., 2012). Although
PIN8 specific expression resulted in shorter root hairs likely due
to auxin efflux activities that decrease accumulation of auxin,
overexpression of PIN5 promotes root hair growth by increasing
levels of internal auxin in the root hair cells (Ganguly et al., 2010).
Therefore, both PIN5 and PIN8 can mediate auxin trafficking
within the cytosol and the ER, but their output effects require
further studies.

Auxin can alter plant development rapidly in response
to different environmental stimuli acting at many diverse
downstream target systems. In the cytoplasm, auxin is able
to activate PM-associated ROPs (Rho-like GTPases from
plants), which are involved in the regulation of endocytosis of
auxin transport proteins and organization of the cytoskeleton
(Tao et al., 2002). Although ROPs, as powerful signaling
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molecules, coordinate many diverse signal transduction
pathways, accumulating data suggest clearly defined crosstalk
between auxin and ROP signaling (Tao et al., 2002; Xu et al.,
2010; Schepetilnikov et al., 2017). ROP GTPases function as
mediators of auxin-regulated gene expression, rapid PM auxin
signaling, and directional auxin transport to link local auxin
gradients with ROP regulation of cell polarity (for a review,
see Wu et al., 2011). In Arabidopsis, ROPs are encoded by 11
genes that comprise a closely related, multigenic family that
represents a subgroup of the Ras superfamily of small GTPases,
and includes Rho, Rac, and Cdc42 subfamilies (Winge et al.,
2000). Like other G-proteins, ROPs interact with their target
proteins through conformation-specific states: a GTP-bound
active state, a short-lived nucleotide free state, and a GDP-
bound inactive state (Berken and Wittinghofer, 2008). ROPs
efficiently bind GTP, but their hydrolysis activity depends on
Rho GTPase-activating proteins RopGAPs (Berken et al., 2005;
Gu et al., 2006; Berken and Wittinghofer, 2008). Plants contain a
family of RhoGAPs that carries a conserved GAP-related domain
and an N-terminal CRIB (Cdc42/Rac-interactive binding) motif
that is involved in ROP binding (Wu et al., 2000), and REN1
(ROP1 ENHANCER1) protein, which, in addition to a GAP-
related domain, carries an N-terminal pleckstrin homology (PH)
domain (Hwang et al., 2008). Both RopGAPs have been shown to
regulate ROP signaling (Wu et al., 2000; Klahre and Kost, 2006;
Hwang et al., 2008). In contrast, guanine nucleotide exchange
factors (RopGEFs) activate ROPs by promoting GDP–GTP
recycling. The Arabidopsis genome contains a single ortholog
of the mammalian DOC180 family protein, SPIKE1 (SPK1; Qiu
et al., 2002), and 14 plant-specific RopGEF family members
with the PRONE (plant-specific Rop nucleotide exchanger)
domain required for GTP–GDP exchange (Berken et al., 2005;
Gu et al., 2006). Several ROP downstream effectors—a family
of CRIB-domain-containing proteins (RICs) that specifically
interact with active GTP-bound ROPs—have been described in
plants (Nagawa et al., 2010; Fehér and Lajkó, 2015). Although
RICs are highly variable, their CRIB motifs are highly conserved
(Nagawa et al., 2010), and the CRIB motif is used widely to
estimate active ROP levels using a pull-down assay with a
ROP-interactive CRIB motif-containing protein 1 (Ric1) that
specifically targets activated forms of RAC/ROPs (Tao et al.,
2002).

Although the role of the auxin signal transduction pathway in
ROP signaling activation has been well documented, mechanisms
and intermediate signaling components are not well known.
Since RopGEFs are defined as molecules that activate ROPs, while
RopGAPs prevents uncontrolled signaling of ROPs, both could
be potential components of the auxin-ROP signaling axis. The
PM localized receptor-like protein kinases (RLKs) play a critical
role in transmission of extracellular signals to intracellular ROP
signaling pathways, and function in regulation of fertilization and
cell expansion mechanisms such as cell elongation, tip and hair
growth (for a recent review, see Galindo-Trigo et al., 2016). We
draw the reader’s attention to the Catharanthus roseus RLK-1-like
(CrRLK1L) protein kinase subfamily, which contains FERONIA
(FER; Hématy and Höfte, 2008). FER specifically up-regulates
ROP2 signaling activity through RopGEFs in Arabidopsis (Duan

et al., 2010); the FER and RopGEF-containing complex recruits
an inactive form of ROP2 and converts it to an active form
in a guanine nucleotide-responsive manner, while fer mutants
accumulate the inactive (GDP) form of ROP2 (Duan et al.,
2010). Moreover, it was suggested that a network of different
RLKs, RhoGEFs, and ROPs can respond to diverse signals in
various tissue and cell types (Schiller, 2006). Importantly, FER
protein kinase interferes with several phytohormone pathways,
including auxin signaling (Duan et al., 2010). Although auxin
signaling stimulates root hair elongation (Pitts et al., 1998;
Rahman et al., 2002), root hairs of fer mutants are not responsive
to exogenous application of auxin (Duan et al., 2010). Taking
into account that loss-of-function fer mutants are pleiotropic
and display severe growth defects, FER is indispensable for plant
growth and development (Duan et al., 2010). Future research will
determine whether FER and RopGEFs function in ROP signaling
control in an auxin-sensitive manner. Generally, RLKs can have
broad functions in regulating cytoskeletal organization, vesicle
trafficking and reactive oxygen species (ROS) production during
plant growth (Wolf and Höfte, 2014).

TOR SIGNALING COMPLEXES AND
THEIR UPSTREAM REGULATION

Cell growth requires protein synthesis—a process that consumes
a huge amount of energy and therefore needs to be tightly
regulated to keep a balance between cell demands and resources.
Plants and animals share a common signaling pathway—the
TOR pathway—connecting growth with environmental signal
perception, where TOR accomplishes fine-tuning of the
translational machinery, thus reprogramming translation rates
in accordance with cellular needs. TOR operates as a hub
in the signal transduction network that coordinates many
critical molecular processes in eukaryotes, such as translation,
proliferation, transcription, survival, aging, differentiation
and autophagy, and is responsive to diverse signals, including
nutrient and oxygen availability, energy sufficiency, stress,
hormones, and growth factors. For two recent excellent reviews
on the TOR signaling pathway in plants (see Barrada et al., 2015;
Dobrenel et al., 2016).

Target of rapamycin belongs to the family of
phosphatidylinositol kinase-related kinases (PIKKs), and is
clearly related to PIK. However, TOR is atypical of PIK in
that it appears not to phosphorylate lipid substrates, instead
possessing a serine–threonine protein kinase activity. TOR was
first described in yeast over 20 years ago as a target protein
of the anti-fungal and immunosuppressant agent rapamycin
(Heitman et al., 1991; Kunz et al., 1993). Rapamycin is a
naturally occurring macrolide that acts as an allosteric inhibitor
of TOR. Rapamycin forms a drug–receptor complex with the
cellular peptidyl-prolyl cis-trans isomerase FKBP12, which,
upon binding to TOR, inhibits its kinase activity (Sabatini et al.,
1994; Choi et al., 1996). In contrast, most plants are insensitive
to rapamycin-mediated inhibition of growth due to FKBP12,
which is not efficient in rapamycin binding (Xu et al., 1998;
Mahfouz et al., 2006; Sormani et al., 2007; Deng et al., 2016).
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Mammalian TOR (mTOR) exists in two multiprotein complexes,
mTORC1 and mTORC2, which differ in their composition,
function, downstream substrates, and mode of action (direct or
indirect) in many cellular processes. mTORC1 contains the TOR
catalytic subunit, scaffold protein Raptor (regulatory associated
protein of TOR), adaptor mLst8 (lethal with SEC13 protein
8) and regulatory protein DEPTOR (DEP domain-containing
TOR-interacting). The mTORC2 complex—larger in size,
with a molecular weight of about 1.4 MDa—contains TOR,
scaffold protein Rictor (rapamycin-insensitive companion of
TOR), mLst8, hSin1 (stress-activated protein kinase-interacting
protein 1), PROTOR (protein observed with Rictor) and
DEPTOR. mTORC1 is typically defined by a specific component,
Raptor, and stimulates anabolic processes, including protein
synthesis (Ma and Blenis, 2009), whereas mTORC2 contains
Rictor and regulates cytoskeletal organization and survival (Hara
et al., 2002; Kim et al., 2002; Loewith et al., 2002). mTORC2 is
activated by the ribosome, where TORC2-ribosome interaction is
a likely conserved mechanism that is physiologically relevant in
both normal and cancer cells (Zinzalla et al., 2011). In addition,
under most conditions, mTORC1 is sensitive to rapamycin, but
mTORC2 is not (Loewith et al., 2002).

Plants depend greatly on signal perception by TOR (the
Arabidopsis genome contains a single essential TOR gene;
Menand et al., 2002; Deprost et al., 2007), which is required
to adapt growth and development rapidly to changes in
environmental inputs (Figure 1). The TOR pathway is a major
growth regulator in plants. Previous research with transgenic
Arabidopsis plants characterized by increased or decreased TOR
cellular levels (Deprost et al., 2007) revealed a correlation between
both root and shoot growth and TOR expression levels, thus
confirming a role of TOR in growth regulation. Mutations in
the TOR gene is lethal, and cause an early block in embryo
development (Menand et al., 2002; Deprost et al., 2005). The
Arabidopsis genome encodes two copies each of Raptor and Lst8
genes. The Arabidopsis ortholog of Raptor contains HEAT repeats
and WD40 domains responsible for protein–protein interactions,
and serves as a binding partner of TOR in complex assembly
(Anderson et al., 2005; Deprost et al., 2005). Lst8 consists of seven
WD40 repeats, which form a propeller-like structure. Disruption
of Lst8 results in growth retardation phenotypes and extreme
sensitivity to shifts in light conditions (Moreau et al., 2012).
Recent data suggest that TOR signaling also affects cell wall
biogenesis (Leiber et al., 2010) and negatively regulates autophagy
in plants (Liu and Bassham, 2010; Zvereva et al., 2016)—a protein
degradation process by which cells recycle cytoplasmic content
under stress conditions or during senescence. The great enigma
of plant TOR biology is the existence of a TORC2 complex, since
no homologs of Rictor and Sin1 have been found in the genomes
mono- or dicotyledonous plants to date. A search for TOR
complex subunit paralogs revealed broad conservation, with a
surprising lack of TORC2 in plants and some parasites (Dam
et al., 2011; Dobrenel et al., 2016). Unlike TORC2, TORC1 shows
a high degree of functional conservation in both multicellular
plants and unicellular algae, as manifested by TOR protein–
protein interaction experiments (Mahfouz et al., 2006; Díaz-
Troya et al., 2008; Moreau et al., 2012).

In mammals, hormones and growth factors can
directly activate mTOR signaling via phosphorylation of
membrane-bound receptor kinases. Binding of insulin—a
major energy control hormone—to receptor tyrosine
kinase (RTK) triggers recruitment and phosphorylation
of insulin receptor substrate (IRS) adaptors. IRSs
activate phosphatidylinositol-3-kinase (PI3K) to generate
phosphoinositol (3,4,5)-triphosphate (PIP3) (Burke and
Williams, 2015). PIP3 binds plekstrin homology (PH) domain
and mediates the phosphoinositide-dependent kinase 1
(PDK1) and AKT kinase recruitment to the PIP3-containing
compartments in the PM (Pearce et al., 2010). PDK1-activated
AKT phosphorylates TSC2 to inhibit the TSC complex by
inducing its release from the lysosome (Alessi et al., 1997). The
TSC complex functions as a GAP for Ras homolog enriched in
brain (Rheb) small GTPase (Inoki et al., 2003). Rheb is located
within the lysosomal compartment, where GTP-loaded Rheb
activates mTORC1 via direct interaction with the catalytic
domain of mTOR (Long et al., 2005). Availability of nutrients,
in particularly amino acids, promotes mTORC1 activity via the
conserved Rag family of small GTPases (González and Hall,
2017).

Due to their autotrophic lifestyle, plants lack several key
upstream effectors of the TOR complex (e.g., TSC, AKT, and
several classes of PI3K). In plants, the most critical environmental
input comes from light energy, and suppression of TOR activity
negatively affects light-energy-dependent growth (Ren et al.,
2012). Upon nutrient deprivation conditions, TOR activity in
plants is modulated via potential antagonistic crosstalk with
SnRK1 kinase (sensor of cellular energy homeostasis) (Nukarinen
et al., 2016); light and sugar signaling through TOR maintain
the balance between hormone-promoted growth and carbon
availability (Xiong et al., 2013; Dong et al., 2015). Active
TOR promotes accumulation of the brassinosteroid-signaling
transcription factor BZR1 in response to environmental signals
and hormones (Zhang et al., 2016). Thus, TOR kinase
represents an evolutionary conserved regulator of metabolism.
In plants, disruption of the TOR signaling pathway affects
sugar metabolism (Dobrenel et al., 2013). TOR senses and
transduces photosynthesis-derived signals to specifically control
root meristem proliferation. Glucose promotes primary root and
root hair growth via the TOR pathway (Xiong and Sheen, 2012).
Glucose-TOR signaling was implicated in transcriptional control
of the cell cycle (Xiong et al., 2013).

Another integral part of the mammalian machinery that
stimulates mTOR is phospholipase D (PLD) (Wiczer and
Thomas, 2012). PLD enzymes harbor a phospholipid-binding
Pox domain (PX) and catalyze the hydrolysis of
phosphatidylcholine to phosphatidic acid (PA). PA is a
metabolite and secondary lipid messenger, which regulates
response to growth factors, stress and nutrients. In response
to nutrients, PI3K generates PI3P species, which interact with
the PX domain of PLD and promote production of PA. PA
binds the FRB (FKBP12-rapamycin binding) regulatory domain
of mTOR and displaces the DEPTOR subunit from mTOR to
rapidly activate mTORC1 (Fang et al., 2001; Yoon et al., 2015). In
plants, PLD mediates stress responses and signal transduction.

Frontiers in Plant Science | www.frontiersin.org June 2017 | Volume 8 | Article 1014 | 27

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


fpls-08-01014 June 12, 2017 Time: 17:24 # 5

Schepetilnikov and Ryabova TOR Activates Translation

FIGURE 1 | Evolutionary conservation of upstream TOR signaling pathway in plants and animals. The main inputs upstream of TOR are depicted. TOR, Raptor and
Lst8 form the core of the TORC1 complex and are conserved in all eukaryotes. Small GTPases represent the best described regulators of TOR kinase. See text for
details and abbreviations.

Plant TOR can be a key potential target of PA messengers
produced by PLD. Changes in lipid composition and membrane
integrity upon various abiotic stresses provoke PLD activity
(Bargmann and Munnik, 2006). PA-mediated stomatal closure,
root growth, tolerance to salinity and water deficits are the
subjects of intensive research in plant science. In plants, PLD is
induced by the stress hormone abscisic acid (Jacob et al., 1999).
The involvement of PLD in ABA responses raises intriguing
questions as to the potential role of abiotic stress and abscisic
acid in TOR activation. Moreover, the TOR signaling pathway
is involved in the regulation of ABA levels in Arabidopsis
(Kravchenko et al., 2015). Strikingly, PLD and PA are required
for auxin responses, providing hints of crosstalk between auxin
and phosphatidylinositol signaling pathways (Li and Xue, 2007).
There is now a growing body of evidence demonstrating that
TOR acts as an essential factor for auxin signal transduction
in Arabidopsis (Schepetilnikov et al., 2013; Dong et al., 2015;
Deng et al., 2016). Auxin has been also identified as the cellular
candidate for a role as an upstream TOR effector (Schepetilnikov
et al., 2013). In response to auxin signaling, the TOR pathway is
activated as manifested by phosphorylation of the 40S ribosomal
S6 kinase 1 (S6K1; a direct downstream target of TOR) at
TOR-responsive Thr449, and association of active TOR with
polyribosomes. Recently, glucose and light signals as well as
exogenously applied auxin were shown to activate S6K1, in shoot
meristems (Li et al., 2017).

Phosphorylation is a common post-translational modification
that indicates an active status of mTOR kinase. Only three
phospho-sites have been reported to date in mTOR (Ser 1261,
2448, and 2481; Acosta-Jaquez et al., 2009). A Rheb-driven
phosphorylation event at mTOR Ser1261 within the HEAT
repeat domain promotes autokinase activity at Ser2481, resulting
in mTOR activation, while the C-terminal Ser2448 is likely
phosphorylated by S6K1 via a feedback loop. Mapping of
orthologous phosphorylation sites in Arabidopsis reveals the high

conservation of mammalian Ser2448 and plant Ser2424 epitopes
(Schepetilnikov et al., 2013). To date, Ser2424 is the only the
TOR specific phospho-site with a confirmed biological function
in auxin and ROP2 signaling (Schepetilnikov et al., 2013, 2017).

Many animal viruses have developed multiple mechanisms to
activate mTOR signaling in favor of viral replication cycles. One
such strategy results in stimulation of the PI3K-AKT pathway
upstream of TOR kinase (for a review, see Walsh et al., 2013). The
plant pararetrovirus, Cauliflower mosaic virus (CaMV), appears
to be the first among plant and mammalian viruses known to
trigger TOR activation (Schepetilnikov et al., 2011). Indeed, viral
transactivator/viroplasmin (TAV) protein binds TOR directly,
triggering its activation and recruitment to polysomes. TAV
represents a unique example of a pathogenicity effector that
specifically targets a basal defense system of plants and suppresses
innate immune responses to non-viral pathogens in a TOR-
dependent manner (Zvereva et al., 2016).

SMALL GTPases CONTROL THE
FUNCTION AND LOCALIZATION OF TOR
COMPLEXES

The molecular mechanism of TOR activation is complex
and diverse. Small GTPases emerge as the most significant
direct upstream regulators of TOR complexes, and function
as molecular switches, which, upon activation, interact with
downstream effectors and stimulate multiple signaling pathways
(Table 1). It is well established that yeast and mTOR are regulated
by a plethora of small GTPases, including Rho, Rheb, Rag,
Rac, Ral, Arf, and Rab, each responsible for perception of a
unique type of stimulus. In mammals, small GTPases from
the Rheb and Rag families are the two main direct upstream
regulators of TOR complexes. Mammalian TORC1 is controlled
primarily by Rheb GTPase. However, activation of mTORC1 in
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TABLE 1 | Small GTPase regulators of TOR complexes.

GTPase Function

Ras family (signal transduction)

Rheb Ras-homolog enriched in brain (Rheb) small GTPase is essential for mTORC1 activation. Rheb binds TOR directly. Rheb
is not involved in TOR recruitment—this function is provided by Rags, which presents TOR to Rheb for proper
activation. Rheb must be in a GTP-bound state to activate TOR (Long et al., 2005).

RalB In response to nutrients, RalB GTPase activates mTORC1. RalB functions downstream of Rheb, suggesting cross-talk
between amino acid-sensing signaling pathways (Maehama et al., 2008; Martin et al., 2014).

Rap1 In amoeba, Rap1 GTPase binds directly the regulatory subunit of Sin1 and activates TORC2 (Khanna et al., 2016).

RasC In yeast and slime molds, RasC GTPase activates the TORC2 complex (Cai et al., 2010; Charest et al., 2010).

Rit1 In response to oxidative stress, Rit1 GTPase binds and activates mTORC2 (Cai and Andres, 2014).

Ras related family (signal transduction)

RagA/B/C/D Rag GTPases form a heterodimer RagA/BGTP and RagC/DGDP. Rags function as a central regulator of mTORC1
activation in response to amino acids via TOR complex recruitment to lysosomal membranes. Rags interact directly with
the Raptor subunit of the mTORC1 complex. Proper GTP/GDP charging is crucial for their functioning (Kim et al., 2008;
Sancak et al., 2008).

Rho family (signal transduction)

Rac1 Rac1 activates both mTORC1 and mTORC2 complexes. Rac1 binds directly to TOR via its C-terminal positively
charged lysine-rich motif. Rac1 recruits TOR complexes to the plasma membrane in a GTP-independent manner (Saci
et al., 2011).

Rho1 In response to stress, Rho1 GTPase binds directly to the N-terminal domain of the Raptor subunit, resulting in inhibition
of TORC1 activity. In yeast, Rho1 is a negative regulator of TOR activity. Rho1 disrupts membrane association of
TORC1 (Yan et al., 2012; Yang et al., 2012).

ROP/RACs In response to auxin, ROP2 GTPase binds directly to plant TOR via its C-terminal positively charged lysine-rich motif,
which is similar to mammalian Rac1. GTP-bound active ROP2 recruits TOR complex on the membranes of early
endosomes, which is similar to RAGs. ROP2-TOR interaction is indispensable of GTP/GDP charging, GTP is required
for ROP2-mediated activation of TOR, which is similar to Rheb (Schepetilnikov et al., 2017).

Arf family (intracellular trafficking)

Arf1 Arf1 activates mTORC1 on lysosomes, specifically in response to glutamine (Gln). GTP binding and hydrolysis by Arf1 is
required for mTORC1 activation. Arf1 signaling to mTOR is specific to Gln and independent of ER-Golgi intracellular
trafficking (Jewell et al., 2015).

Rab family (intracellular trafficking)

Rab6 In yeast, Ryh1 GTPase, ortholog of mammalian Rab6, activates TORC2. In response to glucose, the GTP-bound active
form of Rhy1 interacts physically with the TORC2 complex via its effector domain (Tatebe et al., 2010; Hatano et al.,
2015).

response to amino acids requires GTPases of the Rag family
(Sancak et al., 2008). Two heterodimeric Rag complexes (RagA/C
and RagB/D) bind lysosomal membranes via a lysosomal adaptor
RAGULATOR—a scaffold complex with GEF activity toward
Rag GTPases (Bar-Peled et al., 2012). Amino acids promote
the reciprocal charging of RagA/C and RagB/D with GTP and
GDP, respectively, and their binding to mTORC1 via Raptor
to relocate mTORC1 to lysosomes for mTORC1 presentation
to GTP-bound Rheb (Kim et al., 2008; Sancak et al., 2008).
Interestingly, Rac1, a member of the Rho family of small
GTPases, affects signaling through both mTORC1 and mTORC2
complexes. Rac1 regulates TOR intracellular localization: upon
serum stimulation, Rac1 binds mTOR directly via its C-terminal,
lysine-rich motif in a GTP-independent manner and governs its
movement from the perinuclear region to the PM (Saci et al.,
2011). Thus, Rac1-mediated mTOR activation is independent of
the PI3K-AKT-TSC axis. This is opposite to Rheb GTPase, which
must be in the GTP-bound state to activate mTOR.

Several amino acids can stimulate mTORC1 in a Rag
GTPase independent manner. Glutamine-mediated mTORC1
recruitment to lysosomes requires an alternative pathway via
the Arf family GTPase Arf1, which is normally involved
in intracellular vesicular trafficking, and vacuolar ATPase (v-
ATPase) (Jewell et al., 2015). Several other small GTPases have
been identified as indirect upstream actors in the TOR signaling
pathway. In yeast, glucose activates TORC2 via the Rab family
GTPase Ryh1 (Tatebe et al., 2010; Hatano et al., 2015). Moreover,
a member of the Rho GTPase family, Rit, was suggested to
bind directly to the hSin1 subunit and activate the mTORC2
complex in response to oxidative stress (Cai and Andres, 2014).
Recent data suggest a cross-talk between GTPases RalB and Rheb
in nutrient perception and mTORC1 control (Maehama et al.,
2008; Martin et al., 2014). Among many small GTPases in yeast,
Rho1 GTPase of the Rho family can negatively regulate mTORC1
under stress conditions. Rho1 GTPase is the master regulator of
the yeast cell wall integrity (CWI) pathway that controls actin
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polarization, cell morphogenesis, and cell wall expansion (Levin,
2005). In response to environmental or intracellular stresses,
Rho1 binds directly to the Raptor subunit and inhibits mTORC1
activity (Yan et al., 2012; Yang et al., 2012).

In eukaryotes, small regulatory G domain proteins of Ras
superfamily are divided into five main families based on their
structure, sequence and function: Ran GTPases function in
nuclear trafficking; Rab and Arf/Sar—in intracellular vesicular
trafficking; Ras and Rho family members regulate signal
transduction. ROPs of plants are structurally distinct from the
proteins in the Rho, Rac, and Cdc42 subfamilies of Rho GTPases
of other eukaryotes (Brembu et al., 2006), but were originally
defined as RACs based on sequence similarity to animal Rac
GTPases. Since plants lack orthologs of Rheb and Rag GTPases,
the ROP/RACs are the only candidates for plant-specific TORC1
upstream regulators. Strikingly, ROP2 interacts directly with
TOR both in vivo and in vitro in a manner independent of its
GTP-bound state, but it activates TOR, when bound to GTP.
Accordingly, Arabidopsis plants with high endogenous auxin
levels, or Arabidopsis seedlings treated by auxin, or expressing
high GTP-bound ROP2 levels, are characterized by increased
TOR phosphorylation (Schepetilnikov et al., 2013, 2017). As
expected, TOR phosphorylation in response to auxin is abolished
in rop2 rop6 ROP4 RNAi plants (Schepetilnikov et al., 2017).
As expected, Arabidopsis plants expressing constitutively active
GTP-bound ROP2 (CA-ROP2 line) are more resistant to TOR
inhibitors, and display a significant delay in AZD-8055-sensitive
suppression of primary root growth and root hair elongation
(Schepetilnikov et al., 2017), as normally occurs in WT seedlings
in response to this TOR inhibitor (Montané and Menand,
2013). Similarly, active GTP-bound ROP2 triggered root hair
elongation, but, in addition, ROP2 up-regulation promotes
initiation of additional misplaced hairs (Jones et al., 2002).

In plants, as with most small GTPases, membrane association
of ROPs is mediated by post-translational modifications,
including prenylation and S-acylation (Hancock et al., 1989; Li
et al., 1999; Fu et al., 2005, 2009; Sorek et al., 2011), similar to that
shown for members of the Ras superfamily of small G-proteins
(Michaelson et al., 2001). Recent research has revealed that ROPs
1–6 and mammalian Rac1 share a common sequence motif
comprising several basic lysine residues that direct interaction
with TOR (Saci et al., 2011; Schepetilnikov et al., 2017).
The next important issue to be resolved is the intracellular
compartmentalization of TOR upon auxin treatment. The PM
operates as a platform for diverse receptor signaling and vesicle
trafficking events. Active GTP-bound ROPs associate closely with
the PM, which allows recruitment of ROPs from the cytoplasm
(Sorek et al., 2011). ROP GTPases are not known to be localized
in intracellular vesicles, suggesting rather a transient association
with intracellular compartments or a unique redistribution in the
PM. Since ROP2 interacts physically and functionally with TOR,
it may participate in TOR relocation to the PM. Interestingly,
ROP2 association with PM is indispensable for subsequent
TOR activation—ROP2 GTPase lacking a prenylation domain
is still capable of interacting with, but not activating, TOR
(Schepetilnikov et al., 2017). Phosphorylated TOR accumulates
in microsomal fractions of CA-ROP2 plants, and colocalizes

with endosomes in the cytoplasm in a ROP2-dependent manner.
Note that the Lst8 subunit has been also found colocalized with
endosomes (Moreau et al., 2012). TOR binding to endosomes
is not sensitive to disruption of ER-to-Golgi intracellular
vesicular trafficking, but may rely on the endocytic pathway.
Primarily, ROP GTPases are considered to control cytoskeleton
reorganization, thus interfering with vesicular trafficking. In
response to auxin, GTPases of the ROP family coordinate the
recycling of PINFORMED (PIN) transporters between the PM
and endomembrane compartments (Chen and Friml, 2014).
Accordingly, TOR may move to specific intracellular locations
via interaction with appropriate subsets of small regulatory
GTPases.

Many questions remain unanswered: what are the effects
of ROP2 that increase intrinsic phosphorylation activity of
TOR, and do other ROPs contribute to TOR activation? TOR
complexes have been found at several subcellular locations,
including the cytoplasm and the nucleus. Nevertheless, how
TOR can mediate activation on lysosomes and be translocated
to 40S preinitiation complexes (40S PIC) to regulate the cell
translation machinery is still an open question. In addition, TOR
is known to be localized in mitochondria, the PM and stress
granules in response to different inputs (Betz and Hall, 2013).
In the unicellular green alga Chlamydomonas, TOR activity is
restricted to ER membranes (Díaz-Troya et al., 2008, 2011).
Further work is obviously required to examine the intracellular
location and trafficking of TOR, in both active and inactive states,
and whether TOR activation takes place before or after its loading
on endosomes.

TOR PROMOTES TRANSLATION
REINITIATION IN PLANTS

Plants are sessile organisms that continuously monitor and
transduce environmental inputs into regulation of protein
synthesis pathways. Indeed, much effort has been directed
to demonstrate that translation of many mRNAs is affected
by a multitude of environmental signals, for example, cold
(Juntawong et al., 2013), heat (Matsuura et al., 2013), dehydration
(Kawaguchi et al., 2004; Kawaguchi and Bailey-Serres, 2005; Park
et al., 2012), salinity (Park et al., 2012), hypoxia (Branco-Price
et al., 2005, 2008), and light (Khandal et al., 2009; Juntawong
and Bailey-Serres, 2012; Floris et al., 2013). However, the
underlying molecular mechanisms that affect protein synthesis
efficiency are largely unknown and in need of further research.
A recent study revealed that heat stress can rapidly induce
an mRNA degradation process where involving LARPs (La
and related Proteins) (Deragon and Bousquet-Antonelli, 2015).
Strikingly, mammalian LARP1 was implicated in translation
regulation of TOP (5′-terminal oligopyrimidine tract)-containing
mRNAs under the control of TOR (Tcherkezian et al., 2014);
however, whether translation of many plant TOP-containing
mRNAs (Dobrenel et al., 2016) depends on TOR remains
to be identified. Moreover, the contribution of TOR to the
overall control of cap-dependent translation initiation via
phosphorylation of eIF4E-binding proteins (4E-BPs)—the best
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studied mechanism of translation control in response to stress
in other eukaryotes (Siddiqui and Sonenberg, 2015)—has been
questioned in plants due to the lack of data on plant 4E-BPs.
A discussion of cap-dependent translation control in plants,
including a key mechanism of down-regulation of translation by
phosphorylation of eIF2α, is beyond the scope of this review, and
it is well described recently (Browning and Bailey-Serres, 2015).

Conversely, Arabidopsis plants silenced for TOR expression
display significantly reduced polysomal abundance (Deprost
et al., 2007), suggesting a role for TOR in plant translation.
Additionally, it was reported that auxin signaling can affect
translation, as manifested by phosphorylation of ribosomal
protein S6 (RPS6) and up-regulation of polysomal levels in
Arabidopsis suspension cultures (Beltrán-Peña et al., 2002;
Turck et al., 2004). Accordingly, application of new generation
TOR inhibitors, as well as existing TOR-deficient plants, has
uncovered TOR function in the translation reinitiation of a
specific pool of cellular mRNAs that harbor upstream open
reading frames (uORFs) within their leader regions (uORF-
mRNAs; Schepetilnikov et al., 2013). The current model suggests
that TOR can receive signals from auxin via a small GTPase
ROP2 to boost production of important regulatory proteins in
a post-transcriptional manner by targeting a specific translation
mechanism: reinitiation (Figure 2).

Upstream open reading frames are defined as 5′-UTR cis-
elements of mRNAs defined by a start codon that is out-
of-frame with the main ORF. Mounting data suggest the
critical importance of post-transcriptional control via translation
reinitiation (Roy et al., 2010; Schepetilnikov et al., 2013; von
Arnim et al., 2014). Nowadays, uORFs are considered as
prevalent translation repressors in eukaryotes (Johnstone et al.,
2016). This is not surprising since more than 30% of eukaryotic
mRNAs harbor relatively long leaders that contain multiple
uORFs (Calvo et al., 2009). Among these are ARF family of
transcription factors (von Arnim et al., 2014) and human tyrosine
kinases (Wethmar et al., 2016); uORFs play a role of molecular
switches in pathophysiology (Wethmar et al., 2010) and in
stem cell regulation and organogenesis in plants (Zhou et al.,
2014). To understand how translation reinitiation is controlled
by upstream signals and contributes to overall protein synthesis,
we first review briefly how uORFs can alter expression of the
main ORF located downstream of the leader. The scanning
model of eukaryotic translation initiation states that the 40S
ribosomal subunit prebound by a multisubunit complex (eIF3,
eIF1 and eIF1A, eIF5) and a ternary complex (TC, eIF2-GTP-
Met-tRNAiMet) loads at the capped 5′-end of mRNA via eIF4F-
bound to cap, scans in a 3′-direction until it recognizes an
initiation codon in a suitable initiation context, where 60S
joins and translation elongation begins (Browning and Bailey-
Serres, 2015; Hinnebusch et al., 2016). The preceding translation
event would negatively interfere with translation reinitiation
at a downstream ORF, mainly due to loss of eIFs that have
been recruited during the cap-dependent initiation event. It is
generally accepted that reinitiation at the downstream AUG
codon can occur, if (1) the initiation context of the 5′ AUG codon
is not optimal and is recognized only inefficiently by scanning
ribosomes (leaky scanning mechanism—Kozak, 1986), and there

FIGURE 2 | Auxin signaling pathways within the cytoplasm. Auxin signal is
recognized via an as yet uncharacterized receptor(s) in the target cells, and
transmitted to the cytosol. Auxin mediates recycling of small
GTPases—ROP2-GDP to ROP2-GTP—by several GEFs. ROP2 interacts
directly with TOR and activates TOR kinase if ROP2 is bound to GTP. TOR
activation could occur upon complex formation with ROP2 on earlier
endosomes. ROP2 then dissociates from TOR and requires recycling. Active
TOR is targeted to eIF3-containing preinitiation complexes and polysomes,
where it promotes translation reinitiation of uORF-mRNAs.

is no downstream secondary structure that would improve its
recognition (Kozak, 1990); or (2) the initiation context is optimal,
but is located in close proximity to the 5′-end of mRNA (Kozak,
1991); and (3) the preceding translation event was short (short
uORF of 2 to ∼30 codons) (Kozak, 1999). In the latter case,
reinitiation is less efficient, but can be improved slightly by
having a sufficiently long intercistronic distance between the
uORF and the “main” ORF (Kozak, 1987; Luukkonen et al.,
1995; Hinnebusch, 1997). The reinitiation potential of ribosomes
depends on specific features of uORFs, as well as their amount
and combination (von Arnim et al., 2014), and can be regulated
by specific trans-acting factors (Rahmani et al., 2009; Medenbach
et al., 2011).

Beside these features of uORFs, stalled translation of
sequence-specific short uORFs can block translation reinitiation
of a leader downstream ORF (Sachs and Geballe, 2006).
Sequence-specific uORFs are common in genes involved in
a variety of control mechanisms, and encode attenuator
peptides that act in a sequence-dependent manner to inhibit
its own translation termination, often through a delay of
peptidyl-tRNA hydrolysis in response to saturating levels of a
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regulatory signal, usually a metabolite. For example, a 48–55
codon uORF is responsible for the translational repression of
the SAMDC (S-ADENOSYLMETHIONINE DECARBOXYLASE)
gene in response to stress conditions and high polyamine levels
(Hanfrey et al., 2005). Sequence-specific uORFs control the
synthesis of AtbZIP transcription factors and several of their
paralogs, as well as trehalose-6-phosphate phosphatase, in a
manner sensitive to carbohydrates (Wiese et al., 2004; Hayden
and Jorgensen, 2007). It seems certain that more short sequence-
specific uORFs that would irreversibly abolish reinitiation of the
main ORF translation in response to various regulatory signals or
under certain conditions will be identified.

How does the 40S terminating subunit solve the problem
of rapid loading of factors necessary for the reinitiation event,
i.e., Met-tRNAiMet and 60S? The most likely explanation is
that initiation factors that have been recruited during the
cap-dependent initiation event dissociate from 40S gradually,
and might remain associated with the translating ribosome
for a few elongation cycles (Kozak, 1987). These reinitiation
promoting factors (RPFs) could assist 40S ribosomal subunits
to resume scanning, rapidly acquire TC and 60S de novo and
thus stay reinitiation-competent. A new study using in vivo
RNA-protein Ni2+-pull down assay directly demonstrated that
eukaryotic initiation factor 3 (eIF3) physically associates with
early elongating ribosomes on the GCN4 mRNA (Mohammad
et al., 2017). eIF3 is composed of 13 distinct subunits in
humans and plants, and facilitates rapid recruitment of TC
to 40S and assembly of the 43S preinitiation complex on
mRNA (Burks et al., 2001; Hinnebusch, 2006). Mammalian RPFs
include, in addition to eIF3 (Cuchalová et al., 2010; Munzarová
et al., 2011), the cap-binding complex eIF4F (Pöyry et al.,
2004).

In plants, eIF3 non-core subunit h (eIF3h) greatly elevates the
reinitiation competence of mRNAs coding for the Arabidopsis
basic zipper transcription factors (bZIPs) and several ARFs
(Roy et al., 2010; Zhou et al., 2010); while the 60S ribosomal
protein L24B (RPL24B), which is encoded by SHORT VALVE1,
lifts translation of uORF-containing mRNAs that encode ARF3
(ETTIN) and ARF5 (MONOPTEROS; Nishimura et al., 2005;
Zhou et al., 2010). Thanks to a mutant allele of eif3h-1
carrying a C-terminally truncated eIF3h and a short valve1 (stv1)
mutant lacking the RPL24-encoding gene, it was demonstrated
that both mutants display similar defects in auxin-mediated
organogenesis and undertranslate uORF-containing bZip11 and
several ARF mRNAs (Zhou et al., 2010). Although eIF3h can
be dispensable for cap-dependent translation initiation (Kim
et al., 2004; Roy et al., 2010), a global analysis of ribosomal
loading confirmed that many mRNAs containing uORFs are
less abundant in polysomes in the eif3h-1 mutant (Tiruneh
et al., 2013), thus confirming that translation of the majority
of uORF-containing mRNAs depends on eIF3h. Future studies
will clarify the mechanism of eIF3h function in reinitiation of
translation.

Taken together, translation of mRNAs with several short
uORFs is still possible, albeit with lowered efficiency, while
reinitiation after long ORF translation is largely prohibited in
eukaryotes. However, viruses often break basic cellular rules.

Indeed, there are a few abnormal cases of reinitiation after long
ORF translation, best studied in mammalian caliciviruses (Royall
and Locker, 2016) and plant caulimoviruses (Ryabova et al.,
2006). The subgenomic mRNA of caliciviruses is bicistronic, with
two long ORFs that encode structural proteins VP1 and VP2
overlapping by four nucleotides, and its translation relies on a
termination-dependent reinitiation strategy, where expression of
the downstream cistron is dependent on the ribosome binding
site (TURBS) within the upstream VP2 ORF located close to VP1
ORF stop codon. The motif was shown to bind 40S ribosomal
subunits and eIF3 (Luttermann and Meyers, 2007; Pöyry et al.,
2007). Thus, in caliciviruses, the ribosome might be held at the
stop/restart region by base pairing of TURBS with the 18S rRNA
(Luttermann and Meyers, 2009; Zinoviev et al., 2015), and can be
further stabilized by binding of eIF3 to promote reinitiation by
post-terminating 80S ribosomes (Pöyry et al., 2007).

The second unique example of reinitiation after long ORF
translation comes from CaMV, where reinitiation critically
depends on a single viral protein TAV (De Tapia et al., 1993).
To promote reinitiation, TAV interacts with the host translation
machinery via eIF3 (Park et al., 2001), reinitiation supporting
protein (RISP; Thiébeauld et al., 2009), and TOR, where TAV
activates TOR via an as yet unknown mechanism (Schepetilnikov
et al., 2011). According to the current model, TAV is responsible
for retention of RPFs on translating ribosomes during the long
elongation event, thus increasing the reinitiation competence of
ribosomes. Indeed, sucrose gradient analysis of extracts isolated
from Arabidopsis plants transgenic for TAV revealed greatly
increased accumulation of eIF3, RISP, and TOR in addition to
TAV in polysomes as compared with WT plants (Thiébeauld
et al., 2009). Moreover, TAV function in reinitiation is strongly
dependent on active TOR (Schepetilnikov et al., 2011). RISP
appears to be a specific target of TOR/S6K1 signaling, and
its phosphorylation promotes both its binding to TAV and
TAV function in translation reinitiation. Indeed, TOR and RISP
binding to polyribosomes correlates with RISP phosphorylation,
while phosphorylation of RISP is abolished in polysomes isolated
from plants transgenic for a TAV deletion mutant that failed
to associate and thus activate TOR (Schepetilnikov et al.,
2011). In conclusion, it was proposed that TOR function in
polysomes would be to maintain the high phosphorylation
status of RISP, and possibly other RPFs, to promote viral
pathogenesis.

In mammals, eIF3 was identified as a platform for
phosphorylation of S6K1 by TOR, where active mTOR or
inactive mS6K1 enter the cell translation machinery via
interaction with the eIF3-containing preinitiation complex in a
dynamic order of events (Holz et al., 2005). Although the eIF3
complex is prebound by inactive mS6K1 in mTOR inactivation
conditions, binding of mTOR, when it is activated, results in
phosphorylation and dissociation of mS6K1. In yeast, TORC2
was detected in polysomes, where it maintains co-translational
phosphorylation of Akt kinase (Oh et al., 2010). In Arabidopsis,
TOR, when active, associates with polysomes also prebound by
inactive S6K1, phosphorylates S6K1, triggering its dissociation
(Schepetilnikov et al., 2011, 2013). Further phosphorylation of
S6K1 may involve PDK1 (Deak et al., 1999).
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In plants, active TOR accumulates mainly within 40S
preinitiation complexes, and at significantly lowered levels in
polysomes, which can explain the low reinitiation capacity of
Arabidopsis plants. Although partial depletion of TOR revealed
defects in polysomal loading of uORF-containing mRNAs that
require reinitiation; TOR, when up-regulated in response to
either auxin or by GTP-ROP2, promotes polysomal loading and
translation of ARF3, ARF5, bZIP11, and other uORF-containing
mRNAs (Schepetilnikov et al., 2013, 2017). Active TOR can
up-regulate translation reinitiation via phosphorylation of the
plant reinitiation factor eIF3h in polysomes to maintain the high
phosphorylation status of eIF3h-promoting reinitiation events
(Schepetilnikov et al., 2013). A new study has identified mTORC1
as the key factor contributing to translation of uORF-mRNA
that encodes ATF4, a member of the CREB/ATF family of bZIP
transcription factors, where TOR may regulate ATF4 mRNA
translation through a uORF-dependent mechanism and 4E-BPs
(Park et al., 2017).

Translation/reinitiation events within bZIP11, ARF3, and
ARF5 5′-UTRs impede or block ribosomal movement toward
the main ORF, causing inefficient translation of uORF-mRNAs
under WT conditions (Zhou et al., 2010). Indeed, it was shown
that uORFs downregulate main ORF translation for ARF5 by
15-fold, ARF3 by 2-fold (Zhou et al., 2010), and bZIP11 by
4-fold, if only uORFs 1, 2, and 4 are removed (Kim et al.,
2004). Accordingly, polysomes isolated from WT Arabidopsis
are deficient in loading of active TOR and bZIP11, ARF3 and
ARF5 uORF-mRNAs, and their levels are not much higher
than in plants grown on medium containing the TOR inhibitor
AZD-8055 (Schepetilnikov et al., 2013, 2017). Here, the classic
means of determining whether up-regulation of gene expression
at the translational level has occurred on mRNAs via a shift
of these mRNAs into the polysomal fraction is not easily
applied to mRNAs that carry multiple uORFs within their long
leader regions that would require reinitiation events. Indeed,
the increased abundance of initiating/reinitiating 40S, and likely
uORF-translating 80S, within their long leaders shifts these
mRNAs toward 80S or even light polysomal fractions, even when
translation of the main ORF is strongly inhibited, depending on
the number and arrangement of uORFs (Schepetilnikov et al.,
2017). Upon introduction of TOR-activated conditions, TOR
phosphorylation, and, consequently, uORF-mRNA loading into
polysomes is increased (Schepetilnikov et al., 2017). Strikingly,
studies of mRNA abundance across sucrose gradients in WT
versus CA-ROP2 plants (Schepetilnikov et al., 2017) revealed a
high proportion of uORF-mRNA (about 64–80%) sedimenting
to the top fraction of the gradient in WT conditions, while
only 20–25% of uORF-mRNA remained in the top gradient
fraction in CA-ROP2 conditions, regardless of the fact that
total transcript levels did not differ significantly between WT
and CA-ROP2 extracts. These data correlate with the high
translation efficiencies of uORF-mRNAs in plant mesophyll

protoplasts prepared from plants expressing high active TOR
levels.

TOR up-regulation of reinitiation events could be as harmful
in plants as in mammals, where up-regulation of the protein
synthesizing machinery contributes to the development of cancer
(Ruggero and Pandolfi, 2003). In the opposite situation of
reinitiation defects, the developmental abnormalities identified
in rpl24b and eif3h-1 mutants are largely similar to auxin-related
developmental defects (Zhou et al., 2010). Further investigation
is needed to understand the roles of ROP2 in TOR activation, as
well as to identify other upstream TOR effectors in plants and
their roles in translation.

CONCLUSION AND PERSPECTIVES

The last 10 years have witnessed striking advances and rapidly
emerging data on the composition of the TOR complex, the
TOR pathway, and its function and control in plants, in
part due to the appearance of a new generation of TOR
inhibitors that bind to the TOR kinase domain within the
ATP-binding pocket and inactivate TOR (Chresta et al., 2010;
Montané and Menand, 2013). Many critical questions remain
unanswered. Recent work has revealed the role of TOR in
sensing environmental conditions, including various stresses and
phytohormones, but the molecular mechanisms underlying these
signaling events remain unknown. It is not yet known whether,
and how, TOR controls general translation by sensing amino
acid levels. Finally, a key issue is the existence of functional
ortholog of TORC2 in plants. Recent data have revealed that
the molecular composition of the TOR complex varies in
different cell types. Identification of a novel binding partner
of TOR—GIT1 (G-protein-coupled receptor kinase-interacting
protein 1)—suggested a unique mTOR complex lacking both
Raptor and Rictor (Smithson and Gutmann, 2016). Therefore
plants can contain more than one functional TOR complex.
A challenge for future studies in plants will be to elucidate further
TOR signaling pathways in plant translation, and to reveal how
TOR can control mRNA translation at the initiation step.
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and function. The well-characterized VPg of Poliovirus (genus
Enterovirus, family Picornaviridae) is only 22 amino acids (aa)
long, while that of potyviruses consists of around 192 aa.

Early studies using the model potyvirus Tobacco etch
virus (TEV, genus Potyvirus, family Potyviridae) showed that
its 5′-UTR contains a sequence that was able to enhance
translation 8- to 21-fold in tobacco protoplasts (Carrington
and Freed, 1990). Deletion studies identified two regions in
the TEV 5′-UTR including nucleotides 26-85 and 66-118 which
were able to stimulate translation 10-fold with respect to a
capped RNA control (Zeenko and Gallie, 2005); these regions
were consequently named cap-independent regulatory elements
(CIRE) 1 and 2 (Zeenko and Gallie, 2005). The TEV CIREs
promoted translation of a second ORF when placed in a
dicistronic reporter construct, suggesting that they were able
to promote internal initiation like IRESes (Niepel and Gallie,
1999). However, the addition of a stem loop structure upstream
of CIRE-1 and CIRE-2 in its natural 5′ end context reduced
translation 30 and 70%, respectively, suggesting that the TEV
leader might require an accessible 5′ end for ribosomal scanning
(Niepel and Gallie, 1999). The TEV CIRE-1 folds into an AU-
rich pseudoknot structure (PK1, nucleotides 38–75) which is
essential for cap-independent translation. Interestingly, one loop
of PK1 is complementary to a conserved region of the 18S
rRNA and mutations in the 7 nt-complementary sequence (61-
UACUUCU-67) were responsible for an approximately 80%
decrease in translation compared to wild type (Zeenko andGallie,
2005). This type of complementarity also occurs between the 18S
rRNA and the sequence 4836-GAUCCU-4841 that belongs to the
translation enhancer located in the 3′-UTR of Barley yellow dwarf
virus (BYDV; genus Luteovirus, family Luteoviridae) (see Section
on CITEs) and the polypyrimidine-rich tracts located in both
IRES elements found in Blackcurrant reversion virus (BRV; genus
Nepovirus, family Comoviridae) (Karetnikov and Lehto, 2007;
Sharma et al., 2015), suggesting that these translation elements
could recruit the 40S ribosomal subunit before loading to the 5′

end of the mRNA to start the scanning.
Early experiments using partially eIF4F depleted wheat germ

extract showed that the TEV 5′-UTR conferred a competitive
advantage over non-viral mRNAs which seemed to be lost
when eIF4F was added back to wheat germ extract (Gallie and
Browning, 2001). These results suggest that the TEV genome
recruits eIF4F more efficiently than plant mRNAs when the
concentration of this factor is limiting. Further analysis showed
that, like for Picornaviridae IRESes, TEV translation is eIF4F-
dependent and that eIF4G binds directly to both, the TEV
5′ leader and PK1 having a large entropic contribution (Ray
et al., 2006). Moreover, the poly(A) tail functions synergistically
with the TEV IRES to increase translation (Gallie et al., 1995),
as also shown for animal-infecting picornaviral IRES-mediated
translation (de Quinto et al., 2002; Thoma et al., 2004).

Like that of TEV, the 5′ leaders of Potato virus Y (PVY;
genus Potyvirus, family Potyviridae), Turnip mosaic virus (TuMV,
genus Potyvirus, family Potyviridae), and Triticum mosaic virus
(TriMV; genus Poacevirus, family Potyviridae) (Table 1) have
been shown to stimulate cap-independent translation. The 5′-
UTR of PVY also contains an IRES that directs efficient

translation of an ORF in a dicistronic vector (Levis and Astier-
Manifacier, 1993), and IRES mapping showed that a 55 nt 3′

terminal region was fundamental for translation enhancement
in tobacco protoplasts (Yang et al., 1997). The 131-nt long 5′

leader of TuMV conferred translational activity when placed
upstream of a GUS reporter gene flanked at its 5′ end by a
33 nt vector-sequence (Basso et al., 1994); this RNA was able
to promote translation in vitro to a similar level as capped
mRNAs inhibiting cap-dependent translation when added in
trans (Basso et al., 1994). The study from Yang et al. (2009)
demonstrated that the TuMV RNA requires the ribosomal
protein RPS6 for accumulation in Nicotiana benthamiana, and
RPS6 is up-regulated under TuMV infection in Arabidopsis
thaliana. The silencing of RPS6 abolished TuMV infection and
also that of the non-related Tomato bushy stunt virus (TBSV;
genus Tombusvirus, family Tombusviridae) (Yang et al., 2009).
The TBSV viral RNA is uncapped and not polyadenylated,
having no VPg. The RPS6 protein is related to other ribosomal
proteins implicated in picornaviral and alphaviral infection and
indispensable for Hepatitis C virus (HCV, genus Hepacivirus,
family Flaviviridae) replication (Cherry et al., 2005; Montgomery
et al., 2006; Huang et al., 2012).

It should be noted that the above reported IRESes of
potyviruses may not be as strong as the IRESes of picornaviruses
or HCV, for example. The 5′-UTRs of potyviruses are much
shorter than the IRESes of the Picornaviridae, and lack strong
structure or conserved sequence, and AUG triplets (Niepel
and Gallie, 1999; Zeenko and Gallie, 2005). As mentioned
above, an upstream stem-loop inhibited downstream translation
mediated by the IRES, which lends doubt on whether it truly
facilitates internal ribosome entry. Moreover, translation directed
by the TEV 5′-UTR sequence from the internal position was
orders of magnitude less efficient than when located at the
natural 5′ end (Niepel and Gallie, 1999). Also, capped potyviral
transcripts containing the 5′-UTR (including the IRES), linked
to a reporter gene, translated more efficiently than uncapped
transcripts (Carrington and Freed, 1990; Khan et al., 2008). These
observations support the notion that conventional ribosome
scanning from the 5′ end is important for efficient translation of
potyviral RNAs.

One singular potyviral 5′-UTR that resembles a true animal
virus-like IRES, is that of Triticum mosaic virus (TriMV)
(genus Tritimovirus, Potyviridae). The exceptionally long (739
nt) 5′-UTR is much longer than that of other potyvirids and
translation initiates at the 13th AUG triplet (Roberts et al., 2015).
The minimal region of the TriMV leader for cap-independent
translation resides in a 300-nt long sequence forming a secondary
structure consisting of two long stem-loop-containing bulges. A
hairpin structure at nucleotide positions 469-490 is required for
cap-independent translation and internal translation initiation,
and plays a role in its ability to compete with capped RNAs
(Roberts et al., 2015). A unique feature of the TriMV IRES
compared to those of other potyviruses is that it can mediate
translation when a stem-loop structure is added upstream of
the 5′ leader, thus its translation is 5′ end independent. The
TriMV 5′-UTR interacts with eIF4G or eIFiso4G in vitro, and
requires eIF4A helicase activity to mediate translation initiation
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(Roberts et al., 2017). These properties are true hallmarks of an
IRES.

The VPg covalently attached to the 5′ end of potyviral RNAs
may contribute directly to translational efficiency by interacting
with translation initiation factors (Khan et al., 2008; Miyoshi
et al., 2008). The addition of the TEV VPg together with
eIF4F to a depleted wheat germ extract enhanced translation
of an uncapped TEV RNA reporter (Khan et al., 2008). This
enhancement correlated with an increase in the eIF4F-TEV
RNA affinity in the presence of the VPg mediated through
a direct interaction of the VPg with eIF4E. The disruption
of VPg-eIF4E binding abolished stimulation of IRES-mediated
translation in vitro (Khan et al., 2008). In contrast, TuMV
VPg binds the isoform of eIF4E, eIFiso4E in vitro and in
vivo (Leonard et al., 2004; Khan et al., 2008). PABP increases
the binding affinity and stabilization of VPg with eIF4F or
eIFiso4F in both viruses (Khan et al., 2009; Khan and Goss,
2012). Similarly to the TEV and the TuMV VPg, Potato virus
A (PVA, family Potyviridae) VPg binds eIF4E and eIFiso4E
and enhances viral translation in plants (Eskelin et al., 2011).
Silencing of those host factors abolished PVA VPg-mediated
stimulation of translation. Ribosomal protein P0 enhanced
translation synergistically together with VPg and eIFiso4E and its
stimulation depended on the PVA 5′-UTR (Hafrén et al., 2013).
Further on, Hafrén et al. (2015) showed that viral HC-Pro and
the host RNA binding protein varicose, both components of
potyviral RNA granules, stimulated VPg-promoted translation of
PVA.

All of the above mechanisms involve the VPg stimulating
RNA translation in trans, leaving open the question of how the
VPg specifically recognizes only the viral RNA. It is unknown
whether the VPg acts in cis when it is covalently attached to
the 5′ end, to simply replace the 5′ cap function in recruiting
eIF4E and stimulating translation. The much smaller VPg of
picornaviruses does not participate in translation, as polysome-
associated picornaviral RNA lacks the VPg (Nomoto et al., 1977).
Instead it primes picornavirus RNA synthesis (Paul et al., 1998).
It is likely that the VPgs of all viruses also have this latter role,
but to our knowledge, priming of RNA synthesis has not been
demonstrated for the VPg of any plant virus.

The potyvirus VPg may functionally resemble the 13–15
kDa VPg of calici- and noroviruses (Caliciviridae) (Goodfellow,
2011). Like the potyvirus VPg, calicivirus VPg binds eIF4E
(Goodfellow et al., 2005). This interaction is required for
translation of Feline calicivirus (FCV, genus Vesivirus, family
Caliciviridae) RNA, so the VPg acts as a functional analog of
the cap (Goodfellow et al., 2005; Hosmillo et al., 2014; Zhu
et al., 2015). In contrast, the VPg on norovirus RNA binds
and requires eIF4G for translation initiation (Chung et al.,
2014). This difference in factor binding may be associated
with the different structures of their VPgs. While FCV and
Porcine sapovirus (PSaV, genus Sapovirus, family Caliciviridae)
VPgs adopt a compact three-helical bundle structure, Murine
norovirus (MNV, genus Norovirus, family Caliciviridae) VPg
has only two helices (Leen et al., 2013; Hwang et al., 2015).
The MNV VPg-eIF4G interaction was mapped to the HEAT-
1 domain in eIF4G and to the 20 C-terminal residues in VPg

(Leen et al., 2016), with this latter domain differing from the
eIF4E-interacting domains in FCV and PSaV VPgs. VPgs vary
widely in sequence, even within a genus, so it would be difficult
to extrapolate this structural information to potyvirus VPgs.
Instead, to experimentally determine whether the potyvirus VPg
plays the role of replacing the 5′ cap in translation, it would
be valuable to determine whether translating potyvirus RNA on
polysomes contains a VPg, and the effect of removing this VPg
on potyvirus RNA translation.

Viruses in the family Secoviridae and in the genus Sobemovirus
also have VPgs linked to their genomic RNA. The VPg of
the sobemovirus Rice yellow mottle virus has been shown to
interact with eIFiso4G and this interaction is required for viral
multiplication, but a role in translation has not been published
for this interaction (Hébrard et al., 2010). The role in translation
of secovirids VPgs is poorly understood (Léonard et al., 2002).

Intergenic Region Enhancers
IRESes have also been found in internal genomic positions
within certain viral genomes (Table 1). For example, the crucifer
strain of Tobacco mosaic virus (crTMV; genus Tobamovirus,
family Virgaviridae) harbors two IRESes that stimulate the
synthesis of the CP and movement protein (MP), 75 and 148-
nucletotides long, respectively (Dorokhov et al., 2002, 2006).
The CP IRES contains a bulged stem-loop structure that is
flanked by two purine-rich repeats that are crucial for IRES
activity. To find the minimal purine-rich sequence the authors
reported that 16 consecutive GAAA repeats were sufficient to
provide high IRES activity in plants and human cells (Dorokhov
et al., 2002). However, apparently this observation has not been
repeated in other labs (e.g., Fan et al., 2012). A low level of CP
translation from genomic RNAof carmovirusesHibiscus chlorotic
ringspot virus (HCRSV) (Koh et al., 2003; Fernández-Miragall
and Hernández, 2011), Pelargonium flower break virus (PFBV)
(Fernández-Miragall and Hernández, 2011), and Turnip crinkle
virus (TCV) (May et al., 2017) has also been reported to be IRES-
mediated. Like the crTMV IRES, the TCV IRES seems to require
only to be A-rich and lack of structure and its activity is inversely
correlated with the size of the RNA.

Another virus that shares the crTMV polypurine tract in its
IRES sequence is Potato leafroll virus (PLRV; genus Polerovirus,
family Luteoviridae). This IRES, which is in a highly unexpected
location, 22 nt downstream of the start codon and within a region
of the PLRV RNA genome that is characterized by non-canonical
translation mechanisms such as −1 ribosomal frameshifting,
leads to translation of replication-associated protein (Rap1) (Jaag
et al., 2003). The PLRV IRES element, in conjunction with the
22 nt spacer sequence, are sufficient to mediate cap-independent
translation in vitro but not in vivo (Jaag et al., 2003), which sheds
doubt on its biological relevance. Furthermore, this reported
IRES function and the resulting translatedORF are not conserved
in related poleroviruses.

Given the unstructured and sequence non-specific nature
of the IRES RNA in the examples above, which is unlike the
much longer, highly structured and powerful mammalian viral
and dicistrovirus IRESes, we think these observations should be
interpreted with caution. It may be possible that, due to lack of
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structure, the RNA is sensitive to nuclease cleavage providing
a 5′ end, which, being unstructured, may be a very efficient
leader to allow detectable translation of CP (or Rap1) ORF
from undetectable amounts of degraded RNA. This alternative
mechanism of expression may still be biologically relevant, or
simply an artifact of the assays, but would not result from an
IRES.

Enhancers Located in the 3′-UTR
tRNA-Like Structures
Viruses from the family Bromoviridae and the genera
Tobamovirus and Tymovirus possess a 5′ cap structure but
lack a 3′ poly(A) tail. In contrast, they contain tRNA-like
structures (TLSs) at their 3′ termini that perform many viral
processes, such as (i) serving as a telomere by interacting
with CTP:ATP nucleotidyl transferase which adds CCA in a
non-templated fashion to the 3′ end (Rao et al., 1989), (ii)
regulation of negative strand synthesis (Dreher, 2009), (iii)
translation enhancement (Gallie and Walbot, 1990; Choi et al.,
2002; Matsuda and Dreher, 2004), and (iv) packaging of the
viral RNA in the virion (Annamalai and Rao, 2007). Three basic
types of 3′ terminal TLS have been described in the genomes of
Turnip yellow mosaic virus (TYMV; genus Tymovirus, family
Tymoviridae), TMV and Brome mosaic virus (BMV; genus
Bromovirus, family Bromoviridae). Because of their multiple
functions, it has been difficult to tease out the mechanisms of
each role, but the translational enhancement structures and
mechanisms have been well characterized for TMV and TYMV
(Table 1).

The TYMV TLS requires aminoacylation of the 3′-CCA
terminus for maximal translational efficiency and the 5′ cap
synergistically promotes this activity (Matsuda et al., 2004).
Translational enhancement maps principally to the TLS,
although the upstream adjacent pseudoknot is important for
optimal translation, possibly serving as a sequence spacer
(Matsuda and Dreher, 2004). The aminoacylated TLS binds to
eukaryotic elongation factor 1A (eEF1A) and is a substrate for
tRNA-modifying enzymes (Dreher and Goodwin, 1998; Matsuda
et al., 2004) mimicking tRNA activity. The 5′-proximal AUG
in the TYMV genome serves as start codon for a 69 kDa ORF
(p69), and the second AUG is the start codon for the main
polyprotein ORF (p206) with which ORF p69 overlaps. Based on
only in vitro translation assays, Barends et al. (2004) proposed
a “Trojan Horse” model of translation initiation in which the
aminoacylated TLS delivers its amino acid to the start codon
of the polyprotein ORF. However, the Dreher lab provided in
vitro and in vivo evidence that a more likely mechanism is
classical leaky scanning, except that the efficiency of initiation
at the second AUG correlated with its proximity to the first
AUG (Matsuda and Dreher, 2006). In addition, the translation
efficiency of the polyprotein ORF depended on a 5′ cap, and
not the 3′ TLS. This and additional data support an “initiation
coupling” model in which the close proximity (7 nt) of the
two AUG codons is necessary for maximum translation of the
polyprotein ORF (Matsuda and Dreher, 2007).

How the TLS interacts with the 5′ end to stimulate translation
in the scanning-dependent manner is suggested by the crystal

structure of the TYMV TLS. The TLS has a tRNA-like shape,
but it uses a very different set of intramolecular interactions
(Colussi et al., 2015). These interactions allow the TLS to switch
conformations and to interact with the ribosome, docking within
it to regulate the folding and unfolding state to permit dual
functionality in viral translation and replication. This leads us to
hypothesize that TLS recruits the ribosome, which is delivered
to the 5′-UTR by communication with the 5′ end through the
cap-eIF4E-eIF4G-eIF3-40S chain of interactions.

A different function for tRNA mimicry occurs in the only
IRES that occurs naturally between ORFs: the intergenic region
(IGR) IRES of dicistroviruses (Wilson et al., 2000; Khong et al.,
2016). In the IGR IRES, a pseudoknot mimics the structure of
the anticodon loop of a tRNA basepaired to a codon in mRNA,
facilitating instant elongation as the ribosome joins the viral RNA
with no initiation steps (Costantino et al., 2008).

In the case of BMV RNA, its 3′-UTR has been shown to
provide translation enhancement, and the disruption of its TLS
reduced translation in vitro (Barends et al., 2004). On the other
hand, the TMV TLS is structurally similar to the TYMV TLS and
functions as minus-strand promoter (Chapman and Kao, 1999),
but it does not mediate translation enhancement. However, the
3′-UTR of TMV contains an upstream pseudoknot domain that
stimulates translation in a way that is replaceable by a poly(A)
tail (Gallie et al., 1991; Leathers et al., 1993). Additionally, TMV
RNA also harbors in its 5′-UTR the 68-nt omega (�) sequence
which highly stimulates cap-dependent translation (Gallie and
Kado, 1989). � is recognized by the heat shock protein 101
(HSP101), mediating translational activity (Wells et al., 1998) and
interacts with eIF4F via eIF4G (Gallie, 2002, 2016). Similarly,
the Brassicaceae-specific eIFiso4G2 isoform also contributes in
�-mediated translation, unlike eIFiso4G which did not affect �-
dependent translation (Gallie, 2016). These results suggest that
eIFiso4G2 exhibits more functional similarity with eIF4G than
eIFiso4G. Regarding translational activity, � is one of the most
efficient mRNA leaders in vitro and in vivo and it was used
for biotechnological applications such as transgene expression
(Gallie et al., 1987; Fan et al., 2012).

3′-UTR Mediated Translation of the Alfalfa mosaic

virus Genome
The non-polyadenylated Alfalfa mosaic virus (AMV, genus
Alfamovirus, family Bromoviridae) RNA requires the viral CP for
efficient translation and infection. The 3′-UTR of AMV also plays
a role in translation due to its ability to bind the CP, adopting the
CP-binding (CPB) conformation. This binding avoids the minus-
strand promoter activity and enhances translation, possibly
acting as a mimic of the poly(A) tail (Olsthoorn et al., 1999). The
CPB structure folds into a series of stem-loops separated by an
AUGCmotif andmutations in this motif led to the loss of binding
to CP, correlating with reduction of translation in protoplasts
(Reusken and Bol, 1996; Neeleman et al., 2004). The crystal
structure of CP-bound RNA revealed a novel RNA fold in which
RNA forms two hairpins separated by the linker AUGCmotif and
oriented in right angles (Guogas et al., 2004). The presence of the
CP promotes the base pairing between linker motifs, leading a
compact structure. Moreover, pulldown assays revealed that the
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CP interacts with eIF4G/eIFiso4G subunits (Krab et al., 2005).
This interaction may stimulate mRNA circularization in a similar
fashion as found for rotaviruses (Groft and Burley, 2002). In
addition to the CPB form, AMV RNAs 3′ termini also fold into
a pseudoknot structure that resembles a TLS conformation. The
3′-UTR can be recognized by a tRNA-specific enzyme and by the
viral replicase and this recognition is inhibited by the addition of
CP (Olsthoorn et al., 1999; Chen and Olsthoorn, 2010). Thus, it
suggests that TLS conformation acts as a minus-strand promoter
and the CP interaction and pseudoknot stability may regulate a
conformational switch between translation and replication (Chen
and Olsthoorn, 2010).

Cap-Independent Translation Elements
Members of the Tombusviridae and Luteoviridae plant virus
families lack both 5′ cap and 3′ poly(A) elements, but contain
in their 3′ ends structured RNA elements capable of enhancing
translation in the absence of cap (cap-independent translation
elements, CITEs). Most 3′-CITEs have in common their ability to
bind translation initiation factors of the eIF4E or eIF4G families,
as well as the presence of small sequence stretches within or near
the 3′-CITE capable of base-pairing to sequences in the 5′-UTR
of the mRNA to establish long-distance RNA:RNA interactions
(Table 1). By definition, 3′-CITEs functionally substitute for the
5′ cap with high efficiency. They recruit translation initiation
factors leading to ribosome entry at or near the 5′ terminus
followed by ribosome scanning to the initiation codon (Fabian
and White, 2004; Rakotondrafara and Miller, 2008; Nicholson
and White, 2011); therefore, in contrast to IRESes, 3′-CITEs
do not promote internal ribosome entry. To date, seven
different classes of 3′-CITEs have been described (Simon and
Miller, 2013; Miras et al., 2014) which share little secondary
structure and sequence similarity. Due to space limitations and a
previous comprehensive review on 3′-CITEs (Simon and Miller,
2013), we will describe only briefly each 3′-CITE and recent
updates.

The first 3′-CITE was discovered in Satellite tobacco necrosis
virus (STNV) and is located in a 120-nt sequence termed
translation enhancer domain (TED) (Danthinne et al., 1993;
Timmer et al., 1993; Meulewaeter et al., 1998). The TED is
predicted to form a long stem-loop with several internal bulges
(Van Lipzig et al., 2002). This element was shown to be functional
in enhancing translation in vitro and in vivo. TED binds eIF4F or
eIFiso4F (Gazo et al., 2004), and is proposed to interact with the
5′-UTR via a predicted RNA:RNA long-distance interaction with
the apical loop of the 5′ end. However, mutations that disrupted
this potential long-distance base-pairing reduced translation only
slightly, and covaryingmutations designed to restore base pairing
did not restore translation to wild type levels (Meulewaeter et al.,
1998). The STNV 3′-CITE confers cap-independent translation
in vitro when it is moved to the 5′-UTR of an uncapped
reporter (Meulewaeter et al., 1998). Another member of the
Tombusviridae family, Pelargonium line pattern virus (PLPV,
genus Carmovirus) was recently shown to harbor a 3′-CITE in
the TED class (Blanco-Pérez et al., 2016). In this case, PLPV TED
was shown to require a long-range RNA:RNA kissing stem-loop
interaction with a hairpin in the coding sequence of the PLPV

p27 ORF for efficient translational activity (Blanco-Pérez et al.,
2016).

The shortest CITEs are the I-shaped structures (ISS) present in
the 3′-UTRs of Maize necrotic spot virus (MNeSV, Tombusvirus,
family Tombusviridae) and Melon necrotic spot virus (MNSV,
genus Carmovirus, family Tombusviridae) (Truniger et al., 2008;
Nicholson et al., 2010; Miras et al., 2016), and are apparently
similar in secondary structure to the TED. MNeSV ISS has been
shown to preferentially interact with the eIF4E subunit of eIF4F.
As for TED and most other CITEs, base pairing between the 3′-
CITE and the 5′-UTR is predicted to deliver the translation factor
to the 5′ end, facilitating recruitment of the 43S preinitiation
complex (Nicholson et al., 2010). In support of this model, it
has been shown that the interacting 5′-UTR:I-shaped 3′-CITE of
MNeSV together with eIF4F form a complex in vitro. In addition,
ribosome toe printing demonstrated that while bound to eIF4F,
the I-shaped CITE can simultaneously base pair with the 5′-
UTR and recruit ribosomes to the 5′ end of the viral fragment
(Nicholson et al., 2010).

In the case of MNSV ISS, genetic evidence for interaction of
the ISS with eIF4E has been shown in melon. A single amino acid
change in melon eIF4E strongly reduces translation efficiency
controlled by MNSV ISS and makes melon resistant to MNSV
infection (Nieto et al., 2006; Truniger et al., 2008). The minimal
3′-CITE sequence, named Ma5TE (MNSValpha5-like translation
enhancer), was mapped to a 45 nt region. In vitro binding
assays revealed that Ma5TE forms a complex with eIF4F and this
interaction was mapped to a conserved guanosine residue located
in a Ma5TE internal loop (Miras et al., 2016). Additionally,
mutational analyses in eIF4E residues involved in its interaction
with eIF4G showed that eIF4F complex formation is necessary for
efficient cap-independent translation driven by Ma5TE (Miras
et al., 2016). Identification of a new resistant-breaking isolate
of MNSV revealed a new class of 3′-CITE, the CXTE, which
was acquired from Cucurbit aphid-borne yellows virus (CABYV,
genus Polerovirus, family Luteoviridae) Xinjiang by interfamilial
recombination, conferring to the recipient MNSV isolate the
advantage to translate efficiently and infect resistant melon
varieties (Miras et al., 2014). Thus, the 3′-UTR of this MNSV
isolate harbors two 3′-CITEs, Ma5TE, and CXTE, with CXTE
secondary RNA structure folding into two helices protruding
from a central hub. Both 3′-CITEs are active in susceptiblemelon,
while only the CXTE functions in resistant melon and in the
absence of eIF4E (Miras et al., 2014).

The Barley yellow dwarf virus-like translation element (BTE)
is one of the best-characterized 3′-CITEs and is found in
all members of the Luteovirus, Dianthovirus, Alphanecrovirus,
Betanecrovirus, and Umbravirus genera (Wang et al., 2010;
Simon and Miller, 2013). All BTEs share a long basal helix
from which two to five additional helices radiate (Figure 1).
BTEs contain a highly conserved 17-nucleotide sequence
GGAUCCUGGGAAACAGG that includes SL-I (formed by
pairing of underline bases). The BTE binds preferentially to
the eIF4G subunit of the eIF4F heterodimer (Treder et al.,
2008). The eIF4G-binding site in the BTE was revealed by
SHAPE footprinting, which showed that eIF4G protects SL-
I and nearby bases around base of the hub from which all
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FIGURE 1 | Non-canonical initiation translation mechanisms used by plant RNA viruses. Canonical translation of eukaryotic mRNAs is shown in the top.

Non-canonical translation elements are grouped depending on their location in viral genome and are color-coded to match with the virus acronyms. Lighter-shaded

loops in the secondary structure of 3′-CITEs indicated sequences known or predicted to base-pair to the 5′ end of the viral genome (shown as dashed line).

helices protrude (Kraft et al., 2013). Addition of eIF4E enhanced
the level of protection and stimulated translation by about
25%. Deletion analysis of eIF4G revealed that only the core
domain (including eIF4A and eIF3 binding sites, but lacking
the eIF4E and PABP binding sites) and an adjacent upstream
RNA binding domain are necessary for binding to the BTE
and to stimulate translation (Kraft et al., 2013; Zhao et al.,
2017).

A long-distance kissing stem-loop interaction between a
loop in the BTE and the 5′-UTR is required for BTE-
mediated translation (Guo et al., 2001). This long-distance
RNA:RNA interaction can be replaced by complementary
non-viral sequences outside the BTE (Rakotondrafara et al.,
2006). This interaction is conserved among all BTEs except
the BTE of Red clover necrotic mosaic virus (RCNMV, genus
Dianthovirus, family Tombusviridae), in which mutations in
potential complementary loops had no effect on translation and
possess the longest BTE and 3′-CITE (Sarawaneeyaruk et al.,
2009).

After eIF4F binds the BTE, it appears that the eIF4A helicase,
eIF4B plus ATP bind in order to recruit the 40S subunit directly
to the BTE. The long-distance base pairing would then deliver the
40S complex to the 5′ end for scanning to the first AUG (Sharma
et al., 2015; Figure 2A). This differs from a previous model in
which it was proposed that the long-distance base pairing places
the factors near the 5′ end, at which point the 40S complex is
recruited (Rakotondrafara et al., 2006). However, the dependence
on helicase activity may support an older model in which a six
base tract in the 17 nt conserved sequence (GAUCCU) base pairs
directly to 18S rRNA at the position where the Shine-Dalgarno
sequence is located in prokaryotic ribosomal RNA (Wang et al.,
1997). Because much of this tract is base paired internally in both
the BTE and in 18S rRNA, the helicase activity may be required to
disrupt this base pairing, freeing the complementary tracts in the
BTE and 18S rRNA to base pair to each other. This base pairing
would recruit the 40S subunit directly to the BTE (Figure 2A).
However, recently the presence of eIF4A, eIF4B and ATP was
also found to enhance the binding affinity of the BTE to eIF4G
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FIGURE 2 | Alternative models of ribosome recruitment and delivery to the 5′-UTR via the BTE. (A) Base pairing to rRNA model. Top: eIF4F binds to SL-I of

the BTE (green) through the eIF4G subunit. eIF4E enhances but is not required for BTE binding. Middle: Helicase (eIF4A + eIF4B) binds and uses ATP hydrolysis to

unwind GAUCCU, making it available to base pair to 18S rRNA at a conserved sequence in the region where the Shine-Dalgarno binding site is located in prokaryotic

16S rRNA. Bottom: The 43S preinitiation complex base pairs to the BTE and is delivered to the 5′ end by long-distance base pairing (yellow stem-loop).

(B) Conventional ribosome recruitment model. Top: eIF4F binds BTE as in (A). Middle: Binding of eIF4A + eIF4B and ATP hydrolysis increases binding affinity of eIF4F,

“locking” it on to the BTE, perhaps by altering the structure of BTE RNA. Bottom: eIF4 complex is delivered to 5′ end by long-distance base pairing where it recruits

the 43S preinitiation complex to the RNA. In both models, 43S scanning from the 5′ end to the start codon is the same as in normal cap-dependent translation. Not

shown: other factors, such as eIF3 and factors in the preinitiation complex.

in the absence of the ribosome (Zhao et al., 2017). This enhanced
binding affinity may be the consequence of helicase activity of
eIF4A/eIF4G/ATP altering BTE structure. This greater affinity
of eIF4G to the BTE may facilitate efficient recruitment of the
40S subunit by conventional factor interactions without need for
base pairing to ribosomal RNA (Figure 2B). Future experiments
are necessary to determine which model is correct. On the other
hand, RCNMV possesses an A-rich sequence (ARS) with strong
affinity to PABP in addition to its BTE in its 3′-UTR. Both
sequences, ARS and 3′-CITE, have been shown to coordinately
recruit eIF4F/ eIFiso4F and the 40S ribosomal subunit to the viral
RNA (Iwakawa et al., 2012).

Tomato bushy stunt virus (TBSV, genus Tombusvirus, family
Tombusviridae) and other viruses belonging to the genus
Tombusvirus, contain 3′-CITEs resembling Y-shaped structure

(YSS), formed by three helical regions. The efficiency of
translation controlled by the YSS of TBSV depends on a long-
distance interaction with the 5′-UTR of the genome. Mutational
analysis of TBSV YSS showed that alterations in junction
residues between helices and in a large asymmetric bulge in the
major supporting stem disrupted translation (Fabian and White,
2004, 2006). Moreover, the YSS of Carnation Italian ringspot
virus (CIRV, genus Dianthovirus, family Tombusviridae) requires
addition of the eIF4F or eIFiso4F complex to a factor-depleted
wheat germ extract to promote efficient translation (Nicholson
et al., 2013). Translation assays showed the ability of the CIRV
YSS to function efficiently in vitro and in vivo, whereas TBSV
YSS was detectable only in in vivo, suggesting that this difference
is due to a misfolding in the TBSV RNA and the lack of eIFs
required in translation (Fabian and White, 2004).
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The Panicum mosaic virus-like Translation Enhancer (PTE)
was first identified in Panicum mosaic virus (PMV, genus
Panicovirus, family Tombusviridae) (Batten et al., 2006) and later
in Pea enation mosaic virus 2 (PEMV2, genusUmbravirus, family
Tombusviridae) (Wang et al., 2009b). The PEMV2 PTE consists
of a three-way branched helix with a large G-rich bulge in the
main stem (Wang et al., 2009b). The formation of a magnesium-
dependent pseudoknot between the G-rich bulge and a C-rich
sequence at the three-helix junction of the PTE is critical for
translation and eIF4E recruitment by the PTE (Wang et al.,
2011). Unlike most other CITEs, the PEMV2 PTE may not
participate in a long-distance RNA:RNA interaction with the 5′-
UTR. Instead, upstream of the PTE, there is an element, the
kl-TSS, that participates in a long range RNA:RNA interaction
with a 5′ proximal hairpin located in the p33 ORF (Gao et al.,
2012).

Most other PTEs contain a loop predicted to base pair to the
5′-UTR. Indeed, Saguaro cactus virus (SCV, genus Carmovirus,
family Tombusviridae), harbors a PTE which participates in a
long-distance RNA:RNA interaction with a hairpin located in the
p26ORF (Chattopadhyay et al., 2011). Interestingly, the sequence
involved in the interaction has the same conserved motif found
in carmovirus TED-like elements and I-shaped structures (Simon
and Miller, 2013).

The 3′-UTR of another member of the Tombusviridae
family, Turnip crinkle virus (TCV, genus Carmovirus, family
Tombusviridae), contains an internal T-shaped structure (TSS)
that consists of three hairpins, two pseudoknots and multiple
unpaired single stranded linker regions (Zuo et al., 2010).
Interestingly, the TSS resembles a three-dimensional tRNA-like
structure (Zuo et al., 2010). The TCV TSS recruits and binds
the 60S subunit of the 80S ribosome (Stupina et al., 2008). For
this element, no base pairing between 3′-CITE and 5′-UTR has
been identified. It was proposed that the ribosomal subunits form
a protein bridge with the UTRs, where the 40S subunit binds
the 5′-UTR and the 60S subunit binds the TSS (Stupina et al.,
2008). Two additional TSSs were found in the PEMV2 3′-UTR,
one upstream of the PTE and another near to the 3′ terminus
(Gao et al., 2013). Interestingly, both TSSs can also bind the
60S ribosomal subunit and although they are essential for virus
accumulation in vivo, mutations that disrupted the downstream
TSS had no effect in translation (Gao et al., 2013, 2014). However,
when this TSS element was positioned proximal to the reporter
ORF enhanced translational activity. This report points out the
importance of the reporter constructs in the identification of
3′-CITE that participate in translation. A recent report showed
that TCV RdRp binds to A-rich sequence upstream of the
TSS and using optical tweezers and steered molecular dynamic
simulations showed that elements of TSS unfold when it is
interacting with RdRp which may promote the conformational
switch between translation and replication (Le et al., 2017).

More classes of 3′-CITE await discovery, as the 3′ UTRs of
several members of the Tombusviridae contain no structure that
obviously resembles a known 3′-CITE (Simon and Miller, 2013).
Thus, viruses have evolved a plethora of structures to achieve the
same goal: recruitment of eIF4F and ultimately the ribosome to
their RNAs.

5′- and 3′-UTR Dependent Translation of
Nepovirus Genomic RNAs
As mentioned above, nepovirus (family Secoviridae, order
Picornavirales) genomes contain a VPg linked to their 5′ end, thus
are uncapped but polyadenylated requiring also cap-independent
translation mechanisms. The two genomic RNAs (gRNA) of
Blackcurrant reversion virus (BRV; genus Nepovirus, subfamily
Comoviridae), have translation enhancing sequences in their
5′- and 3′-UTRs. The 5′ leader sequences of the two gRNAs
of BRV contain IRES elements that facilitate translation when
placed either at the 5′-end of a non-capped reporter RNA or
internally between two reporter genes (Karetnikov and Lehto,
2007, 2008). The BRV IRESes contain little secondary structure,
harboring only one predicted single stem-loop structure at the 5′

end. Also, the 5′-UTRs of both gRNAs have at least six AU-rich
tracts of 8–10 nt predicted to base pair to 18S rRNA. Deletion
of these sequences reduced cap-independent translation activity,
suggesting a disruption of the required complementarity or other
5′-UTR functional features (Karetnikov and Lehto, 2007, 2008).

In addition to these IRESes, CITE activity was mapped to
the 3′-UTRs of BRV RNA1 and RNA2 (Karetnikov et al., 2006;
Karetnikov and Lehto, 2008). This activity depended on the
presence of a predicted stem-loop structure located immediately
downstream of the last ORF. Moreover, translation efficiency
was shown to be dependent on a long-distance RNA interaction
with a stem-loop structure present in the 5′-UTR (Karetnikov
and Lehto, 2008). Secondary structures of the 3′-CITE and 5′-
UTR have not been determined, although they are predicted to
fold as a pseudoknot and a stem-loop, respectively. Presence of a
poly(A) tail (which is naturally present in the BRVRNA, unlike in
other 3′-CITE-containing viruses) in reporter mRNAs stimulated
translation several fold, thus playing a major role in CITE-
mediated translation. Many of the key elements identified in
BRV RNAs, including 5′–3′-UTR RNA interactions and sequence
complementarity with the 18S rRNA in the 5′-UTR, are predicted
to be conserved in the RNAs of other nepoviruses (Karetnikov
and Lehto, 2008), although their precise biological functions
remain unknown.

OPTIMIZATION OF CODING CAPACITY

RNA viruses often contain overlapping genes, which allows a very
efficient use of the sequence to maximize the coding capacity.
Expression of these overlapping genes is achieved by (i) initiation
of translation at multiple start codons in different reading frames,
by leaky scanning of ribosomes, (ii) frameshifting by a portion
of the ribosomes during the elongation phase of translation, or
(iii) generating subgenomicmRNAs that allow translation of each
ORF from a separate mRNA. The latter will not be discussed, as
it is not a translational control mechanism.

Leaky Scanning
Leaky scanning occurs when a proportion of ribosomes fail
to initiate translation at the first AUG codon and continue
downstream until they reach an AUG codon in the optimal
caA(A/C)aAUGGCg initiation context (Figure 3; Joshi et al.,
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FIGURE 3 | Viral recoding strategies. Top panel represents leaky scanning

mechanism where ribosomes fail to start translation at the first AUG codon

and continue scanning until they reach an alternative start codon in the optimal

initiation context. This process allows the expression of two proteins with

distinct amino acid sequence when the initiation sites are in different reading

frames (as shown) or C-terminally coincident isoforms of a single protein if

initiation sites are in-frame (not shown). Middle panel shows the expression of

proteins with alternative C-terminal because a portion of ribosomes fail to

terminate at a stop codon and continue translation. The efficiency of

readthrough can be stimulated by the presence of elements downstream of

the stop codon: UAG stop codon followed by the consensus motif CARYYA,

where R is a purine and Y is a pyrimidine (Type I); UGA stop codon followed by

CGG or CUA triplet and a stem-loop structure separated from the stop codon

by 8 nt (Type II); UAG stop codon and adjacent G or purine octanucleotide and

a compact pseudoknot structure (Type III). Bottom panel represents ribosomal

frameshifting strategy, where ribosomes are directed into a different reading

frame guided by the slippery signal X_XXY_YYZ (X and Y can be any base and

Z is any base except G) and a secondary structure element located 5-9 nt

downstream the slippery sequence.

1997; Kozak, 2002). If the two AUG codons are in the same
reading frame, the protein derived by initiation at the second
AUG is an N-terminally truncated version of that made by
initiation at the first AUG. If the two AUGs are in different
frames, then the two proteins have entirely different amino
acid sequences. Examples of the latter are long overlaps of
replication genes and the triple gene block (TGB) that encodes
the movement proteins of several viruses: For instance, the TGB3
of Potato virus X (PVX, family Flexiviridae, genus Potexvirus)
and Barley stripe mosaic virus (BSMV, family Virgaviridae,
genus Hordeivirus) and the TGB2 of Peanut clump virus
(PCV, family Virgaviridae, genus Pecluvirus) are expressed by
leaky scanning (Herzog et al., 1995; Zhou and Jackson, 1996;
Verchot et al., 1998). In addition, leaky scanning may also

be facilitated by the use of non-AUG initiation codons, which
require a strong initiation context (Kozak, 1989). In this respect,
Shallot virus X (ShVX; family Flexiviridae, genus Allexivirus)
contains a non-canonical ORF for its TGB3 protein (Kanyuka
et al., 1992; Lezzhov et al., 2015). ShVX TGB3 translation
initiates in a CUG triplet, which has been shown previously
to be the most efficient non-AUG initiator (Firth and Brierley,
2012). This triplet and flanking sequences give an optimal
context for translation initiation and are conserved in all
allexviruses (Lezzhov et al., 2015). Similarly, translation of the
second movement protein from Pelargonium line pattern virus
(PLPV, family Tombusviridae, genus Pelarspovirus) and Maize
chlorotic mottle virus (MCMV, family Tombusviridae, genus
Machlomovirus) were suggested to be initiated in a GUG or CUG
start codons, accomplished by leaky scanning (Scheets, 2000;
Hernández, 2009).

In the main subgenomic RNA of poleroviruses and
luteoviruses all three reading frames are used. The tiny, 45
codon first ORF, which encodes a long-distance movement
protein, always starts with a non-AUG codon, such as GUG,
CUG or AUU. Thus, most scanning 40S ribosomes skip this
codon (Smirnova et al., 2015). The second ORF, which encodes
the coat protein, starts with AUG in a poor context, while the
third ORF, a movement protein gene, starts with AUG in a strong
context. The secondary structure encompassing these two AUGs
also affects initiation preference (Dinesh-Kumar and Miller,
1993). Other examples of leaky scanning in replicase ORFs
have been described. In tymoviruses, the first AUG initiates an
ORF encoding a 69 kDa protein that overlaps with the main
replicase-encoding ORF initiated by the second AUG. While
Kozak context plays a role, unlike “conventional” leaky scanning,
the second AUG must be in close proximity (e.g., 7 nt) of the
first to efficiently initiate translation (Matsuda and Dreher,
2006). Recently, a small ORF in the sobemoviruses, ORFx, was
discovered that overlaps ORF2a and is essential for Turnip rosette
virus (TRoV, genus Sobemovirus) to establish systemic infection
(Ling et al., 2013).

Translational Recoding: Frameshift and
Readthrough
Recoding consists of the redefinition of individual codons
in response to signals in an mRNA. Such signals could be
RNA secondary structures, complementary interactions with
ribosomal RNA or alteration of the ribosomal state (Atkins
and Baranov, 2010). In ribosomal frameshifting a proportion of
translating ribosomes are guided into a different reading frame
by induced slippage of the ribosome by the mRNA structure
(exhaustively reviewed by Miller and Giedroc, 2010; Atkins et al.,
2016), while in readthrough mechanisms, a portion of ribosomes
fail to terminate at a stop codon and continue translation
(Figure 3). This generates proteins with alternative C-termini.
Viruses use often these processes to express the RNA-dependent
RNA polymerase domain of the replicase.

Ribosomal Frameshifting
Many plant viruses utilize programmed ribosomal frameshifting
(PRS) to translate overlapping ORFs. This recoding event can
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occur in the + or − direction relative to the normal 0 frame
of mRNA translation by shifting the ribosome in one or
two nucleotides forward or backward. Productive frameshifting
normally competes poorly with standard decoding, so the
efficiency of frameshifting in viruses varies from 1% in BYDV to
82% in cardioviruses (Barry and Miller, 2002; Finch et al., 2015).
Thus far, most frameshifting by plant viruses is in the -1 direction.
These include members of the Sobemovirus, Umbravirus, and
Dianthovirus genera and the Luteoviridae family (Brault and
Miller, 1992; Demler et al., 1993; Kujawa et al., 1993; Mäkinen
et al., 1995; Kim et al., 1999; Lucchesi et al., 2000; Barry
and Miller, 2002; Tamm et al., 2009). Members of the non-
related family Closteroviridae (genus Closterovirus, Crinivirus
and Ampelovirus) are predicted to use a +1 frameshift to
synthesize their viral replicases (Agranovsky et al., 1994; Karasev
et al., 1995; Melzer et al., 2008).

The -1 PRS usually requires two signals in the mRNA, a
slippery sequence of the type X_XXY_YYZ, where X normally
represents any nucleotide, Y represents A or U and Z represents
A, C or U (gaps delimit codons in the original 0 frame); and
a downstream secondary structure element separated from the
slippery sequence by a spacer region of 5-9 nt (Dinman, 2012).
In plant viruses these structural elements, acting as stimulators
of frameshifting, fall into three structural classes: an apical loop
with a bulge, a compact hairpin-type pseudoknot or a stem-loop
(Figure 3) (reviewed by Miller and Giedroc, 2010).

The -1 PRS stimulatory elements of BYDV, PEMV-RNA2
and RCNMV fold into a stem-loop with an internal bulge in a
similar manner (Kim et al., 1999; Paul et al., 2001; Barry and
Miller, 2002; Gao and Simon, 2015). For BYDV, this element
participates in a long-distance interaction with the apical loop
of a stem-loop located in the 3′-UTR (about 4 kb downstream
of the frameshift site). This interaction is required for the low
expression levels of RdRp and thus replication (Barry and Miller,
2002). Similar long-range base pairing interactions were shown
in RNAs of RCNMV and PEMV2 (Tajima et al., 2011; Gao and
Simon, 2015). For PEMV2 RNA, this interaction modifies the
lower stem of the structure, possibly due to a rise of its stability or
the approximation of other sequence near the 3′ end. Curiously,
the distant−1 PRS element of PEMV2 RNA appeared to inhibit,
rather than stimulate frameshifting, because in its absence, the
frameshift rate increased 72% with respect to the wild type viral
genome (Gao and Simon, 2015).

On the other hand, the frameshift stimulatory elements from
poleroviruses Beet western yellows virus, Potato leaf roll virus
and Sugarcane yellow leaf virus (BWYV, PLRV, and ScYLV,
family Luteoviridae, genus Polerovirus) and PEMV1 (family
Luteoviridae, genus Enamovirus) form h-type pseudoknots (Egli
et al., 2002; Cornish et al., 2005; Pallan et al., 2005; Giedroc
and Cornish, 2009). The frameshift regulatory element of BWYV
was the first to be determined at atomic resolution showing a
compact pseudoknot with a triple-stranded region (Egli et al.,
2002). It was suggested that pseudoknots provide a kinetic
barrier to the ribosome and that the unfolding of this element
correlates with frameshifting stimulation (Giedroc and Cornish,
2009).

Stop-Codon Readthrough
Stop-codon readthrough is a common strategy found in plant
viruses to encode protein variants with an extended C-terminus
from the same RNA. During readthrough, some ribosomes
do not stop at the stop codon but continue until the next
termination codon. Members of the Tombusviridae, Luteoviridae
and Virgaviridae families employ readthrough of UGA and UAG
stop codons in their replicase and coat protein genes. Flanking
nucleotides as well as long-range RNA-RNA interactions
influence stop-codon readthrough (Figure 3; Firth and Brierley,
2012; Nicholson and White, 2014). Depending on the sequence
motifs and the stop codon, three types of readthrough can be
described: The type I motif employs a UAG codon in the replicase
gene and is followed by the consensus motif CARYYA (where
R is a purine and Y is a pyrimidine) (Skuzeski et al., 1991);
this type is used by tobamoviruses, benyviruses and pomoviruses
(Pelham, 1978; Firth and Brierley, 2012). The type II motif is
used by tobraviruses, pecluviruses, furoviruses and pomoviruses
to generate their viral RdRp and by furoviruses to express the coat
protein (Skuzeski et al., 1991; Zerfass and Beier, 1992). It involves
a UGA stop codon followed by a CGG or CUA triplet and a stem-
loop structure about 8 nts downstream of the stop codon (Firth
et al., 2011). The type III class comprises an UAG stop codon,
a downstream G or purine-rich octanucleotide and a 3′ RNA
structure (Firth and Brierley, 2012) and appears in carmovirus
and tombusvirus genomes. For example, the tombusvirus CIRV
uses stop-codon readthrough to generate its viral RdRp and
requires a long-distance interaction between an RNA structure
located downstream of the readthrough site and also a sequence
in the 3′-UTR (Cimino et al., 2011). Tobacco necrosis virus-D
(TNV-D, genus Betanecrovirus, family Tombusviridae) employs
a complex series of downstream interactions. A stable bulged
readthrough stem-loop (RTSL) immediately downstream of the
leaky stop codon contains a G-rich bulge which must base
pair to a distant readthrough element (DRTE) located 3 kb
downstream in the structure required for replication initiation
(Newburn et al., 2014). A pseudoknot immediately 3′ to the
RTSL, and a stem-loop adjacent 5′ to the DRTE in the 3′-
UTR are also necessary for optimal readthrough (Newburn and
White, 2017). The long-distance interactions within the viral
genome required for frameshifting and readthrough may play
a regulatory role as switch between translation and replication
(Cimino et al., 2011), by allowing replicase entering at the 3′

end of the genome to stop its own translation 3–4 kb upstream,
as it disrupts this essential long-distance interaction (Miller and
White, 2006).

Readthrough of the CP stop codon of viruses from the
Luteoviridae family appears to use a fourth class of cis-acting
signals (Brown et al., 1996). The stop codon is usually UAG,
but can be UGA or UAA. Instead, readthrough requires a tract
of 8–16 repeats of CCXXXX beginning about 8 nt downstream
of stop codon and requires additional sequence about 700–750
nt downstream in the coding region of the readthrough ORF,
in the example of BYDV (Brown et al., 1996). Although the
resulting CP-readthrough protein fusion is not essential for virus
particle assembly or infectivity it is assembled into the virion and
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is required for persistent, circulative aphid transmission (Brault
et al., 1995; Chay et al., 1996).

PERSPECTIVES

This review provides an outlook of the vast diversity of
non-canonical mechanisms that RNA viruses use to translate
their RNAs. With some significant exceptions, knowledge is
still superficial for a large number of cases. It would be
highly desirable to obtain additional and deeper information
on specific cases and mechanisms. For example, secondary
structure data is available for only a few translation initiation
elements (Wang et al., 2009a; Zuo et al., 2010; Nicholson
and White, 2011; Kraft et al., 2013; Miras et al., 2014), and
high-resolution three-dimensional structures are known only
for the small H-type pseudoknot frameshift structures of the
polero- and enamoviruses (Miller and Giedroc, 2010), and for
plant translation factor eIF4E (Monzingo et al., 2007; Ashby
et al., 2011). There is no structural data on bipartite or
multipartite virus-host complexes. This represents a significant
methodological challenge, but the current advancement of
techniques like cryo-electron microscopy may significantly
contribute to tackle it. Structural data would provide additional
mechanistic insight and could contribute to uncover interacting
regions with regulatory roles, providing molecular targets for
intercepting productive host-virus interactions.

It is important to note that mutations in translation initiation
factors that disrupt interactions with viral proteins or RNAmight
not only prevent infection in resistant varieties of susceptible host
species but also contribute to non-host resistance. Mutations in
viral factors conferring compatibility with translation initiation
factors of otherwise non-host plants can contribute to broaden
the host range of potyviruses (Calvo et al., 2014; Estevan et al.,
2014; Svanella-Dumas et al., 2014) and a carmovirus (Nieto
et al., 2011). Also, the development of techniques to monitor
the translational dynamics based on fluorescent and optical
methods could providemore complete pictures of how andwhere
translation occurs.

The diversity of mechanisms is particularly striking when
identified in a single viral RNA. BRV provides an example
of this, with gRNAs carrying VPg, poly(A), IRES, and CITE
(Karetnikov et al., 2006; Karetnikov and Lehto, 2008), and
there are other viral RNAs for which multiplicity of cis-acting
elements has been recognized, including MNSV (Miras et al.,
2014) and PEMV2 (Gao et al., 2013, 2014). This multiplicity
may exist for different reasons, including the use of different
mechanisms during different steps of the infection cycle or
to infect different hosts, or the overlapping of templates
for transcription of mRNAs which, again, may be translated
during different steps of the infection cycle and/or in different
cellular environments. This brings us to various additional
methodological aspects that may require attention for further
development of this research field: On the one hand, the
dissection of the infection cycle is still a difficult task for
plant virologists, as there is a lack of experimental systems in
which synchronous infections can be established. On the other
hand, experimental systems appropriate for performing arrays

of experiments covering biochemistry, genetics and cellular
biology are also missing. For instance, wheat germ extract
has been and still is very useful for biochemistry experiments,
but genetics or cellular biology experiments are difficult using
wheat as a host, because it is hexaploid and difficult to
transform. In another example, N. benthamiana is an excellent
host to perform cellular biology experiments, but its genetic
tractability is rather poor, and N. benthamiana is not particularly
advantageous for biochemistry experiments. In this regard, the
preparation of translationally active extracts from evacuolated
protoplasts (Murota et al., 2011) from different plant species
may contribute to solve this problem, particularly if prepared
from genetically tractable and microscopy amenable hosts such
as Arabidopsis.

From the point of view of the cellular translational machinery
and how viruses use it, the described diversity of translation
mechanisms points toward the different ways that viruses use
and control the basic translation machinery of the cell, but
it also seems to point toward the existence of a diversity of
associations of RNA and protein translation factors used for
the uninfected cell to synthesize proteins from different mRNA
populations under different micro-environmental conditions
and/or subcellular locations. It is tempting to speculate that
during evolution plant viruses may have adopted cellular
preexisting mechanisms to translate their proteins; quite likely,
there is a significant overlap between translation mechanisms
of viral RNAs and translation of cellular mRNAs in uninfected
cells under abiotic stress conditions (Spriggs et al., 2010), and
viruses might be viewed as useful probes to uncover the cellular
mechanisms of translation. In this regard, it has been shown
that active plant virus replication associates with host gene
shutoff (Wang and Maule, 1995; Aranda and Maule, 1998), but
even during active replication there are host mRNAs which are
over-expressed, suggesting common mechanisms for host and
viral mRNA expression, including translation; structural data
may provide important information on how these transcripts
can recruit the host machinery efficiently during cellular shut-
off. Interestingly, host mRNAs over-expressed during virus
replication include stress response transcripts (Aranda et al.,
1996) and, in fact, at least a maize HSP101 and ADH1
transcripts have been shown to contain IRES-like elements
(Dinkova et al., 2005; Mardanova et al., 2008). Large screenings
of the human genome revealed widespread identification of cap-
independent translation elements located in the 5′-UTR and
3′-UTR of human transcripts, but their mode of regulation
remains unknown (Weingarten-Gabbay et al., 2016). In plants,
there are few reports on ribosome profiling under abiotic
stresses such are drought, varying external light conditions
or in response to reactive oxygen species (Liu et al., 2013;
Benina et al., 2015; Lei et al., 2015), but not under viral
infection conditions, limiting the identification of potential
parallelisms.

Last but not least, the diversity of cis-acting translation
elements identified in plant viruses may contribute to the design
of tools for synthetic biology (Ogawa et al., 2017), and in vectors
for the overexpression of proteins in biofactory cell-free systems,
cell cultures, or whole plants (Fan et al., 2012), or, perhaps, in
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other organisms used for industrial overexpression of proteins, if
mechanisms employed by plant viruses are universal or at least
conserved in the species of interest.
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Plants use a wide range of mechanisms to adapt to different environmental stresses.
One of the earliest responses displayed under stress is rapid alterations in stress
responsive gene expression that has been extensively analyzed through expression
profiling such as microarrays and RNA-sequencing. Recently, expression profiling has
been complemented with proteome analyses to establish a link between transcriptional
and the corresponding translational changes. However, proteome profiling approaches
have their own technical limitations. More recently, ribosome-associated mRNA profiling
has emerged as an alternative and a robust way of identifying translating mRNAs,
which are a set of mRNAs associated with ribosomes and more likely to contribute
to proteome abundance. In this article, we briefly review recent studies that examined
the processes affecting the abundance of translating mRNAs, their regulation during
plant development and tolerance to stress conditions and plant factors affecting the
selection of translating mRNA pools. This review also highlights recent findings revealing
differential roles of alternatively spliced mRNAs and their translational control during
stress adaptation. Overall, better understanding of processes involved in the regulation
of translating mRNAs has obvious implications for improvement of stress tolerance in
plants.

Keywords: mRNA, translational regulation, ribosomal associations, stress, development

INTRODUCTION

Plant ‘omics’ research is currently focusing on at least two important fronts that can have
major implications for crop breeding: (1) sequencing and re-sequencing of plant genomes with
phylogenetic or agronomic importance and (2) comparative and functional genomic approaches
for identifying genes with important roles in plant development and stress adaptation. Such
genes can be edited using the editing technology such as CRISPR-Cas9 to develop crops with
high value traits (Chang et al., 2016; Zhou et al., 2016). Aforementioned approaches are also
components of ‘systems biology,’ which broadly refers to a common framework to understand the
functional component of plant genomes and their subsequent adaptation to changing climates
(Cramer et al., 2011). Recently, high throughput transcriptome profiling approaches such as
RNA-seq have revolutionized the discovery and functional characterization of genes associated
with agronomically important traits. In addition, several traits of agronomic importance and
recently various forms of quantitative trait loci (QTL) such as expression QTL (e-QTL), cis-
and trans-QTL have been mapped for functional crop improvement (Druka et al., 2010; Wang
et al., 2014). These approaches have been widely applied across a variety of stress conditions
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(Hirayama and Shinozaki, 2010; Debnath et al., 2011) to
understand the regulatory role of stress responsive genes and
associated transcription factors (Fu et al., 2016).

In addition, recently emerging co-expression analyses (Serin
et al., 2016) and network modeling approaches have been
widely used to identify key networks or modules and certain
transcription factors that modulate these networks in those
regulatory modules (Serin et al., 2016). Although transcriptome
profiling methods have been informative, they do not necessarily
provide a thorough understanding of whether transcriptional
changes observed under a condition actually mirror the
abundance of mRNAs (translating mRNAs) associated with
ribosomes. Indeed, ribosome profiling approaches, which profiles
mRNAs fragments associated with ribosomes provides a direct
estimate of mRNAs to be translated into proteins. A thorough
understanding of this process will enable us to focus only
on those mRNAs bound to ribosomes for functional analyses
of gene function. Emerging evidence from recent studies
have suggested the discordance between transcriptome and
proteome can even be greater during stress responses. Indeed,
translating mRNAs are reduced by ∼50% under heat stress
as only those mRNAs encoding proteins mainly involved in
translation and stress responses, are enriched for binding to
ribosomes, suggesting that they are selectively translated and
demonstrates a level of selective enrichment of certain mRNAs
during stress (Yángüez et al., 2013). Similarly, 77% decrease in
the pool of translating mRNAs was observed under hypoxia
stress indicating that the selective enrichment of hypoxia specific
genes in the translating mRNA pool (Branco-Price et al.,
2005). Taking into account, the collective information, we can
infer the swathing information about the translational control
of plant under stress and development conditions using the
translating mRNAs as an index of measure. In this review,
we highlight the role of ribosome profiling in identifying
translating mRNAs involved in stress responses and plant
development.

PROFILING APPROACHES FOR
TRANSLATING mRNAs

Proteomic-based approaches have been used to establish
a correlation between observed fluctuations in transcript
expression and the actual peptide abundance during plant
development (Galland et al., 2014). However, proteomic
approaches are laborious and expensive and preparation of
samples and quantification of proteome using techniques such as
1-dimensional (1-D) or 2-dimensional (2-D) or 2D-coupled with
iso-electric focusing (2D-IEF) followed by peptide sequencing
also requires specialized technical expertise and provide limited
resolution of spatio-temporal resolution of translated mRNAs.
Another limitation of proteome-based approaches is the
identification of an algorithm of sequenced peptides, which
mainly relies on BLAST searches against the proteome of the
corresponding species or against previously annotated or un-
annotated proteins. Recently, ribosomal foot-printing (Ingolia
et al., 2009, 2012, 2014), which sequences ribosome-protected

mRNA fragments, has been applied to identify mRNAs bound to
ribosomes. Additionally, the genome-wide profiling of ribosome-
protected mRNA fragments has highlighted the role of 5′ and 3′-
regulatory regions and the presence of sequence motifs which
could accelerate the initiation of translating mRNAs (Bai et al.,
2016).

To isolate translating mRNAs, either intact ribosomes or
immunopreciptated ribosomes enriched for polysome-associated
mRNAs have been used (Zanetti et al., 2005; Reynoso et al., 2015;
Zhao et al., 2017). Translational abundance is then analyzed using
ribosome-profiling methods such as translating ribosome affinity
purification (TRAP) followed by RNA sequencing (TRAP-seq)
(Zanetti et al., 2005). The use of FLAG-tagged ribosomal
protein L18 (RPL18) in this method gives an intricate view
of functional ribosomes by reducing the contamination of
messenger ribonucleoproteins (mRNPs) (Juntawong et al., 2013;
Zhao et al., 2017). Figure 1 represents a summary view of
applications of these approaches to study stress conditions and
developmental patterns. These approaches have been undertaken
in both model and non-model species with model species
benefiting from the availability of genome-based mapping
methods, which can reveal the translational efficiency as a
measure of the ribosomal scores (Guttman et al., 2013).
Recently, ribosomal scores have been used to measure the
translational efficiency of sense and antisense transcripts in
maize (Zea mays) under drought stress (Xu et al., 2017),
which demonstrated that ribosomal scores can be used as
a measure to estimate the translational efficiency. Table 1
shows examples from the application of these approaches
into model plants. As for proteomics, several factors also
contribute to the sequence diversity among the pool of translating
mRNAs such as the association of RNA binding proteins
to translating mRNAs and translational elongation (Tebaldi
et al., 2012; Browning and Bailey-Serres, 2015). Additionally,
sequence features such as the length and the GC content of
transcripts (Zhao et al., 2017) and the presence or absence of
smallORFs, can affect the rate by which mRNAs can be translated
(Zhao et al., 2017).

TRANSLATING mRNAs AND THEIR
ROLES IN STRESS FUNCTIONAL
GENOMICS

Transcriptional profiling has played a vital role in understanding
the regulation of genes during stress. Also revealed are a wide
array of genes involved in stress responses (Kreps et al., 2002;
Buitink et al., 2006; Kianianmomeni, 2014; Valliyodan et al.,
2014). However, the translating dynamic landscape of these
transcriptionally active mRNAs was mostly lacking with only
few reports addressing the role of translating mRNAs in stress
(Mustroph et al., 2009; Juntawong et al., 2014). Given that
the advent of the ribosome- profiling approaches made the
identification of translating mRNAs possible we are now in a
much better position to determine how transcriptional changes
occurring during stress correlate with those of translating
mRNAs (Zhao et al., 2017). In the following section, a
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FIGURE 1 | Schematic view of transcriptional (steady state mRNAs) and translating (mRNA bounds to ribosomes) mRNAs in plants across abiotic stress and
development. Induction of abiotic stress or changes in stages of development requires specific set of the transcriptional mRNAs, which is represented by the steady
state mRNAs and translationally active mRNAs as represented by the ribosome bound mRNAs. Differential regulation of these steady state mRNAs and translating
mRNAs play a major role in defining the phenotypic plasticity of the plant to a stress environment. Translating mRNAs represent a subset of pool of mRNAs, which
are bound to ribosomes and can be identified using either intact ribosomal immunoprecipitation or TRAP-Seq, translating ribosome affinity purification (TRAP), which
involves the RNA-sequencing of the purified ribosomes. To reduce the contamination of the messenger ribonucleoproteins (mRNPs), FLAG-tagged ribosomal protein
L18 (RPL18) is used.

few specific examples from recent studies will be briefly
discussed.

Light plays a key role in the adaptation of plant species to
any environment and controls the rate of photosynthesis, which
is a source point for energy required for growth. Several stress
studies have used light measures and photosynthetic efficiency

TABLE 1 | Summary of the translating mRNAs studies.

Plant species Condition Reference

A. thaliana Hypoxia Branco-Price et al., 2005;
Mustroph et al., 2009;
Niedojadło et al., 2016

Zea mays Drought stress Lei et al., 2015

A. thaliana Circadian cycle Missra et al., 2015

A. thaliana Gibberellin signaling Ribeiro et al., 2012

A. thaliana Heat stress Yángüez et al., 2013

A. thaliana Lipid metabolism Li et al., 2015

A. thaliana Developing flowers Jiao and Meyerowitz, 2010

A. thaliana Root development Rajasundaram et al., 2014

A. thaliana Multiple stresses Palusa and Reddy, 2015

A. thaliana Seed germination Galland et al., 2014;
Bai et al., 2016

A. thaliana Thermal stress Lukoszek et al., 2016

Oryza sativa Tissue and stress Zhao et al., 2017

A. thaliana Brassinosteriod signaling Vragović et al., 2015

A. thaliana Pollen tubes Lin et al., 2014

A. thaliana Light stress Gamm et al., 2014

as a first point to understand plant responses to stress (Dunaeva
and Adamska, 2001; Soitamo et al., 2008). Previously, wide
arrays of genes have been profiled in response to light stress
in model and non-model species and attempts made to reveal
the light-based regulation and evolution of C3–C4 biosynthetic
cycle (Perduns et al., 2015). Light-regulated responses occur
diurnally with alternative light- and dark- phases. Different sets
of the transcriptionally active genes have been identified during
diurnal shifts (Vialet-Chabrand et al., 2017). Ribosome profiling
approaches revealed mRNAs encoding ribulose bisphosphate
carboxylase (RBCS) and ribulose bisphosphate carboxylase small
chain 1A (RBCS1A) as major translating mRNAs (Liu et al.,
2013; Juntawong et al., 2014). RBCS plays an important role
in carbon fixation and regulatory role of this enzyme at the
level of translation can help understand the minimum cost of
translation and translation efficiency for carbon fixation. These
observations can be linked to the energy cost of translation,
which is defined as the minimum energy required to translate
particular mRNAs (Branco-Price et al., 2008) and have also
been recently shown in light regulated translating mRNAs
(Juntawong and Bailey-Serres, 2012). Missra et al. (2015)
observed phase shifts and state transitions of the translating
mRNAs with ribosomal proteins and mitochondrial respiration
associated translating mRNAs showing peak translation states
during night cycles. Notably, central clock mRNAs revealed
a wide variation in the abundance of translating mRNAs,
with CCA1, a clock-associated mRNA, showing phase shifts
and light-dark phase regulated ribosomal associations (Missra
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et al., 2015). These associations reveal the diurnal transition of
translating mRNAs involved in the circadian clock (Missra et al.,
2015).

Translating mRNAs also showed alterations under various
stress conditions (Table 1). For instance, under hypoxia (low
oxygen stress) only 70% of the cytosolic mRNAs were found
to be associated with ribosomes to conserve cellular kinetic
energy (Branco-Price et al., 2008; Juntawong and Bailey-Serres,
2012). Among the favored translating mRNAs found under
hypoxia were those that either promote the conservation
of ATP as a source for cellular energy or facilitate the
shift toward anaerobic metabolism (Juntawong and Bailey-
Serres, 2012). This observation is consistent with the increase
observed in translating mRNAs encoding for anaerobic enzymes
(Mustroph et al., 2009), thus providing support for the selective
enrichment of mRNAs during physiological changes. Previous
observations were further supported by whole genome ribosome
foot-printing in hypoxia (Juntawong et al., 2014). Previous
reports indicate fewer number of ribosomes associated with
up-regulated transcripts under hypoxia thus illustrating the
lack of translational initiation as compared to elongation
(Juntawong et al., 2014). However, recent studies established
the correlation between the transcriptional and translational
coordination under drought stress in maize (Lei et al.,
2015).

Recent studies highlighting the differences in the pool of
translating cytoplasmic and nuclear mRNAs under hypoxia
have presented new insights into the selection of translating
mRNAs (Niedojadło et al., 2016). For example, no preferential
enrichment of translating ADH1 (Alcohol Dehydrogenase 1)
mRNAs, a core hypoxia-induced gene, was observed in nucleus
among the selectively retained translating mRNAs (Niedojadło
et al., 2016). Interestingly, post-aeration (a mechanism to
restore the plant from hypoxia-induced stress) revealed selective
increase in cytoplasmic mRNAs (Niedojadło et al., 2016). This
indicated that cytoplasmic mRNAs come as a first point of
contact to the translational machinery during stress recovery
while mRNAs, which are not involved in stress responses, are
stored pre-dominantly in the nucleus (Niedojadło et al., 2016).
Similar patterns of condition-associated selective enrichment of
translating mRNAs have been observed by Tiruneh et al. (2013).
Juntawong et al. (2013) showed a positive association between
cold shock protein (CSP) abundance and the translation of
ribosomal mRNAs in Arabidopsis thaliana, demonstrating the
selective abilities of CSPs as molecular chaperones to selectively
load mRNAs.

To understand the processes involved in the regulation of
translating mRNAs, genes involved in this process have been
identified and functionally characterized using mutant lines.
Since translating mRNAs represent the pool of polyA mRNAs
associated with ribosomes, it is imperative to highlight the
role of PABS, which is a poly-A binding protein that exerts
a level of translational control by bringing the 5′ cap and
3′ poly-A tail together (Tiruneh et al., 2013). However, this
process is compromised in the poly-(A) binding protein mutant,
pab2 pab8, as well as in a mutant of a large ribosomal
subunit protein, rpl24b/shortvalve1 (Tiruneh et al., 2013).

Comparative assessment of translating mRNAs across these
mutants revealed that only one-fifth of the mRNAs showed
a highly plastic translational control and the lack of poly-A
binding protein mutations has only affected proteins involved in
late embryogenesis. However, no significant effect of the rpl24b
mutation on translating mRNAs was found, suggesting that the
pool of translating mRNAs is independent of the RPL24b gene.

TRANSLATING mRNA POOLS ACROSS
DEVELOPMENTAL LANDSCAPE

The APETALA2 (AP2) gene family plays an important role
during plant development (Zhao et al., 2007; Wu et al., 2009). Jiao
and Meyerowitz (2010) laid the founding work by demonstrating
the role of translating mRNAs in flower development by
incorporating FLAG-tagged RPL18 (large subunit ribosomal
protein L18) protein under the control of either APETALA1
(AP1), APETALA3 (AP3) or AGAMOUS (AG) promoter.
Notably, the enrichment of petal and stamen development
was seen as enriched in the AP3 domain as compared to
the AP1 and AP2 domain. Interestingly, they observed the
enrichment of the GO terms specific to chloroplast functions
in the AG domains and the abundance and the enrichment
of these terms were found to be positively correlated to
flower development, suggesting that the chloroplast translating
mRNAs play an important role in flower development. Another
example highlighting the role of cell specific translating
mRNA comes from the Arabidopsis thaliana translatome cell-
specific mRNA atlas (Mustroph and Bailey-Serres, 2010).
Mining of the Arabidopsis translatome cell-specific mRNA
atlas revealed mRNAs encoding suberin and cutin biosynthesis
proteins showing cell-type specific regulation at the translational
level, further suggesting a role for translational regulation in
cell determination and differentiation (Mustroph and Bailey-
Serres, 2010). Augmenting these previous observations, selective
enrichment and distinctiveness of translating mRNAs vary
not only across different cell types but also across different
tissues. Tissue specific enrichment of translating mRNAs is also
supported by recent findings in Oryza sativa, revealing a distinct
profile of the GC rich translating mRNAs across tissues (Zhao
et al., 2017).

The enrichment of the translating mRNAs also showed
variations during developmental phases and selective enrichment
of the sub-set of steady state mRNAs during plant development
(Yamasaki et al., 2015). For example, using 2-D proteomics with
a radiolabeled amino acid precursor, namely [35S]-methionine,
a higher proportion of translating mRNAs was seen from phase
I to phase II, both of which are defined as germination sensu
stricto as compared to phase II to phase III (resumption of water
uptake) transitions during Arabidopsis thaliana seed germination
(Galland et al., 2014). Galland et al. (2014) specifically highlighted
the role of the nuclear cap-binding complex, which plays an
important role in the selective export of nuclear mRNAs.
This finding is also in line with those from recent studies
suggesting that the nucleus serves as a host for retention of
mRNAs and depending on the nature of the stress response,
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actively selects translated mRNAs and recruits them to the
cytoplasmic pool (Niedojadło et al., 2016). Galland et al. (2014)
demonstrated the selective mRNA translation during the seed
germination using proteomics based approaches, which recently
has been re-visited in Arabidopsis thaliana illustrating the role of
translating mRNAs mainly to two temporal shifts: seed hydration
and germination (Bai et al., 2016). Interestingly, they found
a significant overlap (25%) with hypoxia regulated translating
mRNAs, which might be attributed to low oxygen during
the seed germination (Bai et al., 2016). Basbouss-Serhal et al.
(2015) demonstrated the involvement of translating mRNAs
in seed germination by comparatively analyzing dormant and
non-dormant seeds. A correlation could not be established
between the transcriptional and translational landscape, except
for few genes such as ACO1, GASA6, and HSP70, leading to
the conclusion that seed germination is mainly translationally
controlled. A closer look at the functional categories using GO
analysis demonstrated specific enrichment of GO categories in
non-dormant and dormant seeds specifically highlights the role
of redox and lipid metabolism associated genes in dormancy
maintenance (Basbouss-Serhal et al., 2015).

Translational regulation through the regulation of translating
mRNAs also plays an important role in sexual reproduction,
specifically within pollen tube growth. Transcriptomics based
approaches have highlighted the role of POP2, which plays an
important role in pollen tube growth (Palanivelu et al., 2003).
The role of LURE peptides, which are defensin-like peptides
secreted from synergids has been widely elucidated as signaling
components (Kanaoka and Higashiyama, 2015). However, the
detection of translating mRNAs has been lacking until the
studies of Lin et al. (2014), which used LAT52: HF-RPL18
transgenic Arabidopsis expressing the ribosomal protein L18
(RPL18) tagged with a His6-FLAG and driven by pollen specific
promoter (ProLAT52) (Twell et al., 1989). A comparative analysis
of the in vivo and in vitro pollen tubes showed 41 specific
transcripts that were enriched in in vivo pollen tubes, including
IV6 (xyloglucan endotransglucosylase/hydrolase), IV4 (putative
glutathione transferase) and IV2 (putative methylesterase), which
are involved in micropylar guidance. Lin et al. (2014) also
highlighted the difference in the pool of translating mRNAs as
compared to the previously transcribed mRNAs suggesting the
difference in the steady state population of mRNAs and ribosome
associated mRNAs (Lin et al., 2014).

Hormonal regulation plays an important part in plant growth
(Fridman et al., 2014). Plant patterning and architecture is a
widely studied developmental process with most studies focusing
on spatio-temporal regulation of shoot apical meristem (Gendron
et al., 2012). Hormonal regulation of translating mRNAs dates
back to the first study by Jiao and Meyerowitz (2010). These
authors, using AP1, AP2, and AP3 domain specific pool of
translating mRNAs, highlighted the role of several hormones
such ethylene, jasmonic acid, brassinosteriods, cytokinins, and
gibberellins in the regulation of translating mRNAs. Specifically,
they observed that genes with in AP3 domains showed pattern of
up- and down-regulation at specific stages of flower development
in response to gibberellins and jasmonic acid. Notably, they
observed these phytohormones regulate the flower development

by down-regulating the specific genes in the AP3 domain (Jiao
and Meyerowitz, 2010). Ethylene plays a central role in plant
development and most importantly its perception to the stomatal
opening and activating the stress perception in plants. Among the
most widely characterized ethylene pathways, EIN2 (ETHYLENE
INSENSITIVE 2), which plays a key role in the perception
and signaling of the response from the endoplasmic reticulum
to nucleus (Zheng and Zhu, 2016) has been shown to be
under the translational control previously using the ribosome
profiling methods. Interestingly, in parallel to the EIN2, non-
sense mediated decay proteins UPFs also act synergistically to
control the translational control of EIN2 (Merchante et al., 2015).
It has been further demonstrated that the translational control of
the EBF3, which is a critical component of the master ethylene
pathway is under the translational control of the EIN2, UBFs and
3′ long UTRs of EBFs (Merchante et al., 2015).

Ribeiro et al. (2012), using the FLAG-epitope tagged
ribosomal protein L18 (FLAG-RPL18), demonstrated the role
of gibberellins (GAs) in modulating the pool of translating
mRNAs in Arabidopsis thaliana shoots. Translating mRNA
profiling revealed the feedback regulation of GA biosynthetic
genes, demonstrating the correlation between the carbon
availability and growth. The role of brassinosteroids has been
widely elucidated in regulating root and shoot development
(Fridman et al., 2014). Recently BZR1, a brassinosteriod specific
transcription factor, has been shown to regulate the expression
of transcripts involved in development (Jaillais and Vert,
2016). A recent investigation highlights the role of BZR1
in suppressing the cup-shaped cotyledon (CUC) gene, which
regulates the morphogenesis processes taking place in the shoot
apical meristem (Gendron et al., 2012). Translating mRNA-
profiling approaches revealed tissue specific regulation of BR
(Vragović et al., 2015). Interestingly, contrasting patterns of
gene expression were observed, with epidermal cells inducing
the cell division as a signal from BR by stimulating auxin
gene expression and stele suppresses the epidermal induction
(Vragović et al., 2015) resulting in coordinated growth and
meristem size determination. Perception and involvement of
auxin in TOR signaling pathway has been first elucidated by
uncovering the translational control of the up-stream open
reading frame (uORF), which depends on the translational
elongation factor eIF3h (Schepetilnikov et al., 2013). To delineate
the functional association TOR inhibitor Torin-1 was used, which
in case of non-inhibition activity recruits the SK6K1 to polysomes
for phosphorylation, whereas in the presence of the Torin-1 auxin
promotes the SK61 dissociation and functional association of
the TOR to polysomes thus functionally eludicating the TOR
pathway, which plays a key role in response to hormones and
nutrients (Schepetilnikov et al., 2013).

FEATURES AFFECTING SELECTIVE
RECRUITMENT OF TRANSLATING
mRNAs

Translating mRNA pools have been widely studied to understand
sequence features that allow for the selective association of
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translating mRNAs with ribosomes under specified conditions
(Zhao et al., 2017). Among the features that have been widely
correlated with translating mRNA are the GC content, minimal
free energy and uORFs, which act as a check point for translating
mRNAs (Lei et al., 2015). For example, a recent study by
Zhao et al. (2017) indicated the selective enrichment of GC
rich and short coding sequences with translating mRNAs across
tissues. Similar features have been observed during stress and
development, suggesting that plant translating mRNAs represent
the minimum energy cost budget defined as the minimal
energy required for subsequent elongation and termination of
translating mRNA (Juntawong et al., 2013; Basbouss-Serhal et al.,
2015). It is interesting to see that minimal free energy is one
of the factors that also controls the population of translating
mRNAs and their subsequent association with ribosomes (Lei
et al., 2015). Minimal free energy affects RNA folding and has
been previously widely linked to the ribosomal rates, which
is defined as the rate of the association of the ribosome to
the corresponding mRNAs. Recently, this has been addressed
using the ribosome drafting technique, which typically links the
accelerated rate of ribosome binding to mRNAs as compared to
the canonical rate of mRNA folding (Borujeni and Salis, 2016).
However, whether ribosomes drafting occurs for transcripts
that accelerate to populate with the ribosomes under defined
abiotic or biotic stress conditions in plants has not yet been
established.

In addition to sequence features, recent investigations
by Lukoszek et al. (2016) have demonstrated the role of
mRNA secondary structures which influence the association of
translating mRNAs with ribosomes. Secondary mRNA structures
can have a direct influence on their folding energy as well.
Lukoszek et al. (2016) estimated the folding energy of profiled
mRNA and found that up-regulated translating mRNAs have
relatively higher folding energy up-stream of the start codon.
Interestingly, this scenario has not been observed in the case
of down-regulated translating mRNAs, suggesting that the up-
stream enhancement of the folding energy is a feature associated
with rapidly translating mRNAs to increase the ribosomal
occupancy at a given time point. Previous studies have shown
that mRNAs with stable structures encode proteins that are
more compact and mRNA length acts as a determinant of
the folding energy (Faure et al., 2016). Several studies have
indicated toward the selective recruitment of shorter transcripts
with high GC content to ribosomes (Liu et al., 2013; Zhao
et al., 2017). However, the correlation of GC richness with
codon usage, a measure that represents the usage of codons
in synonymous sites, needs to be also taken into account as
the biased and preferential usage of codons varies from one
species to another. Interestingly, Bai et al. (2016) observed
a positive correlation between translating mRNAs and GC
content at the third synonymous sites in codons, providing
the basis of selective enrichment of the GC rich transcripts
for frequent association to ribosomes. In addition to the
aforementioned sequence features, translating mRNAs such as
the ones pertaining to seed germination have been recently shown
to have enriched motifs (Motif3c) (Bai et al., 2016). It is likely that

the presence of this motif allows enhanced translational initiation
(Bai et al., 2016).

TRANSLATING mRNAs AND SPLICING
DIVERSITY

Protein diversity and the evolution of protein diversity through
the mechanism termed alternative splicing (AS) has been widely
studied in plants (for a review see Reddy et al., 2013). Plants
show a high proportion of splicing diversity with as much
as 60% of the Arabidopsis thaliana proteome is resulted from
alternatively spliced transcripts (Reddy et al., 2013). Juntawong
et al. (2014) provided the first evidence of translating spliced
mRNAs, revealing a link between alternative splicing and the
ribosomal association of spliced transcripts. The preferential
ribosomal association of the most abundantly spliced gene
family (serine/arginine-rich (SR) proteins) has recently been
shown (Palusa and Reddy, 2015). The non-small nuclear
ribonucleoprotein (snRNP) spliceosomal protein family shows
a differential recruitment of splice variants during development
and in response to heat and cold stress (Palusa and Reddy, 2015).
There are 100 distinct splice variants from 14 SR genes in this
family (Reddy et al., 2013). However, ribosomal association seems
to be affecting only three SR genes (SR30, SR34a, and SR34b) and
their splice variants (Palusa and Reddy, 2015). Intron retention, a
dominant form of splicing variation in plants (Mastrangelo et al.,
2012; Min et al., 2015) has been shown to regulate the preferential
recruitment of these splice variants as translating mRNAs (Palusa
and Reddy, 2015). Interestingly in Oryza sativa, features of
translating mRNAs revealed fewer association of transcripts with
retained introns to ribosomes (Zhao et al., 2017), which is in line
with the translating mRNAs observed in seed germination (Bai
et al., 2016). Together, these findings suggest that exploring the
association between intron splicing and translating mRNAs may
be able to establish the role of splicing machinery at translational
level. This in turn will help unravel how splicing machinery
may alter the translational output in species-specific alternative
splicing and may reveal differential pools of spliced translating
mRNAs associated with development and abiotic stress in plants.

TRANSLATING mRNAs AND
POLYPLOIDY

It is now widely accepted that the majority of extant plants
are currently polyploid (neopolyploid) or were in a state
of polyploidy at some point in their evolutionary history
(paleopolyploid) (Wood et al., 2009). A subsequent effect of
whole genome duplication or ploidy-induced chromosome
doubling is the abundance of in-paralogs with respect
to orthologous genes. Following polyploidization, global
transcriptional patterns shift dramatically relative to patterns
observed in progenitor species. Following this initial state of
flux, polyploids move toward functional diploidization. During
this evolutionary process, redundant genes are silenced or lost
(Schnable et al., 2011; Sehrish et al., 2014) and the patterns
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of homoeolog expression bias and expression dominance are
established (Feldman and Levy, 2009). Therefore, polyploidy-
associated phenomena should be taken into consideration when
studying translating mRNAs within polyploid crop species.

Previous studies by Tiruneh et al. (2013) revealed differences
in translating paralogous mRNAs encoding ribosomal proteins;
however, whether the correlation of this observed translational
state to the rpl24b mutation is yet to be established. Interestingly,
a difference in the association of paralogous translating mRNAs
with ribosomes was seen in Glycine dolichocarpa (∼100 MYA
allotetraploid), revealing wide variations in one-quarter of
the translating mRNAs, with categories mostly involved in
photosynthesis (Coate et al., 2014). Specifically, Coate et al.
(2014) indicated that translational shifts might be possible
in polyploid genomes, and can cause expression shifts in
whole chromosome homoeologs. Transcriptional response in
hexaploid wheat genome indicates a sub-genome bias toward the
transcriptional response to biotic stresses indicating a preferential
expression of defense related genes from B and D sub-genomes
(Powell et al., 2017). However, it is yet to be ascertained
whether the homoeolog expression divergence observed occurred
at the translating mRNA level. However, translating mRNA
regulations represent association with homoeologs retained with
after paleopolyploid event and provide a proof of concept for
further exploration of links between the role of homoeologs and
their subsequent association and divergence with ribosomes.

CONCLUSION AND FUTURE
DIRECTIONS

Recent profiling of the transcriptional landscape in crop
and model plants has produced numerous insights that can
be used to potentially enhance crop productivity by aiding
selection of genotypes resilient to stresses. However, a thorough
understanding of post-transcriptional changes and in particular
translating changes is still lacking. Recently developed techniques
such as ribosomal profiling has started revealing potential roles
of translating mRNAs in stress responses (Browning and Bailey-
Serres, 2015), which will be the next major leap forward to
accelerate the improvement of stress tolerance in diverse crop
species.
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Niedojadło, J., Dełeńko, K., and Niedojadło, K. (2016). Regulation of poly(A) RNA
retention in the nucleus as a survival strategy of plants during hypoxia. RNA
Biol. 13, 531–543. doi: 10.1080/15476286.2016.1166331

Palanivelu, R., Brass, L., Edlund, A. F., and Preuss, D. (2003). Pollen tube growth
and guidance is regulated by POP2, an Arabidopsis gene that controls GABA
levels. Cell 114, 47–59. doi: 10.1016/S0092-8674(03)00479-3

Palusa, S. G., and Reddy, A. S. (2015). Differential recruitment of splice
variants from SR pre-mRNAs to polysomes during development and in
response to stresses. Plant Cell Physiol. 56, 421–427. doi: 10.1093/pcp/
pcv010

Perduns, R., Horst-Niessen, I., and Peterhansel, C. (2015). Photosynthetic genes
and genes associated with the C4 trait in maize are characterized by a unique
class of highly regulated histone acetylation peaks on upstream promoters.
Plant Physiol. 168, 1378–1388. doi: 10.1104/pp.15.00934

Powell, J. J., Fitzgerald, T. F., Stiller, J., Berkman, P. J., Gardiner, D. M.,
Manners, J. M., et al. (2017). The defence-associated transcriptome of hexaploid
wheat displays homoeolog expression and induction bias. Plant Biotech. J. 15,
533–543. doi: 10.1111/pbi.12651

Rajasundaram, D., Selbig, J., Persson, S., and Klie, S. (2014). Co-ordination and
divergence of cell-specific transcription and translation of genes in arabidopsis
root cells. Ann. Bot. 114, 1109–1123. doi: 10.1093/aob/mcu151

Reddy, A. S. N., Marquez, Y., Kalyna, M., and Barta, A. (2013). Complexity of the
alternative splicing landscape in plants. Plant Cell 25, 3657–3683. doi: 10.1105/
tpc.113.117523

Reynoso, M. A., Juntawong, P., Lancia, M., Blanco, F. A., Bailey-Serres, J.,
and Zanetti, M. E. (2015). Translating ribosome affinity purification (TRAP)
followed by RNA sequencing technology (TRAP-SEQ) for quantitative
assessment of plant translatomes. Methods Mol. Biol. 1284, 185–207.
doi: 10.1007/978-1-4939-2444-8_9

Ribeiro, D. M., Araújo, W. L., Fernie, A. R., Schippers, J. H., and Mueller-Roeber, B.
(2012). Translatome and metabolome effects triggered by gibberellins during
rosette growth in Arabidopsis. J. Exp. Bot. 63, 2769–2786. doi: 10.1093/jxb/
err463

Schepetilnikov, M., Dimitrova, M., Mancera-Martínez, E., Geldreich, A., Keller, M.,
and Ryabova, L. A. (2013). TOR and S6K1 promote translation reinitiation
of uORF-containing mRNAs via phosphorylation of eIF3h. EMBO J. 32,
1087–1102. doi: 10.1038/emboj.2013.61

Schnable, J. C., Springer, N. M., and Freeling, M. (2011). Differentiation of the
maize subgenomes by genome dominance and both ancient and ongoing gene
loss. Proc. Natl. Acad. Sci. U.S.A. 108, 4069–4074. doi: 10.1073/pnas.1101368108

Sehrish, T., Symonds, V. V., Soltis, D. E., Soltis, P. S., and Tate, J. A. (2014). Gene
silencing via DNA methylation in naturally occurring Tragopogon miscellus
(Asteraceae) allopolyploids. BMC Genom. 15:701. doi: 10.1186/1471-2164-
15-701

Serin, E. A. R., Nijveen, H., Hilhorst, H. W. M., and Ligterink, W. (2016). Learning
from co-expression networks: possibilities and challenges. Front. Plant Sci.
7:444. doi: 10.3389/fpls.2016.00444

Soitamo, A. J., Piippo, M., Allahverdiyeva, Y., Battchikova, N., and Aro, E. M.
(2008). Light has a specific role in modulating Arabidopsis gene expression at
low temperature. BMC Plant Biol. 8:13. doi: 10.1186/1471-2229-8-13

Tebaldi, T., Re, A., Viero, G., Pegoretti, I., Passerini, A., Blanzieri, E., et al. (2012).
Widespread uncoupling between transcriptome and translatome variations
after a stimulus in mammalian cells. BMC Genomics 13:220. doi: 10.1186/1471-
2164-13-220

Tiruneh, B. S., Kim, B. H., Gallie, D. R., Roy, B., and von Arnim, A. G. (2013). The
global translation profile in a ribosomal protein mutant resembles that of an
eIF3 mutant. BMC Biol. 11:123. doi: 10.1186/1741-7007-11-123

Frontiers in Plant Science | www.frontiersin.org September 2017 | Volume 8 | Article 1443 | 135

https://doi.org/10.1073/pnas.1210799110
https://doi.org/10.1016/j.cell.2013.06.009
https://doi.org/10.1111/j.1365-313X.2010.04124.x
https://doi.org/10.1038/nprot.2012.086
https://doi.org/10.1016/j.celrep.2014.07.045
https://doi.org/10.1016/j.celrep.2014.07.045
https://doi.org/10.1126/science.1168978
https://doi.org/10.1016/j.pbi.2016.06.014
https://doi.org/10.1038/msb.2010.76
https://doi.org/10.3389/fpls.2012.00066
https://doi.org/10.3389/fpls.2012.00066
https://doi.org/10.1073/pnas.1317811111
https://doi.org/10.1073/pnas.1317811111
https://doi.org/10.1111/tpj.12187
https://doi.org/10.1016/j.pbi.2015.10.006
https://doi.org/10.1016/j.tplants.2014.05.004
https://doi.org/10.1104/pp.008532
https://doi.org/10.1111/tpj.13073
https://doi.org/10.1073/pnas.1422656112
https://doi.org/10.1105/tpc.113.121335
https://doi.org/10.1105/tpc.113.114769
https://doi.org/10.1186/s12870-016-0915-0
https://doi.org/10.1016/j.plantsci.2011.09.006
https://doi.org/10.1016/j.plantsci.2011.09.006
https://doi.org/10.1016/j.cell.2015.09.036
https://doi.org/10.1186/s12864-015-1914-5
https://doi.org/10.1105/tpc.15.00546
https://doi.org/10.4161/psb.5.3.11187
https://doi.org/10.1073/pnas.0906131106
https://doi.org/10.1080/15476286.2016.1166331
https://doi.org/10.1016/S0092-8674(03)00479-3
https://doi.org/10.1093/pcp/pcv010
https://doi.org/10.1093/pcp/pcv010
https://doi.org/10.1104/pp.15.00934
https://doi.org/10.1111/pbi.12651
https://doi.org/10.1093/aob/mcu151
https://doi.org/10.1105/tpc.113.117523
https://doi.org/10.1105/tpc.113.117523
https://doi.org/10.1007/978-1-4939-2444-8_9
https://doi.org/10.1093/jxb/err463
https://doi.org/10.1093/jxb/err463
https://doi.org/10.1038/emboj.2013.61
https://doi.org/10.1073/pnas.1101368108
https://doi.org/10.1186/1471-2164-15-701
https://doi.org/10.1186/1471-2164-15-701
https://doi.org/10.3389/fpls.2016.00444
https://doi.org/10.1186/1471-2229-8-13
https://doi.org/10.1186/1471-2164-13-220
https://doi.org/10.1186/1471-2164-13-220
https://doi.org/10.1186/1741-7007-11-123
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-01443 August 30, 2017 Time: 16:1 # 9

Sablok et al. Plant Translatomics

Twell, D., Wing, R., Yamaguchi, J., and McCormick, S. (1989). Isolation and
expression of an anther-specific gene from tomato. Mol. Gen. Genet. 217,
240–245. doi: 10.1007/BF02464887

Valliyodan, B., Van Toai, T. T., Alves, J. D., de Fátima, P., Goulart, P., Lee, J. D.,
et al. (2014). Expression of root-related transcription factors associated with
flooding tolerance of soybean (Glycine max). Int. J. Mol. Sci. 15, 17622–17643.
doi: 10.3390/ijms151017622

Vialet-Chabrand, S., Matthews, J. S., Simkin, A. J., Raines, C. A., and Lawson, T.
(2017). Importance of fluctuations in light on plant photosynthetic acclimation.
Plant Physiol. 173, 2163–2179. doi: 10.1104/pp.16.01767
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