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Viral protein synthesis is completely dependent upon the host cell’s translational
machinery. Canonical translation of host mRNAs depends on structural elements such
as the 5’ cap structure and/or the 3’ poly(A) tail of the mRNAs. Although many viral
MRNAs are devoid of one or both of these structures, they can still translate efficiently
using non-canonical mechanisms. Here, we review the tools utilized by positive-sense
single-stranded (+ss) RNA plant viruses to initiate non-canonical translation, focusing
on cis-acting sequences present in viral MRNAs. We highlight how these elements may
interact with host translation factors and speculate on their contribution for achieving
translational control. We also describe other translation strategies used by plant viruses
to optimize the usage of the coding capacity of their very compact genomes, including
leaky scanning initiation, ribosomal frameshifting and stop-codon readthrough. Finally,
future research perspectives on the unusual translational strategies of +ssRNA viruses
are discussed, including parallelisms between viral and host mRNAs mechanisms of
translation, particularly for host mMRNAs which are translated under stress conditions.

Keywords: non-canonical translation, RNA structure and function, translation enhancers, translational recoding,
protein synthesis, IRES, 3’-CITE

INTRODUCTION

Viruses usurp the metabolism of the host cell in their own benefit. Viral mRNA translation is a
paradigmatic illustration of this, as the hallmark of viruses is that their genomes do not code for
a protein synthesis apparatus. Thus, viruses have evolved many subtle ways to use and control the
translational machinery of their hosts (Jiang and Laliberté, 2011; Echevarria-Zomeio et al., 2013;
Walsh et al., 2013), and in fact the host range of a given virus may be determined by its ability to
efficiently translate viral mRNAs using host translation factors, as we have shown recently for a
plant virus (Truniger et al., 2008; Nieto et al., 2011; Miras et al., 2016). From a strategic point of
view, understanding how viruses translate their own proteins may significantly contribute to the
identification of therapeutic (Robert et al., 2006; Cencic et al., 2011) or breeding targets (Nicaise
et al., 2003; Gao et al., 2004; Ruffel et al., 2005; Stein et al., 2005; Nieto et al., 2006; Naderpour
etal., 2010). Also, understanding the peculiarities of viral mRNA translation can provide important
biotechnological tools for protein overexpression (Sainsbury and Lomonossoff, 2014; Lomonossoff
and D’Aoust, 2016), given the very efficient translation of some viral mRNAs in diverse conditions.
From a fundamental point of view, viral mRNAs constitute powerful probes to uncover the varied
and fascinating mechanisms of protein translation and their control. In this review, we describe
current knowledge on the mechanisms used by positive-sense single-stranded (+ss) RNA plant
viruses to initiate translation, focusing on cis-acting sequences present in viral mRNAs. We also
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describe other protein translation strategies used by plant viruses
to optimize the usage of the coding capacity of their very
compact genomes, including leaky scanning initiation, ribosomal
frameshifting and stop-codon readthrough.

CANONICAL TRANSLATION OF
EUKARYOTIC mRNAs

To understand the mechanisms of non-canonical translation of
viral mRNAs, we first review briefly how canonical eukaryotic
mRNA translation proceeds. Most eukaryotic mRNAs are
appended at the 5’ end with a m’G(5")ppp(5')N cap structure,
and a poly(A) tail at the 3’ end, which are critical cis-acting
elements during canonical translation. Traditionally, translation
is divided into four distinct steps: initiation, elongation,
termination and ribosomal recycling. Translation initiation is
the rate limiting and most highly regulated step (reviewed in
Aitken and Lorsch, 2012) and begins with the formation of the
43S preinitiation complex (PIC). PIC is composed of the ternary
complex (TC) elF2-Met-tRNA-GTP bound to the 40S ribosome
subunit through the P-site and the eukaryotic initiation factors
(eIFs) eIF3, elF5, eIF1A, and eIF1 (Sonenberg and Hinnebusch,
2009). EIF3, which is a large thirteen-subunit complex (Sun et al.,
2011; Browning and Bailey-Serres, 2015; Smith et al., 2016),
interacts with eIF2 via its subunit eIF3a and indirectly via eIF5
bridging these two factors (Valasek et al., 2002; Jivotovskaya et al.,
2006). Interestingly, the eIF3d subunit can act as a cap-binding
protein and is required for specialized cap-dependent translation
(Lee et al., 2016).

In parallel to PIC formation, recognition of the mRNA is
facilitated through binding of the cap-binding protein eIF4E to
the 5’ cap and the poly(A)-binding protein (PABP) to the 3
poly(A) tail (Pestova et al., 2001). EIF4G interacts with eIF4E
through its highly conserved canonical binding domain and
forms, together with the helicase eIF4A, the eIF4F complex. Very
recently, a second eIF4E-binding domain has been described
in eIF4G, suggesting a bipartite eIF4E-eIF4G binding mode
for higher eukaryotes (Griiner et al, 2016). EIF4G can also
recruit other factors, including eIF3 and PABPs through direct
protein-protein interactions. It is thought that the eIF4G-
PABP interaction promotes the circularization of the message
enhancing translation efficiency (Gray et al., 2000; Paek et al.,
2015). This model is supported by biochemical data and by
atomic force microscopy studies that confirm the interactions
and the circularization of the mRNA (Wells et al., 1998;
Kahvejian et al., 2001). However, there is increasing evidence
that circularization may vary in importance for stimulation of
translation among different organisms (i.e., yeast) and cells types.
For example, the eI[F4G-PABP interaction is not required for
wild-type cell growth in yeast and mammals (Hinton et al., 2007;
Park et al., 2011). Similarly, it was observed by cryo-EM that
the formation of circular polyribosomes was independent of the
cap structure and poly(A) tail (Madin et al., 2004; Afonina et al.,
2014). These results suggest alternative mechanisms for mRNA
circularization that may mimic the strategies used by +ssRNA
viruses detailed in this review.

Once the mRNA is circularized, the 43S PIC in its open
conformation is able to bind to the mRNA near its 5 end.
The exact mechanistic details are unknown, but eIF3 and eIF4G
appear to facilitate this step (Aitken and Lorsch, 2012). The 43S
PIC searches for the mRNA start codon, scanning downstream
of the leader sequence resulting in the entry of the 5" proximal
start codon into the 40S subunit P-site (Kozak, 2002). Start codon
selection requires cooperation between the scanning ribosome
and elF1, elF2, and elF5, forming the 48S preinitiation complex
(Pestova and Kolupaeva, 2002). Once the start codon enters
the P-site, the 60S subunit joins, with the release of eIF2, eIF1,
and elIF5 and the association with eIF5B-GTP (Pestova et al.,
2001). With the formation of the resulting 80S complex, the
GTP molecule associated with eIF5B is hydrolyzed and released
(Pestova et al., 2001).

Translation continues with the elongation phase, where the
polypeptide is formed. In the elongation stage, entering amino
acyl-tRNAs (aa-tRNA) bind to the A-site through the second
codon of the mRNA (Lewin, 2008). After the aa-tRNA is located
at the A-site, the peptidyl-tRNA is relocated from the P-site to
the A-site. Once the peptide bond is formed, the translocation
step occurs when the ribosome moves in a 3’ direction along the
mRNA, placing a new codon at an empty A-site while the new
peptidyl-tRNA is moved to the P-site and the deacylated tRNA
in the E-site is ready to exit the ribosome (Julidn et al., 2008;
Rodnina and Wintermeyer, 2009). After the nascent polypeptide
has been released, ribosomes remain bound to the mRNA and
tRNA. It is only during the ribosomal recycling phase when
the ribosome subunit dissociation occurs leaving them free to
bind new mRNAs (Pisareva et al., 2011; Dever and Green,
2012).

NON-CANONICAL TRANSLATION
INITIATION OF VIRAL mRNAs

Mechanisms of non-canonical translation initiation include
those that function independently of a 5" cap or/and a poly(A)
tail. These can be mediated by stimulators present in cis in the
5'-UTR, for example internal ribosome entry sites (IRESes) or
genome-linked viral proteins (VPgs), in the 3’-UTR, for example
cap-independent translation elements (3'-CITE) or tRNA-like
structures (TLS), and also in intergenic regions, for example
intergenic IRESes (Table 1).

Enhancers Located in the 5’-UTR: Internal
Ribosome Entry Sites and VPgs in
Potyviridae

The family Potyviridae is the largest among plant viruses with
RNA genomes. The potyviral genome acts as mRNA and codes
for a single polyprotein which is cleaved by viral proteases
rendering 10 final functional proteins (Revers and Garcia,
2015). Potyviral RNAs resemble those of the animal-infecting
picornaviruses: they possess a small viral protein covalently
bound to their 5" ends (VPg), instead of a 5’ cap structure, and
they are polyadenlylated at their 3’ ends (Adams et al., 2005).
However, VPgs in different virus families differ greatly in size
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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 and Gallie,
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 e[F4F 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 elF4F 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 (TuMYV,
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 elFiso4G 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
elF4F 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 eIlF4F-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, elFiso4E 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
elFiso4F 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 elFiso4E
and enhances viral translation in plants (Eskelin et al.,, 2011).
Silencing of those host factors abolished PVA VPg-mediated
stimulation of translation. Ribosomal protein PO 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
elF4E 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-elF4G 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
elF4E-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 (ctTMV; 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 RNA of carmoviruses Hibiscus chlorotic
ringspot virus (HCRSV) (Koh et al., 2003; Fernandez-Miragall
and Herndndez, 2011), Pelargonium flower break virus (PFBV)
(Fernandez-Miragall and Herndndez, 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 cr'TMV 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 translated ORF 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 Rapl) 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-elF4E-elF4G-elF3-40S 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 (£2) 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 elFiso4G2 isoform also contributes in
2-mediated translation, unlike eIFiso4G which did not affect Q-
dependent translation (Gallie, 2016). These results suggest that
elFis04G2 exhibits more functional similarity with eIF4G than
elFiso4G. Regarding translational activity, Q2 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
arole 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
AUGC motif and mutations in this motifled 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 AUGC motif 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/elFiso4G 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
elFiso4F (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 covarying mutations 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 OREF 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 susceptible melon,
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 elF4G-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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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 elF3 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 (RCNMYV, 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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the BTE (green) through the elF4G subunit. elF4E enhances but is not required for BTE binding. Middle: Helicase (elF4A + elF4B) 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: elF4F binds BTE as in (A). Middle: Binding of elF4A + elF4B and ATP hydrolysis increases binding affinity of elF4F,
“locking” it on to the BTE, perhaps by altering the structure of BTE RNA. Bottom: elF4 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
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in the absence of the ribosome (Zhao et al., 2017). This enhanced
binding affinity may be the consequence of helicase activity of
eIF4A/eIFAG/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, RCNMYV 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 elFiso4F 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, genus Umbravirus, 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
kI-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
p26 ORF (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 PEMV?2 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 VPglinked 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 BRV RNA, 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 subgenomic mRNAs that allow translation of each
OREF 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 Il); UAG stop codon and adjacent G or purine octanucleotide and
a compact pseudoknot structure (Type ll). 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 (T'GB) 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 (MCMYV, family Tombusviridae, genus
Machlomovirus) were suggested to be initiated in a GUG or CUG
start codons, accomplished by leaky scanning (Scheets, 2000;
Hernandez, 2009).

In the main subgenomic RNA of poleroviruses and
luteoviruses all three reading frames are used. The tiny, 45
codon first ORE, 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; Mikinen
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 RCNMYV 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 BYDYV, 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 PEMV?2 (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 ORFE,
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 RNA might
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 provide more complete pictures of how and where
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 ADHI
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.

AUTHOR CONTRIBUTIONS

MM wrote Sections Intergenic Region Enhancers to
Optimization of Viral mRNA Coding Capacity, WM, VT,
and MA edited and added specific information to all sections,

REFERENCES

Adams, M. ., Antoniw, J. F., and Beaudoin, F. (2005). Overview and analysis of
the polyprotein cleavage sites in the family Potyviridae. Mol. Plant Pathol. 6,
471-487. doi: 10.1111/j.1364-3703.2005.00296.x

Afonina, Z. A., Myasnikov, A. G., Shirokov, V. A,, Klaholz, B. P., and Spirin, A. S.
(2014). Formation of circular polyribosomes on eukaryotic mnRNA without cap-
structure and poly (A)-tail: a cryo electron tomography study. Nucleic Acids
Res. 42, 9461-9469. doi: 10.1093/nar/gku599

Agranovsky, A. A., Koonin, E. V., Boyko, V. P., Maiss, E., Frétschl, R., Lunina,
N. A, et al. (1994). Beet yellows closterovirus: complete genome structure
and identification of a leader papain-like thiol protease. Virology 198, 311-324.
doi: 10.1006/viro.1994.1034

Aitken, C. E., and Lorsch, J. R. (2012). A mechanistic overview of
translation initiation in eukaryotes. Nat. Struct. Mol. Biol. 19, 568-576.
doi: 10.1038/nsmb.2303

Annamalai, P., and Rao, A. L. (2007). In vivo packaging of brome mosaic virus
RNA3, but not RNAs 1 and 2, is dependent on a cis-acting 3’ tRNA-like
structure. J. Virol. 81, 173-181. doi: 10.1128/JVI1.01500-06

Aranda, M. A,, Escaler, M., Wang, D., and Maule, A. J. (1996). Induction of HSP70
and polyubiquitin expression associated with plant virus replication. Proc. Natl.
Acad. Sci. U.S.A. 93, 15289-15293. doi: 10.1073/pnas.93.26.15289

Aranda, M., and Maule, A. (1998). Virus-induced host gene shutoff in animals and
plants. Virology 243, 261-267. doi: 10.1006/viro.1998.9032

Ashby, J. A., Stevenson, C. E., Jarvis, G. E., Lawson, D. M., and Maule, A.
J. (2011). Structure-based mutational analysis of eIF4E in relation to sbml
resistance to Pea seed-borne mosaic virus in Pea. PLoS ONE 6:¢15873.
doi: 10.1371/journal.pone.0015873

Atkins, J. F., and Baranov, P. V. (2010). The
recoding and codon  reassignment.  Genetics
doi: 10.1534/genetics.110.119016

Atkins, J. F., Loughran, G., Bhatt, P. R, Firth, A. E, and Baranov, P. V.
(2016). Ribosomal frameshifting and transcriptional slippage: from genetic
steganography and cryptography to adventitious use. Nucleic Acids Res. 44,
7007-7078. doi: 10.1093/nar/gkw530

Barends, S., Rudinger-Thirion, J., Florentz, C., Giegé, R., Pleij, C. W., and Kraal, B.
(2004). tRNA-like structure regulates translation of Brome mosaic virus RNA.
J. Virol. 78, 4003-4010. doi: 10.1128/JV1.78.8.4003-4010.2004

Barry, J. K., and Miller, W. A. (2002). A— 1 ribosomal frameshift element that
requires base pairing across four kilobases suggests a mechanism of regulating
ribosome and replicase traffic on a viral RNA. Proc. Natl. Acad. Sci. U.S.A. 99,
11133-11138. doi: 10.1073/pnas.162223099

Basso, J., Dallaire, P., Charest, P. J., Devantier, Y., and Laliberté, J.-F. (1994).
Evidence for an internal ribosome entry site within the 5 non-translated
region of turnip mosaic potyvirus RNA. J. Gen. Virol. 75, 3157-3165.
doi: 10.1099/0022-1317-75-11-3157

Batten, J. S., Desvoyes, B., Yamamura, Y., and Scholthof, K.-B. (2006). A
translational enhancer element on the 3'-proximal end of the Panicum
mosaic virus genome. FEBS Lett. 580, 2591-2597. doi: 10.1016/j.febslet.2006.
04.006

Benina, M., Ribeiro, D. M., Gechev, T. S., Mueller-Roeber, B., and Schippers, J.
H. (2015). A cell type-specific view on the translation of mRNAs from ROS-
responsive genes upon paraquat treatment of Arabidopsis thaliana leaves. Plant
Cell Environ. 38, 349-363. doi: 10.1111/pce.12355

distinction between
185, 1535-1536.

MA supervised MM writing and wrote Sections Introduction
and Perspectives.

ACKNOWLEDGMENTS

The research program in Arandas lab is supported by
grants AGL2015-65838 (MINECO, Spain) and ARIMNet2-
EMERAMB(ERA-Net-618127, EU FP7). WM is funded by NIH
grant number R01 GM067104.

Blanco-Pérez, M., Pérez-Canamds, M., Ruiz, L., and Herndndez, C. (2016).
Efficient translation of pelargonium line pattern virus RNAs relies on a TED-
like 3'-translational enhancer that communicates with the corresponding 5'-
region through a long-distance RNA-RNA interaction. PLoS ONE 11:e0152593.
doi: 10.1371/journal.pone.0152593

Brault, V., and Miller, W. A. (1992). Translational frameshifting mediated by
a viral sequence in plant cells. Proc. Natl. Acad. Sci. U.S.A. 89, 2262-2266.
doi: 10.1073/pnas.89.6.2262

Brault, V., Van den Heuvel, J. F., Verbeek, M., Ziegler-Graff, V., Reutenauer,
A., Herrbach, E,, et al. (1995). Aphid transmission of beet western yellows
luteovirus requires the minor capsid read-through protein P74. EMBO J.
14:650.

Brown, C. M., Dinesh-Kumar, S. P., and Miller, W. A. (1996). Local and distant
sequences are required for efficient readthrough of the barley yellow dwarf virus
PAV coat protein gene stop codon. J. Virol. 70, 5884-5892.

Browning, K. S., and Bailey-Serres, J. (2015). Mechanism of cytoplasmic mRNA
translation. Arabidopsis Book 13:e0176. doi: 10.1199/tab.0176

Calvo, M., Malinowski, T., and Garcia, J. A. (2014). Single amino acid changes
in the 6K1-CI region can promote the alternative adaptation of Prunus-and
Nicotiana-propagated Plum pox virus C isolates to either host. Mol. Plant-
Microbe Interact. 27, 136-149. doi: 10.1094/MPMI-08-13-0242-R

Carrington, J. C., and Freed, D. D. (1990). Cap-independent enhancement of
translation by a plant potyvirus 5'nontranslated region. J. Virol. 64, 1590-1597.

Cencic, R., Desforges, M., Hall, D. R, Kozakov, D., Du, Y., Min, J., et al.
(2011). Blocking eIF4E-eIF4G interaction as a strategy to impair coronavirus
replication. J. Virol. 85, 6381-6389. doi: 10.1128/JV1.00078-11

Chapman, M. R,, and Kao, C. C. (1999). A minimal RNA promoter for minus-
strand RNA synthesis by the brome mosaic virus polymerase complex. J. Mol.
Biol. 286, 709-720. doi: 10.1006/jmbi.1998.2503

Chattopadhyay, M., Shi, K., Yuan, X,, and Simon, A. E. (2011). Long-distance
kissing loop interactions between a 3" proximal Y-shaped structure and apical
loops of 5’ hairpins enhance translation of Saguaro cactus virus. Virology 417,
113-125. doi: 10.1016/j.virol.2011.05.007

Chay, C. A., Gunasinge, U. B., Dinesh-Kumar, S. P., Miller, W. A, and Gray,
S. M. (1996). Aphid transmission and systemic plant infection determinants
of barley yellow dwarf luteovirus-PAV are contained in the coat protein
readthrough domain and 17-kDa protein, respectively. Virology 219, 57-65.
doi: 10.1006/viro.1996.0222

Chen, S.-C., and Olsthoorn, R. C. (2010). In vitro and in vivo studies of the
RNA conformational switch in Alfalfa mosaic virus. J. Virol. 84, 1423-1429.
doi: 10.1128/JV1.01443-09

Cherry, S., Doukas, T., Armknecht, S., Whelan, S., Wang, H., Sarnow, P,, et al.
(2005). Genome-wide RNAi screen reveals a specific sensitivity of IRES-
containing RNA viruses to host translation inhibition. Genes Dev. 19, 445-452.
doi: 10.1101/gad.1267905

Choi, Y. G., Dreher, T. W., and Rao, A. L. (2002). tRNA elements mediate the
assembly of an icosahedral RNA virus. Proc. Natl. Acad. Sci. U.S.A. 99, 655-660.
doi: 10.1073/pnas.022618199

Chung, L., Bailey, D., Leen, E. N., Emmott, E. P., Chaudhry, Y., Roberts, L. O., et al.
(2014). Norovirus translation requires an interaction between the C Terminus
of the genome-linked viral protein VPg and eukaryotic translation initiation
factor 4G. J. Biol. Chem. 289, 21738-21750. doi: 10.1074/jbc.M114.550657

Cimino, P. A, Nicholson, B. L, Wu, B, Xu, W, and White, K. A.
(2011). Multifaceted regulation of translational readthrough by RNA

Frontiers in Plant Science | www.frontiersin.org

14

April 2017 | Volume 8 | Article 494


https://doi.org/10.1111/j.1364-3703.2005.00296.x
https://doi.org/10.1093/nar/gku599
https://doi.org/10.1006/viro.1994.1034
https://doi.org/10.1038/nsmb.2303
https://doi.org/10.1128/JVI.01500-06
https://doi.org/10.1073/pnas.93.26.15289
https://doi.org/10.1006/viro.1998.9032
https://doi.org/10.1371/journal.pone.0015873
https://doi.org/10.1534/genetics.110.119016
https://doi.org/10.1093/nar/gkw530
https://doi.org/10.1128/JVI.78.8.4003-4010.2004
https://doi.org/10.1073/pnas.162223099
https://doi.org/10.1099/0022-1317-75-11-3157
https://doi.org/10.1016/j.febslet.2006.04.006
https://doi.org/10.1111/pce.12355
https://doi.org/10.1371/journal.pone.0152593
https://doi.org/10.1073/pnas.89.6.2262
https://doi.org/10.1199/tab.0176
https://doi.org/10.1094/MPMI-08-13-0242-R
https://doi.org/10.1128/JVI.00078-11
https://doi.org/10.1006/jmbi.1998.2503
https://doi.org/10.1016/j.virol.2011.05.007
https://doi.org/10.1006/viro.1996.0222
https://doi.org/10.1128/JVI.01443-09
https://doi.org/10.1101/gad.1267905
https://doi.org/10.1073/pnas.022618199
https://doi.org/10.1074/jbc.M114.550657
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Miras et al.

Non-canonical Translation in Plant RNA Viruses

replication elements in a tombusvirus. 7:€1002423.
doi: 10.1371/journal.ppat.1002423

Colussi, T. M., Costantino, D. A., Zhu, J., Donohue, J. P., Korostelev, A. A., Jaafar,
Z. A, etal. (2015). Initiation of translation in bacteria by a structured eukaryotic
IRES RNA. Nature 519, 110-113. doi: 10.1038/nature14219

Cornish, P. V., Hennig, M., and Giedroc, D. P. (2005). A loop 2 cytidine-stem 1
minor groove interaction as a positive determinant for pseudoknot-stimulated-
1 ribosomal frameshifting. Proc. Natl. Acad. Sci. U.S.A. 102, 12694-12699.
doi: 10.1073/pnas.0506166102

Costantino, D. A., Pfingsten, J. S., Rambo, R. P., and Kieft, J. S. (2008). tRNA-
mRNA mimicry drives translation initiation from a viral IRES. Nat. Struct. Mol.
Biol. 15, 57-64. doi: 10.1038/nsmb1351

Danthinne, X., Seurinck, J., Meulewaeter, F., Van Montagu, M., and Cornelissen,
M. (1993). The 3’ untranslated region of satellite tobacco necrosis virus

Cell. Biol. 13, 3340-3349.

PLoS  Pathog.

RNA stimulates translation in vitro. Mol.
doi: 10.1128/MCB.13.6.3340

Demler, S. A., Rucker, D. G., and De Zoeten, G. A. (1993). The chimeric nature of
the genome of pea enation mosaic virus: the independent replication of RNA 2.
J. Gen. Virol. 74, 1-14. doi: 10.1099/0022-1317-74-1-1

de Quinto, S. L., Saiz, M., de la Morena, D., Sobrino, F., and Martinez-
Salas, E. (2002). IRES-driven translation is stimulated separately by the
FMDV 3/-NCR and poly (A) sequences. Nucleic Acids Res. 30, 4398-4405.
doi: 10.1093/nar/gkf569

Dever, T. E., and Green, R. (2012). The elongation, termination, and recycling
phases of translation in eukaryotes. Cold Spring Harb. Perspect. Biol. 4:a013706.
doi: 10.1101/cshperspect.a013706

Dinesh-Kumar, S. P., and Miller, W. A. (1993). Control of start codon choice
on a plant viral RNA encoding overlapping genes. Plant Cell 5, 679-692.
doi: 10.1105/tpc.5.6.679

Dinkova, T. D., Zepeda, H., Martinez-Salas, E., Martinez, L. M., Nieto-Sotelo,
J., and Sanchez De Jiménez, E. (2005). Cap-independent translation of maize
Hspl01. Plant J. 41, 722-731. doi: 10.1111/j.1365-313X.2005.02333.x

Dinman, J. D. (2012). Mechanisms and implications of programmed translational
frameshifting. Wiley Interdiscipl. Rev. RNA 3, 661-673. doi: 10.1002/wrna.1126

Dorokhov, Y. L., Ivanov, P. A., Komarova, T. V., Skulachev, M. V., and Atabekov,
J. G. (2006). An internal ribosome entry site located upstream of the crucifer-
infecting tobamovirus coat protein (CP) gene can be used for CP synthesis in
vivo. J. Gen. Virol. 87, 2693-2697. doi: 10.1099/vir.0.82095-0

Dorokhov, Y. L., Skulachev, M. V., Ivanov, P. A., Zvereva, S. D., Tjulkina, L.
G., Merits, A., et al. (2002). Polypurine (A)-rich sequences promote cross-
kingdom conservation of internal ribosome entry. Proc. Natl. Acad. Sci. U.S.A.
99, 5301-5306. doi: 10.1073/pnas.082107599

Dreher, T. W. (2009). Role of tRNA-like structures in controlling plant virus
replication. Virus Res. 139, 217-229. doi: 10.1016/j.virusres.2008.06.010

Dreher, T. W., and Goodwin, J. B. (1998). Transfer RNA mimicry among tymoviral
genomic RNAs ranges from highly efficient to vestigial. Nucleic Acids Res. 26,
4356-4364. doi: 10.1093/nar/26.19.4356

Echevarria-Zomeno, S., Yangiiez, E., Fernandez-Bautista, N., Castro-Sanz, A.
B., Ferrando, A., and Castellano, M. (2013). Regulation of translation
initiation under biotic and abiotic stresses. Int. J. Mol. Sci. 14, 4670-4683.
doi: 10.3390/ijms14034670

Egli, M., Minasov, G., Su, L., and Rich, A. (2002). Metal ions and flexibility in a
viral RNA pseudoknot at atomic resolution. Proc. Natl. Acad. Sci. U.S.A. 99,
4302-4307. doi: 10.1073/pnas.062055599

Eskelin, K., Hafrén, A., Rantalainen, K. I., and Mikinen, K. (2011). Potyviral VPg
enhances viral RNA translation and inhibits reporter mRNA translation in
planta. J. Virol. 85, 9210-9221. doi: 10.1128/JVI1.00052-11

Estevan, J., Maréna, A., Callot, C., Lacombe, S., Moretti, A., Caranta, C., et al.
(2014). Specific requirement for translation initiation factor 4E or its isoform
drives plant host susceptibility to Tobacco etch virus. BMC Plant Biol. 14:67.
doi: 10.1186/1471-2229-14-67

Fabian, M. R., and White, K. A. (2004). 5'-3/ RNA-RNA interaction facilitates
Cap- and poly(A) tail-independent translation of tomato bushy stunt virus
mRNA: a potential common mechanism for Tombusviridae. ]. Biol. Chem. 279,
28862-28872. doi: 10.1074/jbc.M401272200

Fabian, M. R., and White, K. A. (2006). Analysis of a 3'-translation enhancer in a
tombusvirus: a dynamic model for RNA-RNA interactions of mRNA termini.
RNA 12, 1304-1314. doi: 10.1261/rna.69506

Fan, Q., Treder, K., and Miller, W. A. (2012). Untranslated regions of diverse plant
viral RNAs vary greatly in translation enhancement efficiency. BMC Biotechnol.
12:22. doi: 10.1186/1472-6750-12-22

Fernandez-Miragall, O., and Hernandez, C. (2011). An internal ribosome
entry site directs translation of the 3'-Gene from pelargonium flower
break virus genomic RNA: implications for infectivity. PLoS ONE 6:22617.
doi: 10.1371/journal.pone.0022617

Finch, L. K, Ling, R, Napthine, S., Olspert, A., Michiels, T., Lardinois,
C., et al. (2015). Characterization of ribosomal frameshifting in Theiler’s
Murine Encephalomyelitis Virus. J. Virol. 89, 8580-8589. doi: 10.1128/JVI.01
043-15

Firth, A. E.,, and Brierley, I. (2012). Non-canonical translation in RNA viruses. J.
Gen. Virol. 93(Pt 7), 1385-1409. doi: 10.1099/vir.0.042499-0

Firth, A. E., Wills, N. M., Gesteland, R. F., and Atkins, J. F. (2011). Stimulation of
stop codon readthrough: frequent presence of an extended 3’ RNA structural
element. Nucleic Acids Res. 39, 6679-6691. doi: 10.1093/nar/gkr224

Gallie, D., and Kado, C. (1989). A translational enhancer derived from tobacco
mosaic virus is functionally equivalent to a Shine-Dalgarno sequence. Proc.
Natl. Acad. Sci. U.S.A. 86, 129-132. doi: 10.1073/pnas.86.1.129

Gallie, D. R. (2002). Protein-protein interactions required during translation. Plant
Mol. Biol. 50, 949-970. doi: 10.1023/A:1021220910664

Gallie, D. R. (2016). Eukaryotic initiation factor eIFiso4G1 and elFiso4G2 are
isoforms exhibiting distinct functional differences in supporting translation
in Arabidopsis. J. Biol. Chem. 291, 1501-1513. doi: 10.1074/jbc.M115.6
92939

Gallie, D. R., and Browning, K. S. (2001). eIF4G functionally differs from
elFiso4G in promoting internal initiation, cap-independent translation,
and translation of structured mRNAs. J. Biol. Chem. 276, 36951-36960.
doi: 10.1074/jbc.M103869200

Gallie, D. R, Feder, J. N., Schimke, R. T., and Walbot, V. (1991). Functional analysis
of the tobacco mosaic virus tRNA-like structure in cytoplasmic gene regulation.
Nucleic Acids Res. 19, 5031-5036. doi: 10.1093/nar/19.18.5031

Gallie, D. R,, Sleat, D. E., Watts, J. W., Turner, P. C., and Wilson, T. M. A. (1987).
The 5'-leader sequence of tobacco mosaic virus RNA enhances the expression
of foreign gene transcripts in vitro and in vivo. Nucleic Acids Res. 15, 3257-3273.
doi: 10.1093/nar/15.8.3257

Gallie, D. R., Tanguay, R. L., and Leathers, V. (1995). The tobacco etch viral 5’
leader and poly (A) tail are functionally synergistic regulators of translation.
Gene 165, 233-238. doi: 10.1016/0378-1119(95)00521-7

Gallie, D. R., and Walbot, V. (1990). RNA pseudoknot domain of tobacco mosaic
virus can functionally substitute for a poly (A) tail in plant and animal cells.
Genes Dev. 4, 1149-1157. doi: 10.1101/gad.4.7.1149

Gao, F.,, Gulay, S. P., Kasprzak, W., Dinman, J. D., Shapiro, B. A., and
Simon, A. E. (2013). The kI-TSS translational enhancer of PEMV can
bind simultaneously to ribosomes and a 5'proximal hairpin. J. Virol. 87,
11987-12002. doi: 10.1128/JV1.02005-13

Gao, F., Kasprzak, W. K., Szarko, C., Shapiro, B. A., and Simon, A. E. (2014).
The 3’ untranslated region of Pea enation mosaic virus contains two T-
shaped, ribosome-binding, cap-independent translation enhancers. J. Virol. 88,
11696-11712. doi: 10.1128/JV1.01433-14

Gao, F., Kasprzak, W., Stupina, V. A, Shapiro, B. A., and Simon, A. E. (2012).
A ribosome-binding, 3’ translational enhancer has a T-shaped structure and
engages in a long-distance RNA-RNA interaction. J. Virol. 86, 9828-9842.
doi: 10.1128/JV1.00677-12

Gao, F, and Simon, A. E. (2015). Multiple Cis-acting elements modulate
programmed-1 ribosomal frameshifting in Pea enation mosaic virus. Nucleic
Acids Res. 44, 878-895. doi: 10.1093/nar/gkv1241

Gao, Z., Johansen, E., Eyers, S., Thomas, C. L., Noel Ellis, T. H., and Maule, A. J.
(2004). The potyvirus recessive resistance gene, sbm1, identifies a novel role for
translation initiation factor eIF4E in cell-to-cell trafficking. Plant J. 40, 376-385.
doi: 10.1111/j.1365-313X.2004.02215.x

Gazo, B. M., Murphy, P., Gatchel, J. R., and Browning, K. S. (2004). A novel
interaction of cap-binding protein complexes eukaryotic initiation factor (eIF)
4F and eIF(iso)4F with a region in the 3'-untranslated region of satellite tobacco
necrosis virus. J. Biol. Chem. 279, 13584-13592. doi: 10.1074/jbc.M311361200

Giedroc, D. P, and Cornish, P. V. (2009). Frameshifting RNA
pseudoknots:  structure and mechanism. Virus Res. 139, 193-208.
doi: 10.1016/j.virusres.2008.06.008

Frontiers in Plant Science | www.frontiersin.org

15

April 2017 | Volume 8 | Article 494


https://doi.org/10.1371/journal.ppat.1002423
https://doi.org/10.1038/nature14219
https://doi.org/10.1073/pnas.0506166102
https://doi.org/10.1038/nsmb1351
https://doi.org/10.1128/MCB.13.6.3340
https://doi.org/10.1099/0022-1317-74-1-1
https://doi.org/10.1093/nar/gkf569
https://doi.org/10.1101/cshperspect.a013706
https://doi.org/10.1105/tpc.5.6.679
https://doi.org/10.1111/j.1365-313X.2005.02333.x
https://doi.org/10.1002/wrna.1126
https://doi.org/10.1099/vir.0.82095-0
https://doi.org/10.1073/pnas.082107599
https://doi.org/10.1016/j.virusres.2008.06.010
https://doi.org/10.1093/nar/26.19.4356
https://doi.org/10.3390/ijms14034670
https://doi.org/10.1073/pnas.062055599
https://doi.org/10.1128/JVI.00052-11
https://doi.org/10.1186/1471-2229-14-67
https://doi.org/10.1074/jbc.M401272200
https://doi.org/10.1261/rna.69506
https://doi.org/10.1186/1472-6750-12-22
https://doi.org/10.1371/journal.pone.0022617
https://doi.org/10.1128/JVI.01043-15
https://doi.org/10.1099/vir.0.042499-0
https://doi.org/10.1093/nar/gkr224
https://doi.org/10.1073/pnas.86.1.129
https://doi.org/10.1023/A:1021220910664
https://doi.org/10.1074/jbc.M115.692939
https://doi.org/10.1074/jbc.M103869200
https://doi.org/10.1093/nar/19.18.5031
https://doi.org/10.1093/nar/15.8.3257
https://doi.org/10.1016/0378-1119(95)00521-7
https://doi.org/10.1101/gad.4.7.1149
https://doi.org/10.1128/JVI.02005-13
https://doi.org/10.1128/JVI.01433-14
https://doi.org/10.1128/JVI.00677-12
https://doi.org/10.1093/nar/gkv1241
https://doi.org/10.1111/j.1365-313X.2004.02215.x
https://doi.org/10.1074/jbc.M311361200
https://doi.org/10.1016/j.virusres.2008.06.008
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Miras et al.

Non-canonical Translation in Plant RNA Viruses

Goodfellow, I. (2011). The genome-linked protein VPg of vertebrate
viruses—a  multifaceted protein. Opin.  Virol. 1, 355-362.
doi: 10.1016/j.coviro.2011.09.003

Goodfellow, I., Chaudhry, Y., Gioldasi, I, Gerondopoulos, A., Natoni,
A., Labrie, L., et al. (2005). Calicivirus translation initiation requires
an interaction between VPg and eIF 4 E. EMBO Rep. 6, 968-972.
doi: 10.1038/sj.embor.7400510

Gray, N. K., Coller, J. M., Dickson, K. S., and Wickens, M. (2000). Multiple
portions of poly (A)-binding protein stimulate translation in vivo. EMBO J. 19,
4723-4733. doi: 10.1093/emboj/19.17.4723

Groft, C. M., and Burley, S. K. (2002). Recognition of eIF4G by rotavirus
NSP3 reveals a basis for mRNA circularization. Mol. Cell 9, 1273-1283.
doi: 10.1016/S1097-2765(02)00555-5

Griner, S., Peter, D., Weber, R., Wohlbold, L., Chung, M.-Y., Weichenrieder,
O., et al. (2016). The structures of eIF4E-eIFAG complexes reveal an
extended interface to regulate translation initiation. Mol. Cell 64, 467-479.
doi: 10.1016/j.molcel.2016.09.020

Guo, L., Allen, E., and Miller, W. A. (2001). Base-pairing between untranslated
regions facilitates translation of uncapped, nonpolyadenylated viral RNA. Mol.
Cell 7, 1103-1109. doi: 10.1016/S1097-2765(01)00252-0

Guogas, L. M., Filman, D. J., Hogle, J. M., and Gehrke, L. (2004). Cofolding
organizes Alfalfa mosaic virus RNA and coat protein for replication. Science
306, 2108-2111. doi: 10.1126/science.1103399

Hafrén, A., Eskelin, K., and Mikinen, K. (2013). Ribosomal protein PO promotes
Potato virus A infection and functions in viral translation together with VPg
and elF (iso) 4E. J. Virol. 87, 4302-4312. doi: 10.1128/JV1.03198-12

Hafrén, A., Lohmus, A., and Mikinen, K. (2015). Formation of Potato
virus A-induced RNA granules and viral translation are interrelated
processes required for optimal virus accumulation. PLoS Pathog. 11:¢1005314.
doi: 10.1371/journal.ppat.1005314

Hébrard, E., Poulicard, N., Gérard, C., Traoré, O., Wu, H. C,, Albar, L., et al.
(2010). Direct interaction between the rice yellow mottle virus (RYMV) VPg
and the central domain of the rice elF(is0)4G1 factor correlates with rice
susceptibility and RYMV virulence. Mol. Plant Microbe Interact. 23, 1506-1513.
doi: 10.1094/MPMI-03-10-0073

Herndndez, G. (2009). On the origin of the cap-dependent initiation of translation
in eukaryotes. Trends Biochem. Sci. 34, 166-175. doi: 10.1016/j.tibs.2009.02.001

Herzog, E., Guilley, H., and Fritsch, C. (1995). Translation of the second gene of
peanut clump virus RNA 2 occurs by leaky scanning in vitro. Virology 208,
215-225. doi: 10.1006/viro.1995.1145

Hinton, T. M., Coldwell, M. J., Carpenter, G. A., Morley, S. J., and Pain, V.
M. (2007). Functional analysis of individual binding activities of the scaffold
protein eIF4G. J. Biol. Chem. 282, 1695-1708. doi: 10.1074/jbc.M602780200

Hosmillo, M., Chaudhry, Y., Kim, D.-S., Goodfellow, I., and Cho, K.-O. (2014).
Sapovirus translation requires an interaction between VPg and the cap binding
protein eIF4E. J. Virol. 88, 12213-12221. doi: 10.1128/JV1.01650-14

Huang, Y. W,, Hu, C. C,, Liou, M. R, Chang, B. Y., Tsai, C. H., Meng, M., et al.
(2012). Hsp90 interacts specifically with viral RNA and differentially regulates
replication initiation of Bamboo mosaic virus and associated satellite RNA.
PLoS Pathog. 8:¢1002726. doi: 10.1371/journal.ppat.1002726

Hwang, H.-J., Min, H. J., Yun, H., Pelton, J. G., Wemmer, D. E., Cho, K.-O., et al.
(2015). Solution structure of the porcine sapovirus VPg core reveals a stable
three-helical bundle with a conserved surface patch. Biochem. Biophys. Res.
Commun. 459, 610-616. doi: 10.1016/j.bbrc.2015.02.156

Iwakawa, H. O., Tajima, Y., Taniguchi, T., Kaido, M., Mise, K., Tomari,
Y., et al. (2012). Poly(A)-binding protein facilitates translation of an
uncapped/nonpolyadenylated viral rna by binding to the 3’ untranslated region.
J. Virol. 86, 7836-7849. doi: 10.1128/JVI1.00538-12

Jaag, H. M., Kawchuk, L., Rohde, W., Fischer, R., Emans, N., and Priifer,
D. (2003). An unusual internal ribosomal entry site of inverted symmetry
directs expression of a potato leafroll polerovirus replication-associated
protein. Proc. Natl. Acad. Sci. U.S.A. 100, 8939-8944. doi: 10.1073/pnas.13326
97100

Jiang, J., and Laliberté, J.-F. (2011). The genome-linked protein VPg of plant
viruses—a protein with many partners. Curr. Opin. Virol. 1, 347-354.
doi: 10.1016/j.coviro.2011.09.010

Jivotovskaya, A. V., Valasek, L., Hinnebusch, A. G., and Nielsen, K. H. (2006).
Eukaryotic translation initiation factor 3 (eIF3) and eIF2 can promote mRNA

Curr.

binding to 40S subunits independently of eIF4G in yeast. Mol. Cell. Biol. 26,
1355-1372. doi: 10.1128/MCB.26.4.1355-1372.2006

Joshi, C. P., Zhou, H., Huang, X., and Chiang, V. L. (1997). Context sequences
of translation initiation codon in plants. Plant Mol. Biol. 35, 993-1001.
doi: 10.1023/A:1005816823636

Julidn, P., Konevega, A. L., Scheres, S. H., Lazaro, M., Gil, D., Wintermeyer, W.,
etal. (2008). Structure of ratcheted ribosomes with tRNAs in hybrid states. Proc.
Natl. Acad. Sci. U.S.A. 105, 16924-16927. doi: 10.1073/pnas.0809587105

Kahvejian, A., Roy, G., and Sonenberg, N. (2001). The mRNA closed-loop model:
the function of PABP and PABP-interacting proteins in mRNA translation. Cold
Spring Harb. Symp. Quant. Biol. 66, 293-300. doi: 10.1101/sqb.2001.66.293

Kanyuka, K. V., Vishnichenko, V. K., Levay, K. E., Kondrikov, D. Y., Ryabov,
E. V., and Zavriev, S. K. (1992). Nucleotide sequence of shallot virus X RNA
reveals a 5'-proximal cistron closely related to those of potexviruses and a
unique arrangement of the 3'-proximal cistrons. J. Gen. Virol. 73, 2553-2560.
doi: 10.1099/0022-1317-73-10-2553

Karasev, A. V., Boyko, V. P., Gowda, S., Nikolaeva, O. V., Hilf, M. E., Koonin, E.
V., et al. (1995). Complete sequence of the citrus tristeza virus RNA genome.
Virology 208, 511-520. doi: 10.1006/viro.1995.1182

Karetnikov, A., Kerinen, M., and Lehto, K. (2006). Role of the RNA2 3’
non-translated region of Blackcurrant reversion nepovirus in translational
regulation. Virology 354, 178-191. doi: 10.1016/.virol.2006.06.028

Karetnikov, A., and Lehto, K. (2007). The RNA2 5’ leader of Blackcurrant reversion
virus mediates efficient in vivo translation through an internal ribosomal entry
site mechanism. J. Gen. Virol. 88, 286-297. doi: 10.1099/vir.0.82307-0

Karetnikov, A., and Lehto, K. (2008). Translation mechanisms involving
long-distance base pairing interactions between the 5 and 3’ non-
translated regions and internal ribosomal entry are conserved for both
genomic RNAs of Blackcurrant reversion nepovirus. Virology 371, 292-308.
doi: 10.1016/j.virol.2007.10.003

Khan, M. A., and Goss, D. J. (2012). Poly (A)-binding protein increases the binding
affinity and kinetic rates of interaction of viral protein linked to genome with
translation initiation factors elFiso4F and elFiso4F- 4B complex. Biochemistry
51, 1388-1395. doi: 10.1021/bi20192%h

Khan, M. A., Miyoshi, H., Gallie, D. R, and Goss, D. J. (2008). Potyvirus
genome-linked protein, VPg, directly affects wheat germ in vitro translation
INTERACTIONS WITH TRANSLATION INITIATION FACTORS eIF4F
AND elFiso4F. J. Biol. Chem. 283, 1340-1349. doi: 10.1074/jbc.M70
3356200

Khan, M. A., Yumak, H., and Goss, D. J. (2009). Kinetic Mechanism for the
Binding of eIF4F and Tobacco Etch Virus Internal Ribosome Entry Site RNA
EFFECTS OF eIF4B AND POLY (A)-BINDING PROTEIN. J. Biol. Chem. 284,
35461-35470. doi: 10.1074/jbc.M109.038463

Khong, A., Bonderoff, J. M., Spriggs, R. V., Tammpere, E., Kerr, C. H., Jackson, T.
J., et al. (2016). Temporal regulation of distinct internal ribosome entry sites of
the dicistroviridae cricket paralysis virus. Viruses 8:25. doi: 10.3390/v8010025

Kim, Y.-G., Su, L., Maas, S., O’Neill, A., and Rich, A. (1999). Specific mutations in
a viral RNA pseudoknot drastically change ribosomal frameshifting efficiency.
Proc. Natl. Acad. Sci. U.S.A. 96, 14234-14239.

Koh, D. C.-Y., Wong, S.-M., and Liu, D. X. (2003). Synergism of the 3'-
untranslated region and an internal ribosome entry site differentially enhances
the translation of a plant virus coat protein. J. Biol. Chem. 278, 20565-20573.
doi: 10.1074/jbc.M210212200

Kozak, M. (1989). Context effects and inefficient initiation at non-AUG codons
in eucaryotic cell-free translation systems. Mol. Cell. Biol. 9, 5073-5080.
doi: 10.1128/MCB.9.11.5073

Kozak, M. (2002). Pushing the limits of the scanning mechanism for initiation of
translation. Gene 299, 1-34. doi: 10.1016/S0378-1119(02)01056-9

Krab, I. M., Caldwell, C., Gallie, D. R., and Bol, J. F. (2005). Coat protein enhances
translational efficiency of Alfalfa mosaic virus RNAs and interacts with the
elF4G component of initiation factor eIF4F. J. Gen. Virol. 86, 1841-1849.
doi: 10.1099/vir.0.80796-0

Kraft, J. ., Treder, K., Peterson, M. S., and Miller, W. A. (2013). Cation-dependent
folding of 3’ cap-independent translation elements facilitates interaction
of a 17-nucleotide conserved sequence with eIF4G. Nucleic Acids Res. 41,
3398-3413. doi: 10.1093/nar/gkt026

Kujawa, A. B., Drugeon, G., Hulanicka, D., and Haenni, A.-L. (1993). Structural
requirements for efficient translational frameshifting in the synthesis of the

Frontiers in Plant Science | www.frontiersin.org

16

April 2017 | Volume 8 | Article 494


https://doi.org/10.1016/j.coviro.2011.09.003
https://doi.org/10.1038/sj.embor.7400510
https://doi.org/10.1093/emboj/19.17.4723
https://doi.org/10.1016/S1097-2765(02)00555-5
https://doi.org/10.1016/j.molcel.2016.09.020
https://doi.org/10.1016/S1097-2765(01)00252-0
https://doi.org/10.1126/science.1103399
https://doi.org/10.1128/JVI.03198-12
https://doi.org/10.1371/journal.ppat.1005314
https://doi.org/10.1094/MPMI-03-10-0073
https://doi.org/10.1016/j.tibs.2009.02.001
https://doi.org/10.1006/viro.1995.1145
https://doi.org/10.1074/jbc.M602780200
https://doi.org/10.1128/JVI.01650-14
https://doi.org/10.1371/journal.ppat.1002726
https://doi.org/10.1016/j.bbrc.2015.02.156
https://doi.org/10.1128/JVI.00538-12
https://doi.org/10.1073/pnas.1332697100
https://doi.org/10.1016/j.coviro.2011.09.010
https://doi.org/10.1128/MCB.26.4.1355-1372.2006
https://doi.org/10.1023/A:1005816823636
https://doi.org/10.1073/pnas.0809587105
https://doi.org/10.1101/sqb.2001.66.293
https://doi.org/10.1099/0022-1317-73-10-2553
https://doi.org/10.1006/viro.1995.1182
https://doi.org/10.1016/j.virol.2006.06.028
https://doi.org/10.1099/vir.0.82307-0
https://doi.org/10.1016/j.virol.2007.10.003
https://doi.org/10.1021/bi201929h
https://doi.org/10.1074/jbc.M703356200
https://doi.org/10.1074/jbc.M109.038463
https://doi.org/10.3390/v8010025
https://doi.org/10.1074/jbc.M210212200
https://doi.org/10.1128/MCB.9.11.5073
https://doi.org/10.1016/S0378-1119(02)01056-9
https://doi.org/10.1099/vir.0.80796-0
https://doi.org/10.1093/nar/gkt026
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Miras et al.

Non-canonical Translation in Plant RNA Viruses

putative viral RNA-dependent RNA polymerase of potato leafroll virus. Nucleic
Acids Res. 21, 2165-2171. doi: 10.1093/nar/21.9.2165

Le, M.-T., Kasprzak, W. K., Kim, T., Gao, F., Young, M. Y., Yuan, X,
et al. (2017). Folding behavior of a T-shaped, ribosome-binding translation
enhancer implicated in a wide-spread conformational switch. Elife 6:¢22883.
doi: 10.7554/eLife.22883

Leathers, V., Tanguay, R., Kobayashi, M., and Gallie, D. R. (1993). A
phylogenetically conserved sequence within viral 3'untranslated RNA
pseudoknots regulates translation. Mol. Cell. Biol. 13, 5331-5347.
doi: 10.1128/MCB.13.9.5331

Lee, A. S. Y., Kranzusch, P. J., Doudna, J. A., and Cate, J. H. (2016). eIF3d
is an mRNA cap-binding protein that is required for specialized translation
initiation. Nature 536, 96-99. doi: 10.1038/nature18954

Leen, E. N., Kwok, K. Y., Birtley, J. R, Simpson, P. J., Subba-Reddy, C. V.,
Chaudhry, Y., et al. (2013). Structures of the compact helical core domains of
feline calicivirus and murine norovirus VPg proteins. J. Virol. 87, 5318-5330.
doi: 10.1128/JV1.03151-12

Leen, E. N., Sorgeloos, F., Correia, S., Chaudhry, Y., Cannac, F., Pastore,
C., et al. (2016). A conserved interaction between a C-terminal motif
in Norovirus VPg and the HEAT-1 domain of eIF4G is essential for
translation initiation. PLoS Pathog. 12:€1005379. doi: 10.1371/journal.ppat.
1005379

Lei, L., Shi, J., Chen, J., Zhang, M., Sun, S., Xie, S., et al. (2015). Ribosome profiling
reveals dynamic translational landscape in maize seedlings under drought
stress. Plant J. 84, 1206-1218. doi: 10.1111/tpj.13073

Léonard, S., Chisholm, J., Laliberté, J.-F., and Sanfagon, H. (2002). Interaction
in vitro between the proteinase of Tomato ringspot virus (genus Nepovirus)
and the eukaryotic translation initiation factor iso4E from Arabidopsis
thaliana. J. Gen. Virol. 83, 2085-2089. doi: 10.1099/0022-1317-83-
8-2085

Leonard, S., Viel, C., Beauchemin, C., Daigneault, N., Fortin, M. G., and Laliberte,
J.-F. (2004). Interaction of VPg-Pro of Turnip mosaic virus with the translation
initiation factor 4E and the poly (A)-binding protein in planta. J. Gen. Virol. 85,
1055-1063. doi: 10.1099/vir.0.19706-0

Levis, C., and Astier-Manifacier, S. (1993). The 5’ untranslated region of PVY RNA,
even located in an internal position, enables initiation of translation. Virus
Genes 7, 367-379. doi: 10.1007/BF01703392

Lewin, B. (2008). Genes IX. Sudbury, ON: Jones and Bartlett Publishers. Inc.

Lezzhov, A. A., Gushchin, V. A., Lazareva, E. A., Vishnichenko, V. K., Morozov,
S. Y., and Solovyev, A. G. (2015). Translation of the shallot virus X TGB3
gene depends on non-AUG initiation and leaky scanning. J. Gen. Virol. 96,
3159-3164. doi: 10.1099/jgv.0.000248

Ling, R., Pate, A. E,, Carr, J. P., and Firth, A. E. (2013). An essential fifth coding ORF
in the sobemoviruses. Virology 446, 397-408. doi: 10.1016/j.virol.2013.05.033

Liu, M.-J., Wu, S.-H., Wu, J.-F,, Lin, W.-D., Wu, Y.-C,, Tsai, T.-Y., et al. (2013).
Translational landscape of photomorphogenic Arabidopsis. Plant Cell 25,
3699-3710. doi: 10.1105/tpc.113.114769

Lomonossoff, G. P., and DAoust, M.-A. (2016). Plant-produced
biopharmaceuticals: a case of technical developments driving clinical
deployment. Science 353, 1237-1240. doi: 10.1126/science.aaf6638

Lucchesi, J., Mikeliinen, K. Merits, A., Tamm, T., and Mikinen,
K. (2000). Regulation of —1 ribosomal frameshifting directed by
cocksfoot mottle sobemovirus genome. Eur. J. Biochem. 267, 3523-3529.
doi: 10.1046/j.1432-1327.2000.01379.x

Madin, K., Sawasaki, T., Kamura, N., Takai, K., Ogasawara, T., Yazaki,
K., et (2004). Formation of circular polyribosomes
germ cell-free protein synthesis system. FEBS Lett. 562,
doi: 10.1016/S0014-5793(04)00221-2

Mikinen, K., Naess, V., Tamm, T., Truve, E., Aaspéllu, A., and Saarma, M. (1995).
The putative replicase of the cocksfoot mottle sobemovirus is translated as
a part of the polyprotein by-1 ribosomal frameshift. Virology 207, 566-571.
doi: 10.1006/vir0.1995.1118

Mardanova, E. S., Zamchuk, L. A., Skulachev, M. V., and Ravin, N. V. (2008). The
5" untranslated region of the maize alcohol dehydrogenase gene contains an
internal ribosome entry site. Gene 420, 11-16. doi: 10.1016/j.gene.2008.04.008

Matsuda, D., and Dreher, T. W. (2004). The tRNA-like structure of Turnip
yellow mosaic virus RNA is a 3’-translational enhancer. Virology 321, 36-46.
doi: 10.1016/j.virol.2003.10.023

in  wheat
155-159.

al.

Matsuda, D., and Dreher, T. W. (2006). Close spacing of AUG initiation codons
confers dicistronic character on a eukaryotic mRNA. RNA 12, 1338-1349.
doi: 10.1261/rna.67906

Matsuda, D., and Dreher, T. W. (2007). Cap- and initiator tRNA-dependent
initiation of TYMV polyprotein synthesis by ribosomes: evaluation of
the Trojan horse model for TYMV RNA translation. RNA 13, 129-137.
doi: 10.1261/rna.244407

Matsuda, D., Yoshinari, S., and Dreher, T. W. (2004). eEFIA binding
to aminoacylated viral RNA represses minus strand synthesis by
TYMV  RNA-dependent RNA polymerase. Virology 321, 47-56.
doi: 10.1016/j.virol.2003.10.028

May, J., Johnson, P., Saleem, H., and Simon, A. E. (2017). A sequence-independent,
unstructured IRES is responsible for internal expression of the coat protein of
turnip crinkle virus. J. Virol. 91:¢02421-02416. doi: 10.1128/JV1.02421-16

Melzer, M. J., Sether, D. M., Karasev, A. V., Borth, W, and Hu, J.
S. (2008). Complete nucleotide sequence and genome organization of
pineapple mealybug wilt-associated virus-1. Arch. Virol. 153, 707-714.
doi: 10.1007/s00705-008-0051-8

Meulewaeter, F., Danthinne, X., Va, M., and Cornelissen, M. (1998). 5'-and 3'-
sequences of satellite tobacco necrosis virus RNA promoting translation in
tobacco. Plant ]. 14, 169-176. doi: 10.1046/j.1365-313X.1998.00104.x

Miller, W. A, and Giedroc, D. P. (2010). “Ribosomal frameshifting in decoding
plant viral RNAs,” in Recoding: Expansion of Decoding Rules Enriches Gene
Expression, eds J. F. Atkins and R. F. Gesteland (New York, NY: Springer),
193-220.

Miller, W. A., and White, K. A. (2006). Long-distance RNA-RNA interactions in
plant virus gene expression and replication. Ann. Rev. Phytopathol. 44, 447-467.
doi: 10.1146/annurev.phyto.44.070505.143353

Miras, M., Sempere, R. N., Kraft, . J., Miller, W. A., Aranda, M. A., and Truniger,
V. (2014). Interfamilial recombination between viruses led to acquisition of a
novel translation-enhancing RNA element that allows resistance breaking. New
Phytol. 202, 233-246. doi: 10.1111/nph.12650

Miras, M., Truniger, V., Querol-Audi, J., and Aranda, M. A. (2016). Analysis of
the interacting partners eIF4F and 3'-CITE required for Melon necrotic spot
virus cap-independent translation. Mol. Plant Pathol. doi: 10.1111/mpp.12422.
[Epub ahead of print].

Miyoshi, H., Okade, H., Muto, S., Suehiro, N., Nakashima, H., Tomoo, K,
et al. (2008). Turnip mosaic virus VPg interacts with Arabidopsis thaliana
elF (iso) 4E and inhibits in vitro translation. Biochimie 90, 1427-1434.
doi: 10.1016/j.biochi.2008.03.013

Montgomery, S. A., Berglund, P., Beard, C. W., and Johnston, R. E. (2006).
Ribosomal protein S6 associates with alphavirus nonstructural protein 2
and mediates expression from alphavirus messages. J. Virol. 80, 7729-7739.
doi: 10.1128/JV1.00425-06

Monzingo, A. F., Dhaliwal, S., Dutt-Chaudhuri, A., Lyon, A., Sadow, J. H,,
Hoffman, D. W, et al. (2007). The structure of eukaryotic translation initiation
factor-4E from wheat reveals a novel disulfide bond. Plant Physiol. 143,
1504-1518. doi: 10.1104/pp.106.093146

Murota, K., Hagiwara-Komoda, Y., Komoda, K., Onouchi, H., Ishikawa, M.,
and Naito, S. (2011). Arabidopsis cell-free extract, ACE, a new in vitro
translation system derived from Arabidopsis callus cultures. Plant Cell Physiol.
52, 1443-1453. doi: 10.1093/pcp/pcr080

Naderpour, M., Lund, O. S., Larsen, R, and Johansen, E. (2010). Potyviral
resistance derived from cultivars of Phaseolus vulgaris carrying bc-3 is
associated with the homozygotic presence of a mutated eIF4E allele. Mol. Plant
Pathol. 11, 255-263. doi: 10.1111/j.1364-3703.2009.00602.x

Neeleman, L., Linthorst, H. J., and Bol, J. F. (2004). Efficient translation of
alfamovirus RNAs requires the binding of coat protein dimers to the 3’
termini of the viral RNAs. J. Gen. Virol. 85, 231-240. doi: 10.1099/vir.0.
19581-0

Newburn, L. R., Nicholson, B. L., Yosefi, M., Cimino, P. A., and White, K. A.
(2014). Translational readthrough in Tobacco necrosis virus-D. Virology 450,
258-265. doi: 10.1016/j.virol.2013.12.006

Newburn, L. R., and White, K. A. (2017). Atypical RNA Elements Modulate
Translational Readthrough in Tobacco necrosis virus-D. J. Virol. 91:¢02443-
02416. doi: 10.1128/JV1.02443-16

Nicaise, V., German-Retana, S., Sanjudn, R., Dubrana, M.-P., Mazier, M.,
Maisonneuve, B., et al. (2003). The eukaryotic translation initiation factor

Frontiers in Plant Science | www.frontiersin.org

17

April 2017 | Volume 8 | Article 494


https://doi.org/10.1093/nar/21.9.2165
https://doi.org/10.7554/eLife.22883
https://doi.org/10.1128/MCB.13.9.5331
https://doi.org/10.1038/nature18954
https://doi.org/10.1128/JVI.03151-12
https://doi.org/10.1371/journal.ppat.1005379
https://doi.org/10.1111/tpj.13073
https://doi.org/10.1099/0022-1317-83-8-2085
https://doi.org/10.1099/vir.0.19706-0
https://doi.org/10.1007/BF01703392
https://doi.org/10.1099/jgv.0.000248
https://doi.org/10.1016/j.virol.2013.05.033
https://doi.org/10.1105/tpc.113.114769
https://doi.org/10.1126/science.aaf6638
https://doi.org/10.1046/j.1432-1327.2000.01379.x
https://doi.org/10.1016/S0014-5793(04)00221-2
https://doi.org/10.1006/viro.1995.1118
https://doi.org/10.1016/j.gene.2008.04.008
https://doi.org/10.1016/j.virol.2003.10.023
https://doi.org/10.1261/rna.67906
https://doi.org/10.1261/rna.244407
https://doi.org/10.1016/j.virol.2003.10.028
https://doi.org/10.1128/JVI.02421-16
https://doi.org/10.1007/s00705-008-0051-8
https://doi.org/10.1046/j.1365-313X.1998.00104.x
https://doi.org/10.1146/annurev.phyto.44.070505.143353
https://doi.org/10.1111/nph.12650
https://doi.org/10.1111/mpp.12422
https://doi.org/10.1016/j.biochi.2008.03.013
https://doi.org/10.1128/JVI.00425-06
https://doi.org/10.1104/pp.106.093146
https://doi.org/10.1093/pcp/pcr080
https://doi.org/10.1111/j.1364-3703.2009.00602.x
https://doi.org/10.1099/vir.0.19581-0
https://doi.org/10.1016/j.virol.2013.12.006
https://doi.org/10.1128/JVI.02443-16
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Miras et al.

Non-canonical Translation in Plant RNA Viruses

4E controls lettuce susceptibility to the potyvirus Lettuce mosaic virus. Plant
Physiol. 132, 1272-1282. doi: 10.1104/pp.102.017855

Nicholson, B. L., and White, K. A. (2011). 3’ Cap-independent translation
enhancers of positive-strand RNA plant viruses. Curr. Opin. Virol. 1, 373-380.
doi: 10.1016/j.coviro.2011.10.002

Nicholson, B. L., and White, K. A. (2014). Functional long-range RNA-RNA
interactions in positive-strand RNA viruses. Nat. Rev. Microbiol. 12, 493-504.
doi: 10.1038/nrmicro3288

Nicholson, B. L., Wu, B., Chevtchenko, 1., and White, K. A. (2010). Tombusvirus
recruitment of host translational machinery via the 3 UTR. RNA 16,
1402-1419. doi: 10.1261/rna.2135210

Nicholson, B. L., Zaslaver, O., Mayberry, L. K., Browning, K. S., and White, K.
A. (2013). Tombusvirus Y-shaped translational enhancer forms a complex with
eIF4F and can be functionally replaced by heterologous translational enhancers.
J. Virol. 87, 1872-1883. doi: 10.1128/JV1.02711-12

Niepel, M., and Gallie, D. R. (1999). Identification and characterization of the
functional elements within the tobacco etch virus 5’ leader required for cap-
independent translation. J. Virol. 73, 9080-9088.

Nieto, C., Morales, M., Orjeda, G., Clepet, C., Monfort, A., Sturbois,
B., et al. (2006). An eIF4E allele confers resistance to an uncapped
and non-polyadenylated RNA virus in melon. Plant ]. 48, 452-462.
doi: 10.1111/j.1365-313X.2006.02885.x

Nieto, C., Rodriguez-Moreno, L., Rodriguez-Herndndez, A. M., Aranda, M.
A., and Truniger, V. (2011). Nicotiana benthamiana resistance to non-
adapted Melon necrotic spot virus results from an incompatible interaction
between virus RNA and translation initiation factor 4E. Plant J. 66, 492-501.
doi: 10.1111/j.1365-313X.2011.04507.x

Nomoto, A., Kitamura, N., Golini, F., and Wimmer, E. (1977). The 5'-terminal
structures of poliovirion RNA and Poliovirus mRNA differ only in the
genome-linked protein VPg. Proc. Natl. Acad. Sci. US.A. 74, 5345-5349.
doi: 10.1073/pnas.74.12.5345

Ogawa, A., Murashige, Y., Tabuchi, J., and Omatsu, T. (2017). Ligand-responsive
upregulation of 3’ CITE-mediated translation in a wheat germ cell-free
expression system. Mol. Biosyst. 13, 314-319. doi: 10.1039/C6MB00748A

Olsthoorn, R. C. L., Mertens, S., Brederode, F. T., and Bol, J. F. (1999). A
conformational switch at the 3’ end of a plant virus RNA regulates viral
replication. EMBO J. 18, 4856-4864. doi: 10.1093/emboj/18.17.4856

Paek, K. Y., Hong, K. Y., Ryu, I, Park, S. M., Keum, S. J., Kwon, O. S., et al. (2015).
Translation initiation mediated by RNA looping. Proc. Natl. Acad. Sci. U.S.A.
112, 1041-1046. doi: 10.1073/pnas.1416883112

Pallan, P. S., Marshall, W. S., Harp, ., Jewett, F. C., Wawrzak, Z., Brown, B. A,
et al. (2005). Crystal structure of a luteoviral RNA pseudoknot and model
for a minimal ribosomal frameshifting motif'. Biochemistry 44, 11315-11322.
doi: 10.1021/bi0510611

Park, E. H., Walker, S. E.,, Lee, ]. M., Rothenburg, S., Lorsch, J. R., and
Hinnebusch, A. G. (2011). Multiple elements in the eIF4Gl N-terminus
promote assembly of eI[F4GlePABP mRNPs in vivo. EMBO ]. 30, 302-316.
doi: 10.1038/emboj.2010.312

Paul, A. V., van Boom, J. H., Filippov, D., and Wimmer, E. (1998). Protein-primed
RNA synthesis by purified Poliovirus RNA polymerase. Nature 393, 280-284.
doi: 10.1038/30529

Paul, C. P,, Barry, J. K, Dinesh-Kumar, S. P., Brault, V., and Miller, W. A.
(2001). A sequence required for— 1 ribosomal frameshifting located four
kilobases downstream of the frameshift site. J. Mol. Biol. 310, 987-999.
doi: 10.1006/jmbi.2001.4801

Pelham, H. R. B. (1978). Leaky UAG termination codon in tobacco mosaic virus
RNA. Nature 272, 469-471. doi: 10.1038/272469a0

Pestova, T. V., and Kolupaeva, V. G. (2002). The roles of individual eukaryotic
translation initiation factors in ribosomal scanning and initiation codon
selection. Genes Dev. 16, 2906-2922. doi: 10.1101/gad.1020902

Pestova, T. V., Kolupaeva, V. G., Lomakin, I. B., Pilipenko, E. V., Shatsky,
I N, Agol, V. L, et al. (2001). Molecular mechanisms of translation
initiation in eukaryotes. Proc. Natl. Acad. Sci. U.S.A. 98, 7029-7036.
doi: 10.1073/pnas.111145798

Pisareva, V. P., Skabkin, M. A., Hellen, C. U, Pestova, T. V., and Pisarev, A.
V. (2011). Dissociation by Pelota, Hbsl and ABCE1 of mammalian vacant
80S ribosomes and stalled elongation complexes. EMBO J. 30, 1804-1817.
doi: 10.1038/emboj.2011.93

Rakotondrafara, A. M., and Miller, W. A. (2008). In vitro analysis of translation
enhancers. Methods Mol. Biol. 451, 113-124. doi: 10.1007/978-1-59745-102-4_8

Rakotondrafara, A. M., Polacek, C., Harris, E., and Miller, W. A. (2006). Oscillating
kissing stem-loop interactions mediate 5 scanning-dependent translation
by a viral 3'-cap-independent translation element. RNA 12, 1893-1906.
doi: 10.1261/rna.115606

Rao, A. L., Dreher, T. W., Marsh, L. E., and Hall, T. C. (1989). Telomeric function
of the tRNA-like structure of brome mosaic virus RNA. Proc. Natl. Acad. Sci.
U.S.A. 86, 5335-5339. doi: 10.1073/pnas.86.14.5335

Ray, S., Yumak, H., Domashevskiy, A., Khan, M. A., Gallie, D. R., and Goss, D. J.
(2006). Tobacco etch virus mRNA preferentially binds wheat germ eukaryotic
initiation factor (eIF) 4G rather than elFiso4G. J. Biol. Chem. 281, 35826-35834.
doi: 10.1074/jbc.M605762200

Reusken, C. B, and Bol, J. F. (1996). Structural elements of the 3’-terminal
coat protein binding site in Alfalfa mosaic virus RNAs. Nucleic Acids Res. 24,
2660-2665. doi: 10.1093/nar/24.14.2660

Revers, F., and Garcia, J. A. (2015). Chapter three-molecular biology of potyviruses.
Adv. Virus Res. 92, 101-199. doi: 10.1016/bs.aivir.2014.11.006

Robert, F., Kapp, L. D., Khan, S. N., Acker, M. G., Kolitz, S., Kazemi, S., et al. (2006).
Initiation of protein synthesis by hepatitis C virus is refractory to reduced
elF2 - GTP - met-tRNAiMet ternary complex availability. Mol. Biol. Cell 17,
4632-4644. doi: 10.1091/mbc.E06-06-0478

Roberts, R., Mayberry, L. K., Browning, K. S., and Rakotondrafara, A. M. (2017).
The triticum mosaic virus 5'Leader binds to both eIF4G and elFiso4G for
translation. PLoS ONE 12:e0169602. doi: 10.1371/journal.pone.0169602

Roberts, R., Zhang, J., Mayberry, L. K., Tatineni, S., Browning, K. S., and
Rakotondrafara, A. M. (2015). A unique 5 translation element discovered
in triticum mosaic virus. J. Virol. 89, 12427-12440. doi: 10.1128/JVIL
02099-15

Rodnina, M. V., and Wintermeyer, W. (2009). Recent mechanistic
insights into eukaryotic ribosomes. Curr. Opin. Cell Biol. 21, 435-443.
doi: 10.1016/j.ceb.2009.01.023

Ruffel, S., Gallois, J. L., Lesage, M. L., and Caranta, C. (2005). The
recessive potyvirus resistance gene pot-1 is the tomato orthologue
of the pepper pvr2-eIF4E gene. Mol. Genet. Genomics 274, 346-353.
doi: 10.1007/s00438-005-0003-x

Sainsbury, F., and Lomonossoff, G. P. (2014). Transient expressions of synthetic
biology in plants. Curr. Opin. Plant Biol. 19, 1-7. doi: 10.1016/j.pbi.2014.02.003

Sarawaneeyaruk, S., Iwakawa, H.-O., Mizumoto, H., Murakami, H., Kaido, M.,
Mise, K., et al. (2009). Host-dependent roles of the viral 5 untranslated region
(UTR) in RNA stabilization and cap-independent translational enhancement
mediated by the 3" UTR of Red clover necrotic mosaic virus RNAL. Virology
391, 107-118. doi: 10.1016/j.virol.2009.05.037

Scheets, K. (2000). Maize chlorotic mottle machlomovirus expresses its coat
protein from a 1.47-kb subgenomic RNA and makes a 0.34-kb subgenomic
RNA. Virology 267, 90-101. doi: 10.1006/vir0.1999.0107

Sharma, S. D., Kraft, J. J., Miller, W. A., and Goss, D. J. (2015). Recruitment of the
40S ribosomal subunit to the 3'-untranslated region (UTR) of a viral mRNA,
via the eIF4 complex, facilitates cap-independent translation. J. Biol. Chem. 290,
11268-11281. doi: 10.1074/jbc.M115.645002

Shen, R, and Mille, W. A. (2004). The 3’ untranslated region of
tobacco necrosis virus RNA contains a barley yellow dwarf virus-
like cap-independent translation element. J. Virol 78, 4655-4664.
doi: 10.1128/jvi.78.9.4655-4664.2004

Simon, A. E, and Miller, W. A. (2013). 3’ cap-independent translation
enhancers of plant viruses. Annu. Rev. Microbiol. 67, 21-42.
doi: 10.1146/annurev-micro-092412-155609

Skuzeski, J. M., Nichols, L. M., Gesteland, R. F., and Atkins, J. F. (1991).
The signal for a leaky UAG stop codon in several plant viruses
includes the two downstream codons. J. Mol. Biol. 218, 365-373.
doi: 10.1016/0022-2836(91)90718-L

Smirnova, E., Firth, A. E., Miller, W. A., Scheidecker, D., Brault, V., Reinbold, C.,
et al. (2015). Discovery of a Small Non-AUG-Initiated ORF in Poleroviruses
and Luteoviruses That Is Required for Long-Distance Movement. PLoS Pathog.
11:e1004868. doi: 10.1371/journal.ppat.1004868

Smith, M. D., Arake-Tacca, L., Nitido, A., Montabana, E., Park, A., and Cate, J. H.
(2016). Assembly of eIF3 mediated by mutually dependent subunit insertion.
Structure 24, 886-896. doi: 10.1016/j.str.2016.02.024

Frontiers in Plant Science | www.frontiersin.org

18

April 2017 | Volume 8 | Article 494


https://doi.org/10.1104/pp.102.017855
https://doi.org/10.1016/j.coviro.2011.10.002
https://doi.org/10.1038/nrmicro3288
https://doi.org/10.1261/rna.2135210
https://doi.org/10.1128/JVI.02711-12
https://doi.org/10.1111/j.1365-313X.2006.02885.x
https://doi.org/10.1111/j.1365-313X.2011.04507.x
https://doi.org/10.1073/pnas.74.12.5345
https://doi.org/10.1039/C6MB00748A
https://doi.org/10.1093/emboj/18.17.4856
https://doi.org/10.1073/pnas.1416883112
https://doi.org/10.1021/bi051061i
https://doi.org/10.1038/emboj.2010.312
https://doi.org/10.1038/30529
https://doi.org/10.1006/jmbi.2001.4801
https://doi.org/10.1038/272469a0
https://doi.org/10.1101/gad.1020902
https://doi.org/10.1073/pnas.111145798
https://doi.org/10.1038/emboj.2011.93
https://doi.org/10.1007/978-1-59745-102-4_8
https://doi.org/10.1261/rna.115606
https://doi.org/10.1073/pnas.86.14.5335
https://doi.org/10.1074/jbc.M605762200
https://doi.org/10.1093/nar/24.14.2660
https://doi.org/10.1016/bs.aivir.2014.11.006
https://doi.org/10.1091/mbc.E06-06-0478
https://doi.org/10.1371/journal.pone.0169602
https://doi.org/10.1128/JVI.02099-15
https://doi.org/10.1016/j.ceb.2009.01.023
https://doi.org/10.1007/s00438-005-0003-x
https://doi.org/10.1016/j.pbi.2014.02.003
https://doi.org/10.1016/j.virol.2009.05.037
https://doi.org/10.1006/viro.1999.0107
https://doi.org/10.1074/jbc.M115.645002
https://doi.org/10.1128/jvi.78.9.4655-4664.2004
https://doi.org/10.1146/annurev-micro-092412-155609
https://doi.org/10.1016/0022-2836(91)90718-L
https://doi.org/10.1371/journal.ppat.1004868
https://doi.org/10.1016/j.str.2016.02.024
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Miras et al.

Non-canonical Translation in Plant RNA Viruses

Sonenberg, N., and Hinnebusch, A. G. (2009). Regulation of translation
initiation in eukaryotes: mechanisms and biological targets. Cell 136, 731-745.
doi: 10.1016/j.cell.2009.01.042

Spriggs, K. A., Bushell, M., and Willis, A. E. (2010). Translational regulation
of gene expression during conditions of cell stress. Mol. Cell 40, 228-237.
doi: 10.1016/j.molcel.2010.09.028

Stein, N., Perovic, D., Kumlehn, J., Pellio, B., Stracke, S., Streng, S., et al.
(2005). The eukaryotic translation initiation factor 4E confers multiallelic
recessive Bymovirus resistance in Hordeum vulgare (L.). Plant J. 42, 912-922.
doi: 10.1111/j.1365-313X.2005.02424.x

Stupina, V. A., Meskauskas, A., McCormack, J. C., Yingling, Y. G., Shapiro, B.
A., Dinman, J. D., et al. (2008). The 3’ proximal translational enhancer of
Turnip crinkle virus binds to 60S ribosomal subunits. RNA 14, 2379-2393.
doi: 10.1261/rna.1227808

Sun, C., Todorovic, A., Querol-Audi, J., Bai, Y., Villa, N.,, Snyder, M,
et al. (2011). Functional reconstitution of human eukaryotic translation
initiation factor 3 (eIF3). Proc. Natl. Acad. Sci. U.S.A. 108, 20473-20478.
doi: 10.1073/pnas.1116821108

Svanella-Dumas, L., Verdin, E., Faure, C., German-Retana, S., Gognalons, P.,
Danet, J. L., et al. (2014). Adaptation of Lettuce mosaic virus to Catharanthus
roseus involves mutations in the central domain of the VPg. Mol. Plant Microbe
Interact. 27, 491-497. doi: 10.1094/MPMI-10-13-0320-R

Tajima, Y., Iwakawa, H.-O., Kaido, M., Mise, K., and Okuno, T. (2011). A long-
distance RNA-RNA interaction plays an important role in programmed— 1
ribosomal frameshifting in the translation of p88 replicase protein of Red
clover necrotic mosaic virus. Virology 417, 169-178. doi: 10.1016/j.virol.2011.
05.012

Tamm, T., Suurvili, J., Lucchesi, J., Olspert, A., and Truve, E. (2009).
Stem-loop structure of Cocksfoot mottle virus RNA is indispensable
for programmed— 1 ribosomal frameshifting. Virus Res. 146, 73-80.
doi: 10.1016/j.virusres.2009.09.002

Thoma, C., Bergamini, G., Galy, B., Hundsdoerfer, P., and Hentze, M. W. (2004).
Enhancement of IRES-mediated translation of the c-myc and BiP mRNAs
by the poly (A) tail is independent of intact eIF4G and PABP. Mol. Cell 15,
925-935. doi: 10.1016/j.molcel.2004.08.021

Timmer, R. T., Benkowski, L. A., Schodin, D., Lax, S. R., Metz, A. M., Ravel, J]. M.,
etal. (1993). The 5'and 3'untranslated regions of satellite tobacco necrosis virus
RNA affect translational efficiency and dependence on a 5'cap structure. J. Biol.
Chem. 268, 9504-9510.

Treder, K., Kneller, E. L., Allen, E. M., Wang, Z., Browning, K. S., and Miller,
W. A. (2008). The 3’ cap-independent translation element of Barley yellow
dwarf virus binds eIF4F via the eIF4G subunit to initiate translation. RNA 14,
134-147. doi: 10.1261/rna.777308

Truniger, V., Nieto, C., Gonzalez-Ibeas, D., and Aranda, M. (2008). Mechanism of
plant eIF4E-mediated resistance against a Carmovirus (Tombusviridae): cap-
independent translation of a viral RNA controlled in cis by an (a)virulence
determinant. Plant J. 56, 716-727. doi: 10.1111/j.1365-313X.2008.03630.x

Valések, L., Nielsen, K. H., and Hinnebusch, A. G. (2002). Direct eIF2-eIF3 contact
in the multifactor complex is important for translation initiation in vivo. EMBO
J. 21, 5886-5898. doi: 10.1093/emboj/cdf563

Van Lipzig, R., Gultyaev, A. P., Pleij, C. W., Van Montagu, M., Cornelissen, M.,
and Meulewaeter, F. (2002). The 5’ and 3’ extremities of the satellite tobacco
necrosis virus translational enhancer domain contribute differentially to
stimulation of translation. RNA 8, 229-236. doi: 10.1017/S1355838202018071

Verchot, J., Angell, S. M., and Baulcombe, D. C. (1998). In vivo translation of the
triple gene block of potato virus X requires two subgenomic mRNAs. J. Virol.
72, 8316-8320.

Walsh, D., Mathews, M. B., and Mohr, I. (2013). Tinkering with translation: protein
synthesis in virus-infected cells. Cold Spring Harb. Perspect. Biol. 5:a012351.
doi: 10.1101/cshperspect.a012351

Wang, D., and Maule, A. J. (1995). Inhibition of host gene expression associated
with plant virus replication. Science 267:229. doi: 10.1126/science.267.5195.229

Wang, R. Y. L., Stork, J., Pogany, J., and Nagy, P. D. (2009a). A temperature
sensitive mutant of heat shock protein 70 reveals an essential role
during the early steps of tombusvirus replication. Virology 394, 28-38.
doi: 10.1016/j.virol.2009.08.003

Wang, S., Browning, K. S., and Miller, W. A. (1997). A viral sequence in the 3'-
untranslated region mimics a 5 cap in facilitating translation of uncapped
mRNA. EMBO J. 16, 4107-4116. doi: 10.1093/emboj/16.13.4107

Wang, Z., Kraft, J. J, Hui, A. Y, and Miller, W. A. (2010). Structural
plasticity of Barley yellow dwarf virus-like cap-independent translation
elements in four genera of plant viral RNAs. Virology 402, 177-186.
doi: 10.1016/j.virol.2010.03.025

Wang, Z., Parisien, M., Scheets, K., and Miller, W. A. (2011). The cap-
binding translation initiation factor, eIF4E, binds a pseudoknot in
a viral cap-independent translation element. Structure 19, 868-880.
doi: 10.1016/j.str.2011.03.013

Wang, Z., Treder, K, and Miller, W. A. (2009b). Structure of a viral
cap-independent translation element that functions via high affinity
binding to the eIF4E subunit of eIF4F. J. Biol. Chem. 284, 14189-14202.
doi: 10.1074/jbc.M808841200

Weingarten-Gabbay, S., Elias-Kirma, S., Nir, R., Gritsenko, A. A., Stern-Ginossar,
N., Yakhini, Z., et al. (2016). Systematic discovery of cap-independent
translation sequences in human and viral genomes. Science 351:aad4939.
doi: 10.1126/science.aad4939

Wells, S. E., Hillner, P. E., Vale, R. D., and Sachs, A. B. (1998). Circularization
of mRNA by eukaryotic translation initiation factors. Mol. Cell 2, 135-140.
doi: 10.1016/51097-2765(00)80122-7

Wilson, J. E., Powell, M. J., Hoover, S. E., and Sarnow, P. (2000). Naturally
occurring  dicistronic  cricket paralysis virus RNA is regulated by
two internal ribosome entry sites. Mol Cell. Biol. 20, 4990-4999.
doi: 10.1128/MCB.20.14.4990-4999.2000

Yang, C., Zhang, C., Dittman, J. D., and Whitham, S. A. (2009). Differential
requirement of ribosomal protein S6 by plant RNA viruses with
different  translation initiation strategies. =~ Virology 390, 163-173.
doi: 10.1016/j.virol.2009.05.018

Yang, L. J., Hidaka, M., Sonoda, J., Masaki, H., and Uozumi, T. (1997). Mutational
analysis of the potato virus Y 5 untranslated region for alteration in
translational enhancement in tobacco protoplasts. Biosci. Biotechnol. Biochem.
61,2131-2133. doi: 10.1271/bbb.61.2131

Zeenko, V., and Gallie, D. R. (2005). Cap-independent translation of tobacco etch
virus is conferred by an RNA pseudoknot in the 5 -leader. J. Biol. Chem. 280,
26813-26824. doi: 10.1074/jbc.M503576200

Zerfass, K., and Beier, H. (1992). The leaky UGA termination codon of tobacco
rattle virus RNA is suppressed by tobacco chloroplast and cytoplasmic tRNAs
(Trp) with CmCA anticodon. EMBO J. 11:4167.

Zhao, P., Liu, Q. Miller, W. A, and Goss, D. J. (2017). Eukaryotic
translation initiation factor 4G (eIF4G) coordinates interactions with
elF4A, eIF4B and eIF4E in binding and translation of the barley yellow
dwarf virus 3’ cap-independent translation element (BTE). J. Biol. Chem.
doi: 10.1074/jbc.M116.764902. [Epub ahead of print].

Zhou, H., and Jackson, A. O. (1996). Expression of the Barley stripe mosaic virus
RNAB “Triple gene block.” Virology 216, 367-379. doi: 10.1006/vir0.1996.0072

Zhu, J., Wang, B, Miao, Q. Tan, Y., Li, C, Chen, Z, et al. (2015).
Viral genome-linked protein (VPg) is essential for translation initiation
of rabbit hemorrhagic disease virus (RHDV). PLoS ONE 10:e0143467.
doi: 10.1371/journal.pone.0143467

Zuo, X., Wang, J., Yu, P, Eyler, D., Xu, H., Starich, M. R,, et al. (2010). Solution
structure of the cap-independent translational enhancer and ribosome-binding
element in the 3 UTR of turnip crinkle virus. Proc. Natl. Acad. Sci. U.S.A. 107,
1385-1390. doi: 10.1073/pnas.0908140107

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Miras, Miller, Truniger and Aranda. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

April 2017 | Volume 8 | Article 494


https://doi.org/10.1016/j.cell.2009.01.042
https://doi.org/10.1016/j.molcel.2010.09.028
https://doi.org/10.1111/j.1365-313X.2005.02424.x
https://doi.org/10.1261/rna.1227808
https://doi.org/10.1073/pnas.1116821108
https://doi.org/10.1094/MPMI-10-13-0320-R
https://doi.org/10.1016/j.virol.2011.05.012
https://doi.org/10.1016/j.virusres.2009.09.002
https://doi.org/10.1016/j.molcel.2004.08.021
https://doi.org/10.1261/rna.777308
https://doi.org/10.1111/j.1365-313X.2008.03630.x
https://doi.org/10.1093/emboj/cdf563
https://doi.org/10.1017/S1355838202018071
https://doi.org/10.1101/cshperspect.a012351
https://doi.org/10.1126/science.267.5195.229
https://doi.org/10.1016/j.virol.2009.08.003
https://doi.org/10.1093/emboj/16.13.4107
https://doi.org/10.1016/j.virol.2010.03.025
https://doi.org/10.1016/j.str.2011.03.013
https://doi.org/10.1074/jbc.M808841200
https://doi.org/10.1126/science.aad4939
https://doi.org/10.1016/S1097-2765(00)80122-7
https://doi.org/10.1128/MCB.20.14.4990-4999.2000
https://doi.org/10.1016/j.virol.2009.05.018
https://doi.org/10.1271/bbb.61.2131
https://doi.org/10.1074/jbc.M503576200
https://doi.org/10.1074/jbc.M116.764902
https://doi.org/10.1006/viro.1996.0072
https://doi.org/10.1371/journal.pone.0143467
https://doi.org/10.1073/pnas.0908140107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Non-canonical Translation in Plant RNA Viruses
	Introduction
	Canonical Translation of Eukaryotic mRNAs
	Non-Canonical Translation Initiation of Viral mRNAs
	Enhancers Located in the 5'-UTR: Internal Ribosome Entry Sites and VPgs in Potyviridae
	Intergenic Region Enhancers
	Enhancers Located in the 3'-UTR
	tRNA-Like Structures
	3'-UTR Mediated Translation of the Alfalfa mosaic virus Genome
	Cap-Independent Translation Elements

	5'- and 3'-UTR Dependent Translation of Nepovirus Genomic RNAs

	Optimization of Coding Capacity
	Leaky Scanning
	Translational Recoding: Frameshift and Readthrough
	Ribosomal Frameshifting
	Stop-Codon Readthrough


	Perspectives
	Author Contributions
	Acknowledgments
	References


