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In addition to being essential for translation of eukaryotic 
mRNA, translation initiation factors are also key compo-
nents of plant–virus interactions. In order to address the 
involvement of these factors in the infectious cycle of polero-
viruses (aphid-transmitted, phloem-limited viruses), the 
accumulation of three poleroviruses was followed in Arabi-
dopsis thaliana mutant lines impaired in the synthesis of 
translation initiation factors in the eIF4E and eIF4G fami-
lies. We found that efficient accumulation of Turnip yellows 
virus (TuYV) in A. thaliana relies on the presence of eIF 
(iso)4G1, whereas Beet mild yellowing virus (BMYV) and 
Beet western yellows virus-USA (BWYV-USA) rely, instead, 
on eIF4E1. A role for these factors in the infectious processes 
of TuYV and BMYV was confirmed by direct interaction in 
yeast between these specific factors and the 5′ viral genome-
linked protein of the related virus. Although the underlying 
molecular mechanism is still unknown, this study reveals a 
totally unforeseen situation in which closely related viruses 
belonging to the same genus use different translation initia-
tion factors for efficient infection of A. thaliana. 

Turnip yellows virus (TuYV, formerly known as Beet west-
ern yellows virus-FL1), Beet mild yellowing virus (BMYV), 
and Beet western yellows virus-USA (BWYV-USA) belong to 
the Polerovirus genus in the Luteoviridae family. Poleroviruses 
are single-stranded RNA viruses encapsidated in icosahedral 
particles. In contrast to cellular mRNAs that possess a m7G 
cap structure at their 5′ end and a poly-A tail at their 3′ end, 
poleroviral RNAs have a viral genome-linked protein (VPg) 
covalently attached to the 5′ terminus and they lack a poly-A 
(Mayo and Ziegler-Graff 1996). Because poleroviruses exhibit 
a vascular tissue tropism, virus replication and movement, there-
fore, are limited to companion cells, phloem parenchyma cells, 
and sieve tubes (Mutterer et al. 1999). 

In recent years, numerous studies on plant–virus interactions 
have identified eIF4E and eIF4G proteins from the translation 
initiation complex as key components required for plant sus-
ceptibility to a wide range of RNA viruses (Le Gall et al. 
2011; Robaglia and Caranta 2006). During mRNA translation, 
eIF4E provides the cap-binding function and is associated with 
the scaffolding protein eIF4G to form the eIF4F complex 
(Goodfellow and Roberts 2008; Marcotrigiano et al. 1999). 
Plants possess a second eIF4F complex (referred to as 
eIF(iso)4F) which results from the association between 
eIF(iso)4E and eIF(iso)4G isoforms (Gallie and Browning 
2001). Plant genes encoding proteins of the eIF4F complexes 
belong to small multigenic families. In Arabidopsis thaliana, 
three genes code for proteins of the eIF4E family (eIF4E1, 
eIF4E2, and eIF4E3), one gene codes for eIF(iso)4E, and one 
for a noncanonical eIF4E-like protein, known as a novel cap-
binding protein (nCBP). Only one gene codes for eIF4G and 
two for eIF(iso)4G subfamily (eIF(iso)4G1 and eIF(iso)4G2) 
(Robaglia and Caranta 2006). 

A distinctive feature of eIF4E and eIF4G, in comparison 
with other host factors required for plant–virus interactions, is 
that they show natural polymorphism associated with recessive 
resistance in many crops. The eIF4E factor has been impli-
cated in natural resistance to several potyviruses in diverse 
plant species (Le Gall et al. 2011) but also in barley resistance 
to a bymovirus (Kanyuka et al. 2005; Stein et al. 2005) and in 
melon resistance to a carmovirus (Nieto et al. 2006). In addi-
tion to eIF4E-mediated resistance, eIF(iso)4G1 and eIF4G 
were demonstrated to be involved in rice resistance to Rice yel-
low mottle virus (RYMV, genus Sobemovirus) and Rice tungro 
spherical virus (genus Waikavirus), respectively (Albar et al. 
2006; Hebrard et al. 2010; Lee et al. 2010). Knock-out A. tha-
liana mutants for eIF4G or eIF(iso)4G were also unable to 
support potyvirus infection, indicating that the whole eIF4F 
complex may be necessary for potyvirus infection (Gallois et 
al. 2010; Nicaise et al. 2007). 

From the virus side, the VPg has been identified as the major 
determinant required to overcome virus resistance controlled 
by eIF4E or eIF4G factors (Hebrard et al. 2008; Le Gall et al. 
2011; Truniger and Aranda 2009). In a few cases, however, 
other viral components function as the avirulence factor toward 
eIF4E: the C-terminal part of the cylindrical inclusion protein 
of Lettuce mosaic virus (LMV) (Abdul-Razzak et al. 2009), the 
3′ untranslated region of Melon necrotic spot virus genome 
(Diaz et al. 2004), and the P3 protein of Pea seed-borne mo-
saic virus (Hjulsager et al. 2006). 
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The molecular mechanisms underlying virus plant suscepti-
bility mediated by eIF4E or eIF4G factors involve, for poty-
viruses, a physical interaction between eIF4E and the VPg 
(Beauchemin et al. 2007; Khan et al. 2006; Miyoshi et al. 
2006; Wittmann et al. 1997) and, for RYMV, an interaction 
between eIF(iso)4G1 and the VPg (Hebrard et al. 2010). 

In the Luteoviridae family, limited information is available on 
the requirement for translation initiation factors in the virus rep-
lication cycle. None of the eIF4F components has been identi-
fied as cellular factors influencing plant susceptibility to these 
viruses. The only implication of translation initiation factors was 
reported for Barley yellow dwarf virus (BYDV), a member of 
the Luteovirus genus, which, in contrast to members of the Pol-
erovirus genus, does not possess a VPg. Treder and associates 
(2008) provided evidence that components of the eIF4F and 
eIF(iso)4F complexes bind to a 3′ cap-independent translation 
element, via a direct interaction with eIF4G. The eIF4F and 
eIF(iso)4F complexes are then delivered to the 5′ end of the 
genome by long-distance base pairing, to facilitate translation. 
eIF4E increases translation efficiency by interacting with eIF4G 
but is dispensable for this process, whereas eIF4G is required to 
initiate translation of uncapped RNA (Treder et al. 2008). 

Altogether, these results underline the conserved role of 
translation initiation factors 4E or 4G in plant–virus interac-
tions. However, many important questions remain to be inves-
tigated. In particular, can the requirement of these translation 
initiation factors be generalized to all VPg-linked RNA viruses? 
To determine whether poleroviruses, whose RNA genome is 
linked to a VPg at the 5′ end, also require translation initiation 
factors eIF4E or eIF4G for efficient plant infection, several A. 
thaliana mutant lines affected in the synthesis of the different 
components of the eIF4F complex were challenged with TuYV 
or BMYV, two closely related poleroviruses. Susceptibility 
analyses of the mutants showed that eIF(iso)4G1 is required 
for TuYV infection whereas a predominant role for eIF4E1 
was observed for BMYV. Another polerovirus, closely related 
to BMYV, BWYV-USA, also requires eIF4E1 for its infec-
tious cycle. Moreover, a direct interaction between the VPg of 
TuYV or BMYV and the translation initiation factor involved 
in their cycle was observed using the yeast two-hybrid assay. 
These results not only demonstrate the involvement of transla-
tion initiation factors in the infection cycle of poleroviruses but 
also provide the first demonstration that two closely related vi-
ruses from the same genus may need translation initiation fac-
tors from different families for their infection cycle. 

RESULTS 

eIF(iso)4G1 and, to a lesser extent, eIF(iso)4G2  
are required for TuYV infection in A. thaliana. 

Ten A. thaliana mutant lines disrupted in each of the differ-
ent genes coding for eIF4E and eIF4G factors were challenged 
with TuYV. The mutant lines were T-DNA single-insertion 
lines inhibited in the expression of translation-initiation factors 
eIF4E1, eIF4E2, eIF4E3, eIF(iso)4E, eIF4G, eIF(iso)4G1, 
eIF(iso)4G2, and nCBP. In addition to these T-DNA mutants, 
an A. thaliana line bearing a point mutation in the eIF4E1 cod-
ing sequence resulting in a C-terminal truncation of the 
eIF4E1 protein (referred as to cum1.1) (Yoshii et al. 2004), and 
a line in which both isoforms of 4G were simultaneously 
knocked out (referred as to At-eIF(iso)4G1G2), were included 
in the experiments. Except for this double mutant that exhib-
ited a severe growth defect (Lellis et al. 2010) when compared 
with wild-type Col0 plants, all the other lines grew similarly to 
the wild type Col0. Several of these A. thaliana mutants have 
already been assayed for their ability to sustain accumulation 
of different viruses (Le Gall et al. 2011). 

When the different A. thaliana mutant lines were challenged 
with TuYV, a significant reduction in virus accumulation in 
plants affected in the expression of eIF(iso)4G1 was observed 
(Fig. 1A; Supplementary Table S1). In four independent experi-
ments, virus accumulation assessed by double-antibody sand-
wich enzyme-linked immunosorbent assay (DAS-ELISA) at 
21 days postinoculation in the At-eIF(iso)4G1 mutant was sta-
tistically lower when compared with virus accumulation in wild-
type Col0 plants (Supplementary Fig. S1A). The reduced accu-
mulation of TuYV was even more drastic in plants where both 
eIF(iso)4G isoforms were affected. No difference in virus 
accumulation was recorded in At-eIF(iso)4G2 or in At-eIF4G 
mutants (Fig. 1A). In all experiments, TuYV accumulation was 
detected in At-eIF4E1, cum1.1, At-eIF4E2, At-eIF4E3, At-
eIF(iso)4E, and At-nCBP at levels similar to those observed in 
Col0. 

Because very low TuYV virus titers were detected in the At-
eIF(iso)4G1G2 double mutant, presence of the TuYV genome 
was additionally verified by quantitative reverse-transcriptase 
polymerase chain reaction (qRT-PCR). Levels of TuYV accu-
mulation in A. thaliana lines affected in the expression of the 
4G factors was quantified from RNA extracted from upper 
leaves of TuYV-inoculated At-eIF4G, At-eIF(iso)4G1, At-
eIF(iso)4G2, and At-eIF(iso)4G1G2 and compared with Col0. 
The cycle threshold (Ct) values from the qRT-PCR experiment 
were compared with values obtained from the known copy 
number of viral RNA. Whereas a similar number of TuYV ge-
nomes was observed in the At-eIF4G and At-eIF(iso)4G2 mu-
tants (1.91E+06 and 2.03E+06 genomes per nanogram of RNA, 
respectively) when compared with Col0 (2.41E+06 genomes 
per nanograms of RNA), TuYV accumulated five times less in 
the At-eIF(iso)4G1 mutant (4.41E+05 genomes per nanograms 
of RNA) (Fig. 2). Reduction of virus titer was even more severe 
in the double At-eIF(iso)4G1G2 mutant, where TuYV accumu-
lated 13 times less (1.77E+05 genomes per nanograms of RNA) 
than in wild-type Col0 (Fig. 2). 

Altogether, the results obtained from TuYV accumulation in 
the different A. thaliana mutants strongly support the involve-
ment of At-eIF(iso)4G1 in the virus infectious cycle. The fact 
that the double mutant accumulates less TuYV than the At-eIF 
(iso)4G1 mutant, although susceptibility of the At-eIF(iso)4G2 
mutant was not reduced, suggest that this isoform is only used 
by TuYV in the absence of eIF(iso)4G1, because it is less 
efficient. 

BMYV infection depends on eIF4E1. 
In order to investigate the behavior of a closely related pol-

erovirus, similar infectivity assays were conducted with 
BMYV. Whereas TuYV and BMYV display moderate amino 
acid sequence homology for the proteins encoded by the first 
two open reading frames located at the 5′ end of the genome 
(24 and 34% for P0 and P1, respectively), the other viral pro-
teins exhibit a high sequence homology between the two viruses 
(63 to 91% for P2 to P5) (Guilley et al. 1995). First of all, when 
compared with TuYV accumulation in the wild-type Col0, we 
observed that BMYV titer in these plants was reduced (Fig. 
1B). Comparison of the dilution curves of both viruses indicates 
that the lower optical density values in BMYV-Col0 infected 
plants do not reflect reduced BMYV accumulation relative to 
TuYV but, rather, a weaker recognition by the antibodies used 
in the DAS-ELISA assay (Supplementary Fig. S2). 

BMYV-susceptibility analyses of the A. thaliana mutants 
showed a reduced virus titer in the two lines affected in the 
synthesis of eIF4E1 (At-eIF4E1 and cum1.1) (Fig. 1B; Supple-
mentary Table S2). In contrast, the level of virus accumulation 
in At-eIF4E2, At-eIF4E3, and At-nCBP mutants was similar to 
that in the wild-type Col0 (Fig. 1B) and was significantly 
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higher in plants altered in the expression of the eIF(iso)4E fac-
tor (Fig. 1B). Although we observed a tendency toward reduced 
BMYV accumulation in the three At-eIF4G, At-eIF(iso)4G1, 
and At-eIF(iso)4G2 mutants when compared with Col0 (Fig. 
1B), this reduction was not significant. However, BMYV accu-
mulated at a significantly reduced level in the double mutant 
At-eIF(iso)4G1G2 (Fig. 1B). Although TuYV was barely detect-
able in this mutant, BMYV accumulation was low but substan-
tially above the threshold level and, therefore, was not consid-
ered to require qRT-PCR for further detection. 

Among poleroviruses, BMYV displays a host range similar 
to that of BWYV-USA (Beuve et al. 2008). Therefore, we ana-
lyzed the behavior of BWYV-USA in the mutant lines. Remark-
ably, the infection pattern observed for BWYV-USA-inoculated 
lines was highly similar to that of BMYV. Virus accumulation 
was significantly reduced in cum1.1 and At-eIF(iso)4G1G2 and 
no major difference in virus titer was observed in the other 
lines compared with Col0, except for At-eIF(iso)4E, which 
sustained a higher virus level when compared with Col0 (Fig. 
1C; Supplementary Table S3). The apparent higher BMYV ac-
cumulation in At-eIF4E3 was not significantly different from 
Col0. 

In contrast to TuYV, accumulation of BMYV and BWYV-
USA in the different A. thaliana mutant lines highlighted a 
major involvement of eIF4E1 in both virus infections. In addi-
tion, accumulation of both viruses was severely reduced in the 
double At-eIF(iso)4G1G2 mutant while such a strong effect 
was not observed in the single mutants. This suggests that these 
factors act redundantly in BMYV and BWYV-USA infection 
cycles. 

TuYV-VPg and BMYV-VPg differ  
by their interaction patterns  
with eIF4E and eIF4G factors. 

To determine whether eIF4E or eIF4G factors interact physi-
cally with the VPg of poleroviruses, and if a correlation with 
successful viral infection can be drawn, the yeast two-hybrid 
system was used to monitor protein–protein interaction pat-
terns between the different eIF4E and eIF4G proteins and 
TuYV- and BMYV-VPg. TuYV- and BMYV-VPg coding se-
quences have not been positioned with confidence on the viral 
genome of both viruses. However, based on sequence homol-
ogy with the Potato leafroll polerovirus (PLRV), whose N ter-
minus of the VPg has been identified by microsequencing (van 

Fig. 1. Turnip yellows virus (TuYV), Beet mild yellowing virus (BMYV), and Beet western yellows virus-USA (BWYV-USA) accumulation in Arabidopsis 
thaliana mutants affected in the synthesis of translation initiation factors. Box and whisker representation of the data collected after plant inoculation with A, 
TuYV; B, BMYV; or C, BWYV-USA. A. thaliana mutant lines—namely, At-eIF4G, At-eIF(iso)4G1, At-eIF(iso)4G2, At-eIF(iso)4G1G2, At-eIF4E1, 
cum1.1, At-eIF4E2, At-eIF4E3, At-eIF(iso)4E, and At-novel cap-binding protein (nCBP)—were inoculated with TuYV or BMYV using viruliferous aphids 
in 14 independent experiments (eight for TuYV and six for BMYV). Except for At-eIFE1 and At-eIF4E2, the same A. thaliana lines were aphid inoculated 
with BWYV-USA in five independent experiments. Col0 was used as a reference line. Virus accumulation in noninoculated leaves was measured by enzyme-
linked immunosorbent assay 3 weeks postinoculation (optical density [OD] at 405 nm). End of the box represents the upper and lower quartiles. The median 
is marked by a horizontal line inside the box. Whiskers are the two lines outside the box that extend to the highest and lowest observations;  = outlier and 
non-inoc. = noninoculated plants from the different lines. The graph was constructed using R commander. 
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der Wilk et al. 1997), the VPg-encoding sequences of TuYV 
and BMYV were located in the central domain of the P1 se-
quence downstream of the putative serine-like proteinase do-
main (Fig. 3A). Assuming that maturation of the VPg occurs 
through an internal proteolytic cleavage of P1, the 5′ terminal 
nucleotide of the TuYV- and BMYV-VPg coding regions is 
predicted to be at position 1,371 and 1,372 of their respective 
genomes. The 3′ end of the VPg-encoding sequence was 
assigned to nucleotide 1,544 for TuYV, and 1,542 for BMYV, 
assuming that both TuYV- and BMYV-VPg have a size similar 
to that predicted for PLRV which was estimated to be approxi-
mately 7 kDa (Fig. 3A) (Mayo et al. 1982). The C-terminal do-
main of the PLRV-P1 protein was detected in infected plants 
(Prüfer et al. 1999), suggesting that this cleavage product 
could also have a biological function in the polerovirus cycle. 
Therefore, constructs covering the C-terminal domain of 
TuYV- or BMYV-P1 (P1-Cterm) and encompassing the putative 
VPg sequences were included in the analysis (Fig. 3A). 

The ability of TuYV-VPg and TuYV-P1-Cterm to bind 4E fac-
tors was assessed by yeast two-hybrid assay, as described by 
Charron and associates (2008). eIF4E1-, eIF4E2-, eIF4E3-, 
eIF(iso)4E-, and nCBP-encoding sequences were cloned in-
frame with the GAL4 transcription activation domain (AD) 
into yeast pGADT7 vector, whereas the predicted TuYV-VPg 
and TuYV-P1-Cterm encoding sequences were fused to the 
GAL4 DNA binding domain (BD) into the yeast pGBKT7 
vector. After transformation and mating, yeast double 
transformants were plated onto medium lacking either 
histidine (–HWL) or histidine and adenine (–AHWL), 
allowing selection of yeast cells where interactions between 
the fusion proteins occurred. 

Expression of TuYV-VPg from the pGBKT7 vector in cells 
cotransformed with the pGADT7 empty vector resulted in 
autonomous activation of the HIS3 reporter gene and allowed 
yeast growth on the selective medium (–HWL). However, auto-
activation of the second reporter gene, ADE2, by the TuYV-
VPg construct was not observed (i.e., absence of yeast growth 
on the medium [–AHWL]), allowing interaction tests with the 
4E factors. Co-transformation of yeast cells with TuYV-VPg 
and the 4E factors did not result in any yeast development on 

the selective medium (–AHWL), suggesting the absence of a 
strong interaction (if any) between 4E factors and the TuYV-
VPg (Fig. 3B). Similarly, when TuYV-P1-Cterm was coex-
pressed with eIF4E factors, no interaction was observed (Fig. 
3B). 

To evaluate interactions of TuYV-VPg and TuYV-P1-Cterm 
with the 4G factors, the viral coding sequences were cloned 
into pGADT7 to avoid autonomous transcription activity of the 
TuYV-VPg fused to the GAL4-BD. The 4G factor sequences 
were cloned into pGBKT7 vector and none of them, when ex-
pressed with the empty pGBKT7 vector, induced autonomous 
activation of both reporter genes (Fig. 3B). Co-expression in 
yeast cells of eIF(iso)4G1 with TuYV-VPg or TuYV-P1-Cterm 
allowed the cells to develop on the selective medium (–HWL), 
indicating an interaction between the partners (Fig. 3B). More-
over, yeast cells coexpressing TuYV-P1-Cterm and eIF(iso)4G1 
were able to grow on the more stringent medium (–AHWL), 
supporting a strong interaction between the two proteins. No 
interaction could be detected with the two other eIF4G proteins. 

BMYV-VPg and BMYV-P1-Cterm protein interactions with 
4E or 4G factors were tested following a procedure similar to 
the one described for TuYV. BMYV-VPg and BMYV-P1-Cterm 
predictive sequences were cloned in fusion with GAL4-AD in 
pGADT7, while the 4E factors were expressed as GAL4-BD 
fusion proteins from pGBKT7. Autonomous activation by the 
4E factors of the HIS3 reporter gene but not of the ADE2 was 
observed (Fig. 3C). However, coexpression of the eIF4E1, 
eIF4E2, and eIF4E3 factors together with BMYV-VPg or 
BMYV-P1-Cterm led to yeast growth on the stringent (–AHWL) 
medium, supporting interactions between both viral proteins 
and the three 4E factors (Fig. 3C). 

To further address interactions of the 4G factors with 
BMYV-derived proteins, BMYV-VPg or BMYV-P1-Cterm were 
expressed from the pGBKT7 vector, whereas 4G factors were 
produced from the pGADT7 vector. Expression of BMYV-VPg 
from pGBKT7 induced autoactivation of the HIS3 reporter gene 
and not of the ADE2 gene. However, a faint yeast growth 
development was observed on the highly stringent medium 
(–AHWL) when the three factors (eIF4G, eIF(iso)4G1, and 
eIF(iso)4G2) were coexpressed with BMYV-VPg (Fig. 3C). 
This result suggests that a possible weak interaction can occur 
between the 4G factors and BMYV-VPg. On the other hand, 
BMYV-P1-Cterm did not induce any self-activation of both 
reporter genes; however, no interaction between the 4G factors 
and this viral product was observed either (Fig. 3C). 

Taken together, these data showed that the VPg-derived pro-
teins of TuYV and BMYV exhibit a different pattern of inter-
action with the 4G and 4E factors: TuYV-VPg and TuYV-P1-
Cterm only interacted in yeast with eIF(iso)4G1 from the 4G 
family whereas no interaction was recorded for any factor of 
the 4E family. Conversely, BMYV-VPg and BMYV-P1-Cterm 
interacted with eIF4E1, eIF4E2, and eIF4E3 factors. No bind-
ing capacity of the BMYV-derived proteins with any of the 4G 
factors was detected. 

DISCUSSION 

The eukaryotic translation initiation factors eIF4F and eIF4G 
and their isoforms play a key role in plant susceptibility to 
RNA viruses (Le Gall et al. 2011; Robaglia and Caranta 2006; 
Truniger and Aranda 2009). In this study, we investigated the 
requirement of these factors for three phloem-restricted viruses 
(TuYV, BMYV, and BWYV-USA) belonging to the genus Pol-
erovirus in the Luteoviridae family. We demonstrated that i) 
three closely related viruses belonging to the same viral genus 
(Polerovirus) rely on different translation initiation factors for 
their infection cycle and ii), similarly to the VPg encoding 

Fig. 2. Accumulation of Turnip yellows virus (TuYV) genomes in Arabi-
dopsis thaliana mutants knocked out for eIF4G isoforms measured by
quantitative reverse-transcription polymerase chain reaction. Number of
virus genomes in the wild-type Col0 plants is compared with four A. thali-
ana mutants impaired in the expression of the translation initiation factors
eIF4G, eIF(iso)4G1, eIF(iso)4G2, and both eIF(iso)4G1 and eIF(iso)4G2
(At-eIF(iso)4G1G2). Average number of viral genome copies and standard
deviation were obtained from 6 Col0, 6 At-eIF4G, 6 At-eIF(iso)4G1, 6 At-
eIF(iso)4G2, and 12 At-eIF(iso)4G1G2 plants. non-inoc. = noninoculated
plants from the different lines. 
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Fig. 3. Interaction assays between Turnip yellows virus (TuYV) or Beet mild yellowing virus (BMYV) viral genome-linked protein (VPg) and 4E or 4G 
isoforms using yeast two-hybrid system. A, Genome organization of poleroviruses. Rectangles represent the major open reading frames. The enlarged rectan-
gle shows the P1 protein with the identified transmembrane, serine proteinase- and nucleic acid binding domains. Below are represented the C-terminal 
domain (P1-Cterm) and the putative VPg (black rectangle). Viral genomic coordinates of the sequences cloned in the different yeast two-hybrid constructs are 
indicated for TuYV and BMYV. B, Upper panel: yeast interactions between TuYV-derived proteins and 4E factors. Yeast cells were co-transformed with 
pGBK:VPg or pGBK:P1-Cterm and one of the following constructs: pGAD:eIF4E1, pGAD:eIF4E2, pGAD:eIF4E3, pGAD:eIF(iso)4E, or pGAD:novel cap-
binding protein (nCBP) or with a set of negative controls. Cells doubly transformed were allowed to grow on a medium deprived of tryptophane and leucine 
(–WL) before being transferred on selective media (deprived of histidine, tryptophane, and leucine [–HWL] or adenine, histidine, tryptophane, and leucine 
[–AHWL]). Yeast cells were allowed to grow for 3 to 5 days at 30°C. Each combination is shown in triplicate. Lower panel: yeast interactions between
TuYV-derived proteins and 4G factors. Yeast cells were co-transformed with pGAD:VPg or pGAD:P1-Cterm and one of the following constructs: pGBK:
eIF4G, pGBK:eIF(iso)4G1, or pGBK:eIF(iso)4G2 or with a set of negative controls. The experiment was pursued as described above. C, Upper panel: yeast 
interactions between BMYV-derived proteins and 4E factors. Yeast cells were co-transformed with pGAD:VPg and one of the following constructs: 
pGBK:eIF4E1, pGBK:eIF4E2, pGBK:eIF4E3, pGBK:eIF(iso)4E, or pGBK:nCBP or with a set of negative controls. The experiment was pursued as de-
scribed above. Lower panel: yeast interactions between BMYV-derived proteins and 4G factors. Yeast cells were co-transformed with pGBK:VPg or pGBK:P1-
Cterm and one of the following constructs: pGAD:eIF4G, pGAD:eIF(iso)4G1, or pGAD:eIF(iso)4G2 or with a set of negative controls. The experiment was 
pursued as described above. The yeast expression and the size of all fusion proteins were checked by Western blot analysis (Supplementary Fig. S3). 
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viruses requiring 4E or 4G factors, the VPg generated by pol-
eroviruses is a potential viral determinant governing the spe-
cific interactions with these factors. 

Several A. thaliana mutant lines impaired in the synthesis of 
eukaryotic translation initiation factors (eIF4G, eIF(iso)4G1, 
eIF(iso)4G2, eIF4E1, eIF4E2, eIF4E3, eIF(iso)4E, and nCBP) 
were inoculated with TuYV, BMYV, or BWYV-USA using 
viruliferous aphids. By using infectivity assays on A. thaliana 
mutants disrupted in each of the genes encoding eIF4G or 
eIF4E factors, we showed that TuYV, BMYV, and BWYV-
USA exhibit different virus accumulation patterns in the col-
lection of A. thaliana mutant lines. A strong reduction in 
TuYV accumulation was observed in the mutant disrupted for 
eIF(iso)4G1. The impact on TuYV structural proteins and 
RNA accumulation was important in At-eIF(iso)4G1 and At-
eIF(iso)4G1G2, whereas no effect on the virus titer was ob-
served in the mutant affected only in eIF(iso)4G2 expression. 
This peculiar situation may suggest that the involvement of 
eIF(iso)4G2 in TuYV infectious process depends on the pres-
ence of the eIF(iso)4G1 isoform or that eIF(iso)4G2 is only 
active when eIF(iso)4G1 is absent. Additionally, the severe 
growth defect affecting the At-eIF(iso)4G1G2 line, in which 
both 4G isoforms are absent, may also account for the reduced 
TuYV titer due to pleotropic effects (Lellis et al. 2010). 

The recruitment of eIF(iso)4G1 in the infectious process of 
TuYV is corroborated by yeast two-hybrid experiments which 
revealed a specific interaction between eIF(iso)4G1 and the 
predicted TuYV-VPg. TuYV-VPg, localized in the central do-
main of P1, is proteolytically released after cleavage by a ser-
ine proteinase-like domain protein (Li et al. 2000, 2007; van 
der Wilk et al. 1997). Interestingly, a stronger interaction was 
observed between the C-terminal domain of the P1 protein 
(P1-Cterm, encompassing the VPg-predicted sequence) and 
eIF(iso)4G1, suggesting that the VPg precursor may have a 
higher affinity for eIF(iso)4G1 than the VPg itself. Because the 
P1-Cterm of PLRV displays nucleic acid binding properties, 
Prüfer and associates (1999) proposed that this domain may 
promote the formation of P1/viral RNA complexes required for 
the covalent binding of the VPg to the viral RNA. In the case of 
TuYV, binding of eIF(iso)4G1 to the P1-Cterm precursor may 
participate in this step and initiate coupling between transla-
tion and viral replication. 

A direct interaction between RYMV-VPg and the central do-
main of rice eIF(iso)4G1 has been documented, and this inter-
action correlates with rice susceptibility (Hebrard et al. 2010). 
No further role of eIF4E factors was reported for this plant-virus 
system. It was also shown that potyviruses rely on a physical 
interaction between the VPg and factors of the eIF4E family 
for a successful plant infection (Le Gall et al. 2011). However, 
eIF4G factors were also shown to participate in host–potyvirus 
compatibility but their involvement was suspected to reflect a 
recruitment by the virus of the whole eIF(iso)4F complex 
(Nicaise et al. 2007). Finally, carmoviruses represent another 
peculiar case in which eIF4E factors, required for plant sus-
ceptibility, are suspected to interact with the viral RNA and not 
a viral protein (Diaz et al. 2004; Nieto et al. 2006). In this 
context, TuYV resembles RYMV because successful plant 
infection relies on a direct interaction between its VPg and 
eIF(iso)4G1. 

The analysis of BMYV and BWYV-USA accumulation in 
the A. thaliana mutant lines pointed toward a different pattern 
of requirement of translation initiation factors. In contrast to 
TuYV, a significant reduction of both BMYV and BWYV-
USA accumulation in eIF4E1-mutated plants was observed 
when compared with Col0, supporting a role of this translation 
initiation factor in their infection cycle. Among eIF4E factors, 
eIF4E1 played the most significant role in the virus infectious 

process, because no drastic variation of virus accumulation 
was observed in the A. thaliana lines impaired in the synthesis 
of eIF4E2 or eIF4E3. Involvement of eIF4E1 in BMYV and 
BWYV-USA multiplication cycles is also indirectly supported 
by a significantly higher virus accumulation in the At-eIF 
(iso)4E mutant line. Previous studies showed the ability of 
eIF4E protein to compensate for the lack of eIF(iso)4E 
(Duprat et al. 2002). Therefore, a higher expression level of 
eIF4E1 in the At-eIF(iso)4E mutant could account for the virus 
titer elevation. Among the eIF4G mutant lines, only the double 
At-eIF(iso)4G1G2 mutant displayed a reproducible and sig-
nificant reduction of both BMYV and BWYV-USA accumula-
tion. This observation may reflect a functional redundancy be-
tween the 4G factors that can probably be recruited with the 
same efficiency by both viruses. But again, pleotropic effects 
due to the absence of both 4G isoforms in the At-eIF(iso) 
4G1G2 mutant (Lellis et al. 2010) may be responsible for the 
lower virus accumulation in this particular line. 

Involvement of eIF4E1 factor in the BMYV infectious cycle 
was confirmed by the direct interaction between eIF4E1 and 
both the predicted BMYV-VPg and the C-terminal part of the 
P1 protein encompassing the VPg. Surprisingly, eIF4E2 and 
eIF4E3 were also able to interact with both viral proteins 
(BMYV-VPg and BMYV-P1-Cterm) in the yeast two-hybrid 
system, although no requirement of these two factors was 
observed in plants. In addition to sharing a high sequence 
identity, eIF4E2 and eIF4E3 are poorly expressed in planta 
(Lellis et al. 2010). Therefore, a functional redundancy between 
both factors, or a lack of virus accessibility for these factors 
due to their low amount in planta, could explain why no dif-
ference in BMYV accumulation was observed in At-eIF4E2 and 
At-eIF4E3 mutants. 

In summary, TuYV, BMYV, and BWYV-USA, three sero-
logically and molecularly related viruses (de Miranda et al. 
1995; Stevens et al. 2005), were shown to use different sets of 
translation initiation factors in the same host (A. thaliana). In-
fectivity analyses clearly showed that TuYV mainly relies on 
eIF(iso)4G1 whereas BMYV and BWYV-USA preferentially 
recruit eIF4E1. Moreover, this selective requirement of the 
translation initiation factors was supported by a direct interac-
tion observed between the VPg-derived proteins and the identi-
fied translation initiation factors. 

A selective recruitment of translation initiation factors in A. 
thaliana has previously been reported for potyviruses; how-
ever, different factors from the 4E family were required for virus 
infection: Tobacco etch virus, LMV, Turnip mosaic virus, and 
Plum pox virus rely on eIF(iso)4E for their infection cycle, 
whereas eIF4E1 is essential for Clover yellow vein virus multi-
plication in A. thaliana (Le Gall et al. 2011). The results re-
ported in this work represent the first example of a selective 
recruitment of translation initiation factors from different fami-
lies by viruses belonging to the same genus. By analogy with 
the resistance mechanism mediated by eIF4E for potyviruses 
or eIF(iso)4G1 for RYMV, polerovirus VPg, or a VPg-precur-
sor protein might be the avirulence factor. No apparent sequence 
or structural similarities exist between potyvirus and polerovi-
rus VPg except a high level of intrinsic disorder (Hebrard et al. 
2009). This characteristic confers a high potential for interac-
tions with multiple partners. Structural intrinsic disorder is 
also predicted for TuYV and BMYV-VPg (E. Hébrard, per-
sonal communication). 

A complete resistance phenotype to TuYV, BMYV, or 
BWYV-USA was not observed in any of the mutant lines, sug-
gesting a moderate level of functional redundancy between the 
different translation initiation factors for the infectious cycle 
of these viruses. Such a situation was already observed for 
some LMV isolates in lettuce (Candresse et al. 2002; German-
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Retana et al. 2000; Revers et al. 1997). It is noteworthy that 
BMYV host range is partially different and narrower than that 
of TuYV and BWYV-USA (Beuve et al. 2008; Graichen and 
Rabenstein 1996; Stevens et al. 1994). However, both BMYV 
and BWYV-USA are particularly well adapted to sugar beet, 
in contrast to TuYV (Beuve et al. 2008). Therefore, it is tempt-
ing to speculate that translation initiation factors might be 
involved in host range determination, as has been suggested 
for Melon necrotic spot virus, in which host susceptibility is 
governed by eIF4E (Nieto et al. 2011). However, additional ex-
periments are required to confirm this hypothesis, such as gen-
eration of viral mutants in the VPg sequence and subsequent 
host range analysis. 

MATERIALS AND METHODS 

Plant material. 
A. thaliana plants were grown in an environment-controlled 

chamber at 23°C (day) and 20°C (night) with a 10-h light 
period. Two different A. thaliana lines were used to address 
eIF4E1 requirements in virus infectious cycle: At-eIF4E1 mu-
tant (SALK145583) and cum1-1 (Yoshii et al. 2004), an ethyl-
methane sulphonate mutant provided by M. Ishikawa. Pol-
erovirus infection assays were also performed on the following 
T-DNA insertion lines: At-eIF4E2 mutant (SALK103888), At-
eIF4E3 mutant (SALK101805), At-nCBP mutant (SALK 
053948), At-eIF4G mutant (SALK112882), At-eIF(iso)4G1 
mutant (SALK009905), and At-eIF(iso)4G2 mutant (SALK 
076633). Mutant At-eIF(iso)4E is a dSpm insertion mutant 
provided by C. Robaglia (Duprat et al. 2002). The double At-
eIF(iso)4G1G2 mutant was obtained after crossing of the 
single mutants SALK009905 and SALK076633, as described 
by Nicaise and associates (2007). The ecotype Col0 was used 
as a reference in the different experiments performed. Insertion 
of the T-DNA and absence of mRNA or protein expression 
were previously confirmed for all mutants used in this study 
(Duprat et al. 2002; Le Gall et al. 2011; Nicaise et al. 2007; 
Yoshii et al. 2004). 

Virus inoculation by aphids and virus detection by ELISA. 
A. thaliana plants were inoculated with TuYV, formerly re-

ferred to as BWYV-FL1 (Veidt et al. 1992), with BMYV-2ITB 
(Guilley et al. 1995) or with BWYV-USA (Beuve et al. 2008) 
using viruliferous Myzus persicae maintained on TuYV-, 
BMYV- or BWYV-USA-infected plants. Alternatively, virus-
free aphids reared on Capsicum annuum were membrane-fed 
on purified virus, as described previously (Bruyère et al. 
1997). Ten viruliferous aphids were transferred to each test 
plant for a 4-day inoculation period before being killed by an 
insecticide treatment. Because TuYV, BMYV, and BWYV-
USA infections of A. thaliana plants remain symptomless, virus 
accumulation in systemic leaves was assessed 3 to 4 weeks 
after aphid inoculation by DAS-ELISA (Clark and Adams 1977) 
with a rabbit polyclonal antiserum raised against BMYV 
(Loewe, Kronach, Germany). In all, 5 to more than 60 plants 
per line were inoculated with TuYV, BMYV, or BWYV-USA 
using viruliferous aphids in a series of eight, six, and five 
independent experiments, respectively. 

Real-time RT-PCR. 
For qRT-PCR, total RNA was extracted (RNeasy plant mini 

kit; Qiagen, Courtaboeuf, France) 3 weeks postinoculation 
with TuYV from six Col0, six At-eIF4G, six At-eIF(iso)4G1, 
six At-eIF(iso)4G2, and 12 At-eIF(iso)4G1G2 plants. Primers 
were designed manually to amplify a 137-bp fragment from 
nucleotides 3,694 to 3,830 on the TuYV genome (accession 
number X13063). Total RNA (12.5 ng) in a 25-μl reaction 

were subjected to one-step RT-PCR using the Quantitect 
SYBR Green RT-PCR kit (Qiagen) containing two reverse 
transcriptases (Omniscript and Sensiscript) and a HotStartTaq 
DNA polymerase and the forward (BPqtF0; 5′-AAGACAATC 
TCGCGGGAAG-3′) and reverse (BPqtR1; 5′-GGAGACGAA 
CTCCAAAATGAC-3′) primers according to the manufac-
turer’s recommendations. qRT-PCR was performed with the 
iCycler IQ system (Bio-Rad, Marnes-la-coquette, France). Re-
verse transcription was carried out at 50°C for 30 min, followed 
by denaturation at 95°C for 15 min. PCR cycles were as follows: 
40 cycles each of 15 s at 94°C, 12 s at 55°C, and 30 s at 72°C. 
Real-time RT-PCR data were collected for 15 s at 78°C to avoid 
nonspecific fluorescence due to primer dimers occurring at low 
template concentrations. Absolute quantification was realized 
by using a dilution series from 103 to 108 viral RNA copies 
obtained from RNA extracted from purified TuYV virions. The 
Ct values were calculated by the Bio-Rad software and plotted 
proportionally to the logarithm of the input RNA copy 
numbers to generate the standard quantification curve. The 
correlation value was 0.999 and the amplification efficiency 
was 0.793, calculated by the formula E = [10–1/slope] – 1, with a 
slope of –3.942. No fluorescent signal was obtained with non-
infected A. thaliana plants and each analysis was carried out in 
duplicate. 

Construction of recombinant proteins  
for yeast two-hybrid assay. 

TuYV- and BMYV-VPg-encoded sequences were introduced 
in yeast shuttle vector pGADT7 and pGBKT7 (Clontech, 
Mountain View, CA, U.S.A.) as PCR fragments flanked by 
NdeI and BamHI or by NcoI and SalI restriction sites, respec-
tively. The 5′ terminal nucleotide of TuYV-VPg was positioned 
at nucleotide 1,371 on the TuYV genome (accession number 
X13063) whereas the 3′ terminal nucleotide was located at nu-
cleotide 1,535. However, due to cloning strategy, nine more 
nucleotides were added at the 3′ end, positioning the last nucleo-
tide of TuYV-VPg at nucleotide 1,544. BMYV-VPg sequence 
was positioned from nucleotide 1,372 to 1,542 of the BMYV 
sequence (accession number X83110). TuYV and BMYV-VPg 
contained one extra Methionine at their 5′ end. Additionally, 
the C-terminal domains of TuYV-P1 (nucleotide 1,371 to 1,997) 
or BMYV-P1 (nucleotide 1,372 to 2,126) proteins were intro-
duced into both pGADT7 and pGBKT7 vectors for TuYV-P1-
Cterm or only in pGBK vector for BMYV-P1-Cterm. 

Coding sequences of A. thaliana eIF4E1 (At4g18040), eIF4E2 
(At1g29550), eIF4E3 (At1g29590), eIF(iso)4E (At5g35620), 
and nCBP (At5g18110), were cloned into pGADT7 yeast two-
hybrid vector in fusion with the GAL4 activation domain. 
Coding sequences of A. thaliana eIF4G (At3g60240), eIF(iso) 
4G1 (At5g57870), and eIF(iso)4G2 (At2g24050) were cloned 
from pET vectors received from K. Browning into the pGBK 
yeast two-hybrid vector in fusion with the GAL4 BD. Cloning 
of 4G or 4E factors into pGADT7 or pGBKT7, respectively, 
was performed starting with the corresponding pGBK- or 
pGAD-recombinant plasmids. 

The AH109 (Ade- and His-) and Y187 yeast strains were 
transformed with the pGAD and the pGBK-derived constructs, 
respectively. The yeast double-hybrid assay used the Match-
maker GAL4 two-hybrid system 3 (Clontech) and was per-
formed as previously described (Charron et al. 2008). Two to 
three independent experiments were performed. 

Expression of recombinant proteins in yeast. 
Yeast containing pGBK or pGAD:eIF4G isoforms together 

with pGBK: or pGAD:viral constructs were grown overnight 
in synthetic medium lacking tryptophan for pGBK-derived 
plasmids or leucine for pGAD-derived plasmids. Total proteins 
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were prepared using the urea/sodium dodecyl sulfate (SDS) 
method, as described in the Clontech Yeast Protocol Hand-
book. Equalized loads of protein extracts were electrophoresed 
on an SDS-polyacrylamide gel and blotted onto Hybond ECL 
nitrocellulose membranes (GE Healthcare, Buckinghamshire, 
U.K.). Mouse c-Myc and hemagglutinin A monoclonal anti-
bodies (Sigma-Aldrich. Saint-Quentin Fallavier, France) were 
used at a dilution 1/4,000 to detect pGBK- and pGAD-derived 
proteins, respectively. The secondary antibody was peroxidase-
labeled rabbit antimouse serum (Sigma-Aldrich) used at a dilu-
tion 1/4,000. The chemiluminescent reaction was performed 
using either the Lumiglo reserve chemiluminescent substrate 
kit (KPL, Les Ulis, France) or the Lumi-LightPLUS-Western blot-
ting substrate kit (Roche, Boulogne-Billancourt, France). 
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