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Abstract
As obligate intracellular parasites, viruses depend on host proteins and pathways for their multiplication. Among these host factors, 
specific nuclear proteins are involved in the life cycle of some cytoplasmic replicating RNA viruses, although their role in the viral 
cycle remains largely unknown. The polerovirus turnip yellows virus (TuYV) encodes a major coat protein (CP) and a 74 kDa protein 
known as the readthrough (RT) protein. The icosahedral viral capsid is composed of the CP and a minor component RT*, arising from 
a C-terminal cleavage of the full-length RT. In this study, we identified Arabidopsis (Arabidopsis thaliana) ALY family proteins as 
interacting partners of TuYV structural proteins using yeast 2-hybrid assays and co-immunoprecipitations in planta. ALY proteins are 
adaptor proteins of the THO-TREX-1 complex essential to the nuclear export of mature messenger RNAs (mRNAs). Although all 4 ALY 
proteins colocalized with the CP and the RT protein in the nucleus upon co-expression in agro-infiltrated Nicotiana benthamiana leaves, 
only the CP remained nuclear and colocalized with ALY proteins in TuYV-infected cells, suggesting that the CP is an essential partner 
of ALY proteins. Importantly, TuYV-infected A. thaliana 4xaly knock-out mutants showed a significant increase in viral accumulation, 
indicating that TuYV infection is affected by an unknown ALY-mediated antiviral defense mechanism or impairs the cellular mRNA 
export pathway to favor viral RNA translation. This finding underpins the crucial role played by nuclear factors in the life cycle of 
cytoplasmic RNA viruses.

Introduction
Plant viruses have small and compact genomes encoding a re-
duced number of proteins. To circumvent their small coding ca-
pacity, they rely on host factors to fulfill their infectious cycle. 
They also evolved to overcome antiviral defenses such as post- 
transcriptional gene silencing and autophagy by encoding various 
defense suppressors (Kushwaha et al. 2019; Wu et al. 2019; Jin et al. 
2022). Host–virus interactions are therefore crucial for successful 
viral replication and propagation in the plant. Identification of 
these interactions is of practical interest since host proteins can 
be the target of genetic breeding programs to identify resistance 
genes (Dodds and Rathjen 2010; Nicaise 2015; Garcia-Ruiz 2018).

In metazoans, the nuclear export of messenger RNAs (mRNAs) 
is a complex process central to gene expression that involves the 

participation of numerous proteins that viruses can harness to 

manipulate cellular processes (Tessier et al. 2019). mRNA nucleo- 

cytoplasmic export occurs during their biogenesis and maturation 

(splicing, capping, and polyadenylation) through the recruitment 

of RNA-binding proteins that serve as platforms recognized by 

the heterodimeric export factors TAP/p15 (also known as NXF1/ 

NXT1 in metazoans and Mex67/Mtr2 in yeast) (Kang and Cullen 

1999; Stewart 2019). To date, such export factors remain unknown 

in plants (Ehrnsberger et al. 2019). The role of the coordinator be-

tween transcription, maturation, and export of mRNAs is provided 

by the TRanscription-EXport complex 1 (TREX-1) (Heath et al. 

2016). TREX-1 is a multiproteic complex composed of a THO pro-

tein core, the UAP56 RNA helicase, the CIP29 protein, and the adap-

tor protein ALY (also called ALY/REF or REF in metazoans or Yra1 in 

yeast) (Masuda et al. 2005; Chi et al. 2013). After the recruitment of 

these proteins on the nascent RNAs undergoing maturation, the 

THO complex and the ALY protein allow the mobilization of 

TAP/p15 factors, which then ensure mRNA guidance toward the 

nuclear pores from where they will be transported to the cyto-

plasm (Viphakone et al. 2012).
Many studies have highlighted the importance of the TREX 

complex in the export of a wide range of viral mRNAs encoded by 
DNA viruses that are transcribed in the nucleus (Gales et al. 
2020). For instance, the ICP27 protein of herpes simplex virus 1 
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promotes the nuclear export of viral RNAs via its interactions with 
viral mRNAs, the ALY protein, and TAP export factors (Tian et al. 
2013). More recently, the interaction between hepatitis B virus 
(HBV) HBx protein and TREX helicase protein UAP56 was shown 
to play a central role in the nuclear export of HBV transcripts (Hu 
et al. 2020). Among plant viruses, the first description of a viral 
RNA export mediated by the TREX complex is the pregenomic 
35S RNA of cauliflower mosaic virus (CaMV) (Kubina et al. 2021). 
The export of this polycistronic viral RNA involves numerous 
protein partners, among which ALY proteins play a prominent 
role (Ehrnsberger et al. 2019). More surprisingly, RNA 
viruses also express proteins able to interact with TREX complex 
factors (Park et al. 2004; Canto et al. 2006; Maio et al. 2020; Yang 
et al. 2020).

Although the vast majority of RNA viruses replicate in the cyto-
plasm, many of them express viral proteins that display a nuclear 
localization (Brice et al. 2021; Rodriguez-Peña et al. 2021). Such a lo-
calization can be associated with the redistribution of host nuclear 
proteins to the cytoplasm to promote the translation or replication 
of RNA viruses or even a systemic movement in the case of plant vi-
ruses. Picornaviruses, for instance, can destabilize the nuclear pore 
complexes, resulting in a massive disruption of the nucleocytoplas-
mic transport of RNAs and proteins in infected cells (Lizcano-Perret 
and Michiels 2021). Such disruption leads to the retention of polya-
denylated mRNAs in the nucleus, thus preventing the translation of 
mRNA coding for antiviral proteins and allocating the translational 
machinery to the virus. In addition, viral proteins can also target the 
nucleus to inhibit nuclear functions or suppress innate immunity 
signaling by the cytoplasmic retention of transcription-activation 
factors (Lizcano-Perret and Michiels 2021).

Among plant RNA viruses that encode proteins with nuclear lo-
calization, the potato leafroll virus (PLRV) encodes a coat protein 
(CP) targeting the nucleolus (Haupt et al. 2005). The PLRV is the 
type member of the Polerovirus genus belonging to the recently 
assigned Solemoviridae family. These viruses infect plants from a 
wide range of families (from Poaceae to Solanaceae, Brassicaceae, 
Cucurbitaceae, Amaranthaceae) and are responsible for causing sub-
stantial economic damage to important crops (Edwards et al. 2001; 
D’Arcy and Domier 2005a; Jones et al. 2007; Hossain et al. 2021). 
Poleroviruses are restricted to phloem cells and are strictly trans-
mitted by aphids in a circulative and nonpropagative manner 
D’Arcy and Domier 2005b.

The polerovirus genome is linked to a viral genome–binding pro-
tein at its 5′ extremity and contains 7 to 9 open reading frames 
(Delfosse et al. 2021). The viral RNA is protected by a nonenveloped 
icosahedral capsid of 25 nm in diameter composed of 2 proteins: 
the major CP translated from ORF3 and the minor CP RT*. RT* is 
a C-terminal truncated version of the readthrough (RT) protein 
translated from ORF3 and ORF5 by a stop codon suppression 
mechanism, but the exact C-terminal amino acid has not been 
yet determined (Revollon et al. 2010). In addition to their structural 
features, both the CP and the RT* protein are required for efficient 
viral systemic movement in planta and for virus transmission by 
aphids (Brault et al. 1995; Bruyère et al. 1997; Mutterer et al. 
1999; Peter et al. 2008; Boissinot et al. 2014). Moreover, virion for-
mation has been reported to be essential for long distance move-
ment of turnip yellows virus (TuYV) in Arabidopsis (Arabidopsis 
thaliana) (Hipper et al. 2014). The RT domain (downstream of the 
CP sequence) contains a highly conserved N-terminal part and a 
C-terminal domain (RTCter) with a high sequence variability among 
poleroviruses. The RTCter influences symptom development asso-
ciated with infection (Bruyère et al. 1997; Peter et al. 2008) and virus 
long-distance trafficking in a host-dependent manner (Rodriguez- 

Medina et al. 2015). Peter et al. (2009) also reported that the RTCter 

of the PLRV regulates virus restriction to phloem tissue.
In a former yeast 2-hybrid screen of an aphid Myzus persicae 

cDNA library, the TuYV structural proteins CP and RTΔCter (the 
size of which is close to the natural RT* and is akin to the structural 
protein, Rodriguez-Medina et al. 2015) were found to interact with 
ALY, ortholog of the aphid Acyrthosiphon pisum encoded protein 
(accession number ACYPI006176-RA, Mulot et al. 2016). Attempts 
to silence the expression of the unique ALY gene in M. persicae by 
RNA interference remained ineffective, thus preventing a func-
tional analysis of this protein in aphids (Mulot et al. 2016). 
Nevertheless, recent unpublished data of affinity purification ex-
periments coupled to mass spectrometry performed with a 
tag-labeled RT protein stably expressed in Arabidopsis plants iden-
tified host plant ALY proteins as interacting partners of the viral 
protein (D. Kiervel and V. Ziegler-Graff, IBMP Strasbourg). A. thali-
ana encodes 4 ALY proteins (ALY1 to ALY4, with respective molec-
ular weights of 25.8, 30.8, 31.3, 30.4 kDa), which play a role in the 
mRNA nuclear export pathway and modulate plant growth and 
development (Pfaff et al. 2018).

In this study, we investigated the interaction between the 4 nu-
clear ALY proteins from A. thaliana and TuYV structural proteins. 
We showed by yeast 2-hybrid assays and co-immunoprecipitation 
experiments in planta that ALY proteins interact in vivo with the 
TuYV CP and the RT protein. We further investigated the colocaliza-
tion of both ALY and viral proteins when expressed ectopically or to-
gether with the virus in Nicotiana benthamiana leaves. Importantly, 
we demonstrated that the inhibition of ALY gene expression in an 
A. thaliana quadruple mutant significantly enhanced TuYV accumu-
lation, suggesting either an antiviral function of ALY proteins or an 
indirect proviral effect of ALY diversion through their interaction 
with TuYV structural proteins, thus leading to a decrease of cellular 
mRNA export.

Results
CP and the RTΔCter protein interact with A. thaliana 
ALY proteins in yeast
We first investigated the interaction of the 4 Arabidopsis ALY pro-
teins with the TuYV CP and the RT protein by yeast 2-hybrid ex-
periments. ALY1-4 protein sequences were expressed as fusions 
to the activation domain of GAL4 transcription factor. As both 
the full-length and the N-terminal part of the RT domain (RTNter) 
fused to the binding domain of GAL4 showed an autoactivation 
of the reporter gene (Rodriguez-Medina et al. 2015), their interac-
tion with ALY proteins could not be addressed. TuYV structural 
protein sequences (the CP and RTΔCter), and the C-terminal domain 
of the RT protein sequence (RTCter), were fused to the GAL4 DNA 
binding domain. Interactions between ALY proteins and the viral 
proteins were analyzed by plating 3 double-transformed yeast 
colonies on an SD/-WL medium and on the interaction-selective 
medium supplemented with the aureobasidin A antibiotic 
(SD/-AHWL + Aur). The absence of transcription autoactivation 
activity of the reporter genes by the individual viral or ALY proteins 
was controlled (Supplementary Fig. S1).

After 4 d of yeast growth on SD/-AHWL + Aur, ALY1 and ALY3 
were shown to strongly interact with the CP and RTΔCter (Fig. 1), 
whereas no interaction between the ALY2, ALY4, and CP or 
RTΔCter proteins was clearly observed (Fig. 1A). However, in an addi-
tional experiment, we observed that a few colonies co-transformed 
with ALY2 or ALY4 and the RTΔCter developed on a selective me-
dium, suggesting a weak interaction between ALY2 or ALY4 and 
the viral protein (Fig. 1B). It could be concluded that ALY1 and 
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ALY3 interacted with the CP and RTΔCter, whereas ALY2 or ALY4 
could bind the RTΔCter but at a low efficiency. Interestingly, no in-
teraction occurred between any ALY protein and the RTCter, high-
lighting the absence of involvement of this domain in 
interactions with the ALY proteins. In contrast, considering that 
the RTΔCter contains the CP at its N-terminus and that both the 
CP and the RTΔCter protein share the same interaction profile 
with ALY1 and ALY3, it is likely that in yeast, the RTΔCter protein in-
teraction with these ALY proteins occurs through the CP domain.

The TuYV CP and the RT protein 
co-immunoprecipitate with ALY proteins in planta
To further evaluate the in vivo interaction of ALY proteins with the 
TuYV CP and the RT protein, we performed co-immunoprecipitation 
experiments on agro-infiltrated N. benthamiana plants. Because the 
RT* protein is detected only in viral particles and not in plant extracts 
(Filichkin et al. 1994; Brault et al. 1995), we carried out the experi-
ment with the full-length RT protein. N. benthamiana leaves were co- 
infiltrated with Agrobacterium tumefaciens expressing either the CP or 
the RT protein, 1 of the 4 GFP-tagged ALY proteins, and the appropri-
ate viral suppressor of silencing (VSR) to improve protein expression 
(see Supplementary Fig. S2 and the Materials and methods section 
for VSR selection). Note that ALY3:GFP was weakly detected in any 
condition possibly due to protein instability (Supplementary Fig. 
S2C). ALY:GFP immunoprecipitation (IP) performed with cell lysates 
from 4-d postinfiltrated (pi) leaves pulled down the CP and the RT 
protein, indicating that in planta, both viral proteins interacted 
with any of the 4 ALY:GFP proteins without the requirement of any 
other viral factors (Fig. 2, A and B). Neither the CP nor the RT protein 
co-immunoprecipitated with the GFP control, highlighting the spe-
cificity of interaction between the viral proteins and the ALY proteins 
(Fig. 2, A and C, IP).

This experiment was also carried out with ALY:GFP proteins 
co-expressed in infected leaves. In these conditions also, both the 
CP and the RT protein were co-immunoprecipitated with all 4 
ALY proteins (Supplementary Fig. S3), suggesting that neither the 
viral genome nor other viral proteins prevented this interaction.

ALY proteins colocalize with both the TuYV CP 
and the RT protein in N. benthamiana
Next, we investigated the subcellular localization of tagged ALY pro-
teins alone or in the presence of viral structural proteins. N. ben-

thamiana leaves were agro-infiltrated with plasmids expressing 

ALY proteins in fusion with enhanced GFP (EGFP) to optimize 

their detection by laser scanning confocal microscopy (LSCM). All 

4 ALY:EGFP proteins were strictly detected in the nucleus 

(Supplementary Fig. S4), which is in agreement with what is reported 

in former studies (Uhrig et al. 2004; Pfaff et al. 2018). The ALY1:EGFP 

and ALY2:EGFP proteins were predominantly detected in numerous 

nucleoplasmic speckles (Supplementary Fig. S4, A and B), while 

ALY3:EGFP displayed a major and strong nucleolar localization 

(Supplementary Fig. S4C). With regard to ALY4:EGFP, a few and 

tiny foci were observed in the nucleoplasm and in a ring-shaped 

structure at the nucleolar periphery (Supplementary Fig. S4D).
We then analyzed the localization of the viral proteins fused to 

RFP. A transient expression of the TuYV RFP:CP alone in N. benthami-
ana leaves showed strong fluorescence within the nucleus, with a 
major targeting to the nucleolus (Fig. 3A). Haupt et al. (2005) reported 
a similar localization for the PLRV CP due to a specific nucleolar lo-
calization signal (NoLS). Surprisingly, the strong nucleolar localiza-
tion of the RFP:CP was not observed for the CP:RFP, which 
remained essentially in the nucleoplasm (Supplementary Fig. 
S5A), suggesting that N- or C-terminal orientation of the fluorescent 
tag fused to the TuYV CP influenced the localization of the fusion 
protein.

When the RFP:CP or the CP:RFP was co-expressed with the ALY: 
EGFP proteins, both viral and cellular proteins colocalized in the nu-
cleus. ALY1:EGFP, ALY2:EGFP, and to a lesser extent ALY4:EGFP, co-
localized in discrete speckles in the nucleoplasm with both the RFP: 
CP (Fig. 3, B, C and E) and the CP:RFP (Supplementary Fig. S5, B, C and 
E), while ALY3:EGFP fluorescence was particularly intense in the nu-
cleolus with the RFP:CP (Fig. 3D) and also around the nucleolus with 
the CP:RFP (Supplementary Fig. S5D).

Because the RT protein contains the CP domain at its 
N-terminus, we expected that the CP’s NoLS motif would target 

Figure 1. Yeast 2-hybrid interaction tests between A. thaliana ALY proteins (ALY1-4) and TuYV proteins (CP and RTΔCter) or the RTCter domain. A) Yeast 
cells were co-transformed with recombinant plasmids expressing an ALY protein (pGADT7) or a viral protein (pGBKT7) and selected on a minimum 
medium lacking tryptophan and leucine (SD/-WL). Interaction tests were performed on a minimum media lacking adenine, histidine, tryptophan, and 
leucine and supplemented with aureobasidin A antibiotic (SD/-AHWL + Aur). Three colonies were plated for each modality. B) An independent 
experiment examining the interaction between ALY and RTΔCter was performed with 10 yeast colonies plated on SD/-WL and on SD/-AHWL + Aur.
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the RT protein to the nucleolus. We indeed observed a nucleolar 
targeting of the RFP:RT protein when co-expressed with a suppres-
sor of RNA silencing (Fig. 4A, blue arrow), but also a localization in 
discrete foci along the peripheral plasma membrane (Fig. 4A, white 
arrows). When co-expressed with the ALY:EGFP proteins, the local-
ization patterns of the RFP:RT protein were similar to those ob-
served with the RFP:CP, i.e. a major nucleoplasmic colocalization 
in various speckles described above for ALY-EGFP proteins and 
also to the nucleolus for ALY3-EGFP (Fig. 4, B to E). Intriguingly, 
the plasma membrane localization of the RFP:RT protein was 
lost, possibly due to a clear decrease in the expression of the viral 
protein when co-expressed with any of the ALY proteins, com-
pared with the control without the ALY proteins (see 
Supplementary Fig. S6C, compare in the lower panel the RFP-RT 
band in the empty vector sample with those containing one of 
the ALY proteins). The expression of all fusion proteins was con-
firmed by a western blot analysis (Supplementary Fig. S6, A to C).

Localization of ALY proteins upon co-expression 
with a labeled TuYV
The subcellular localization of a host protein can be modified 
through its interactions with viral protein partners (Rodriguez- 
Peña et al. 2021). In order to analyze the fate of ALY:EGFP localiza-
tion during viral infection, we constructed a TuYV clone 

expressing the RT protein in fusion with a TagRFP label (tRFP). 
According to the cloning strategy previously used to produce the 
TuYV-RTGFP infectious clone (Boissinot et al. 2017), we replaced 
174 amino acids at the C-terminus of the RT protein by the tRFP 
(Fig. 5A). Two versions of the RT protein were generated (Fig. 5A). 
In the TuYV-RTΔCter:tRFPfus mutant, the genuine last 8 amino acids 
of the RT protein were maintained in the frame downstream of the 
inserted tRFP sequence, while in TuYV-RTΔCter:tRFPstop, the fusion 
protein ended with the fluorescent protein. Both viral clones were 
introduced into a binary vector and agro-inoculated into N. ben-
thamiana leaves. Three days post infiltration, the expression of 
the CP and RT fusion proteins was detected in infiltrated leaves 
by western blot using specific antibodies. The CP was clearly de-
tected for all viral constructs (Fig. 5B). The wild-type RT migrated 
with an apparent molecular weight of 95 kDa, as previously re-
ported (Boissinot et al. 2017), and the fused RTΔCter-tRFP proteins 
showed similar apparent molecular weight, as expected, due to 
the replacement of the C-terminal domain of the RT protein by 
the tRFP (Fig. 5, A and B). We then assessed the capacity of both vi-
ral clones to systemically infect plants by measuring the viral titer 
by ELISA in noninoculated leaves. Reduced infection rates and vi-
rus accumulations were observed for both recombinant viruses 
when compared with TuYVWT (Supplementary Table S1). 
However, no significant differences were found between the mu-
tated viruses (TuYV-RTΔCter:tRFPfus and TuYV-RTΔCter:tRFPstop), 

Figure 2. Interaction assays of TuYV CP and RT proteins in planta with each of the 4 ALY:GFP proteins. Cell lysates from 4 d post agro-infiltrated N. 
benthamiana leaves were added to beads coupled to anti-GFP antibodies to immunoprecipitate ALY:GFP and test interactions with the CP A) and RT 
B) protein. Input samples (INPUT) are shown in the left panels and IP samples in the right panels. Proteins were detected by western blot using anti-GFP 
(@GFP), anti-CP (@CP), or anti-RT (@RT) antibodies. The control for experiment B) is presented in C). In this panel, the sample loading was reduced (1/50 
and 1/20 dilution). Protein loadings were controlled by membrane staining with Coomassie blue. EV, empty vector.
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indicating that the last 8 amino acids at the C-terminus of the RT 
protein (absent as a coding sequence in TuYV-RTΔCter:tRFPstop) 
were not sufficient to recover the viral accumulation level lost by 
the deletion of the C-terminal domain. We controlled the stability 
of the tRFP sequence introduced in the TuYV genome by analyzing 
the viral progeny in noninoculated leaves by an RT-PCR of plants 
infected with either recombinant virus. The presence of a major 
band of the expected size indicated that the tRFP sequence inserted 
into the TuYV genome was conserved in the viral progenies present 
in systemically infected leaves (Supplementary Fig. S7A).

We further examined systemic tissues infected with the tagged 
viruses by epifluorescence microscopy and detected discrete 
red punctuations in the phloem cells of N. benthamiana petioles 
and roots, confirming that both recombinant TuYV viruses moved 
over long distances and still expressed the tRFP label 
(Supplementary Fig. S7B). Phloem restriction was also retained. 
Finally, we investigated the subcellular localization of the fused 
RT:tRFP proteins 3 d post infiltration in N. benthamiana leaves by 
LSCM. Both TuYV-RTΔCter:tRFPfus and TuYV-RTΔCter:tRFPstop mu-
tants induced the formation of large cytoplasmic structures next 
to the nucleus, partially labeled with tRFP, which will be referred 
thereafter as perinuclear aggregates (Fig. 5C). These structures 
were specific to TuYV infection, and co-expression with EGFP did 

not affect their presence [Supplementary Fig. S8A, see differential 
interference contrast (DIC) panel, surrounded by a dotted line]. In 
contrast to RFP:RT expressed ectopically (Fig. 4A), the RTΔCter:tRFP 
expressed by the modified viruses was absent from the nucleus 
and the plasma membrane but was essentially detected in the 
perinuclear aggregates (Fig. 5C). This suggests that the RTCter do-
main (absent in the RTΔCter protein) may be responsible for the tar-
geting to the plasma membrane of the entire RT protein (see more 
examples in Fig. 6, A to D). Similarly, A. thaliana protoplasts in-
fected with the tagged viruses and analyzed 24 h post transfection 
showed the formation of cytoplasmic aggregates labeled with RT: 
tRFP (Supplementary Fig. S7C), which were absent in cells trans-
fected with EGFP alone (Supplementary Fig. S7D).

Next, we investigated the localization of the ALY:EGFP when 
co-expressed with TuYV-RTΔCter:tRFPfus, which will be referred to 
as the TuYV-RTΔCter:tRFP in the following experiments. As shown 
in Fig. 6, A to D, all ALY proteins (ALY1:EGFP to ALY4:EGFP) con-
served their nuclear distribution, while the RTΔCter:tRFP was tar-
geted to large perinuclear aggregates. We did not observe any 
colocalization between the ALY and the RT proteins, except in a 
few cases where we noticed that the ALY3:EGFP and ALY4:EGFP co-
localized faintly with the RT protein in the cytoplasmic 
viral-induced structures (Fig. 6, C and D, white arrows). Such 

Figure 3. Subcellular colocalization analysis of ALY:EGFP and TuYV CP proteins. N. benthamiana leaf tissues expressing RFP:CP alone A) or in 
co-expression with ALY1:EGFP to ALY4:EGFP B to E) were analyzed 3 d post infiltration by LSCM. EGFP and RFP channels are presented in the first and 
second columns, respectively, and the merging of the two in the central column. DIC and the merging of all channels (Merge DIC) are shown in the 
fourth column and last column. n = 2, 4 leaf disks cut out in 2 or 3 leaves/plants, and 4 to 22 regions of interest (ROIs) were analyzed/experimented. Scale 
bars: 10 µm. N, nucleus; Nu, nucleolus.
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distribution may possibly result from some partial nuclear enve-
lope disruption. We also examined the localization of the ALY pro-
teins in the presence of the major CP upon viral infection. As the CP 
could not be fused to a fluorescent tag in the viral genome without 
generating translation issues with the other ORFs expressed by the 
subgenomic RNA, we observed that the ALY proteins in N. ben-
thamiana leaves co-infiltrated with the RFP:CP and TuYVWT 

(Fig. 6, E to H). In these conditions, the fluorescent CP colocalized 
with the ALY proteins in speckles of different sizes in the nucleus 
and formed punctuated foci in the viral-induced structures (iden-
tifiable with DIC) and along the plasma membrane (Fig. 6, E to H). 
The nucleoli were also markedly dual-labeled by the RFP:CP and 
ALY1, ALY3, and ALY4 (Fig. 6, E, G and H). Interestingly, when 
the CP:EGFP or EGFP:CP was co-expressed with the TuYV-RTΔCter: 
tRFP, the CP colocalized with the RTΔCter:tRFP in a more diffuse 
way in the perinuclear aggregates (Supplementary Fig. S9, C and 
D). Due to CP colocalization with each ALY protein in infected cells, 
it may suggest that the CP would be the major interactant of these 
host proteins during infection. The expression of the fusion pro-
teins was controlled by western blot for all infiltration experiments 
(Supplementary Fig. S6, D and E).

TuYV accumulation increases in an 
A. thaliana 4xaly quadruple mutant
Finally, to analyze the biological relevance of these interactions 
and colocalizations in the viral infection process, we first tested 
the potential influence of TuYV infection on the expression of 
ALY genes by measuring ALY1 to ALY4 mRNA accumulation in 
TuYV-infected Col-0 plants (Supplementary Fig. S10). No statisti-
cally significant differences in ALY mRNA accumulation were 
observed for any of the 4 ALY proteins when comparing accumu-
lation in TuYV-systemically infected or mock-inoculated 
Arabidopsis plants. We then enquired whether the absence of 
1 ALY gene could affect TuYV systemic infection by inoculating 
single knock-out (KO) mutants with viruliferous aphids and found 
no major changes in the viral titer (Supplementary Table S2). As 
the involvement of the ALY proteins in the TuYV cycle could be 
masked by functional redundancy in single KO mutants, we tested 
the susceptibility of a quadruple KO mutant (4xaly) to TuYV infec-
tion (Pfaff et al. 2018). In 2 independent experiments, TuYV accu-
mulation measured by RT-qPCR increased significantly in the 
4xaly mutant by a factor of 2 and 3.3, respectively, for 
Experiments 1 and 2, with similar infection rates in both the 

Figure 4. Subcellular colocalization analysis of ALY:EGFP and TuYV RT proteins. Three days post infiltration, N. benthamiana leaf tissues expressing 
RFP:RT and VSR P38 A) or in co-expression of the 2 former constructs with ALY1:EGFP to ALY4:EGFP B to E) were analyzed by LSCM. EGFP or RFP channels 
are presented in the first and second columns, respectively, and the merger in the central column. DIC and the merger of all channels (Merged DIC) are 
shown in the fourth column and last column. The white arrows in A indicate the membrane localization of the RFP:RT protein and the blue arrow points 
its localization in the nucleolus. n = 2, 4 leaf disks cut out in 2 or 3 leaves/plants, and 6 to 17 ROIs were analyzed/experimented. Scale bars: 10 µm. N, 
nucleus; Nu, nucleolus.
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Col-0 controls (79% and 100% of infected plants) and the 4xaly KO 
mutants (93% and 92% of infected plants) (Fig. 7). These results 
suggest that the 4 ALY proteins may display a potential coopera-
tive and/or redundant function in defense against TuYV infection.

Discussion
TuYV structural proteins interact with ALY 
proteins
In this work, we identified the A. thaliana ALY nuclear export 
adapters as interactors of TuYV structural proteins. These inter-
actions were first established in yeast 2-hybrid assays, where 
ALY1 and ALY3 proteins interacted strongly with the major capsid 
protein CP and the related minor capsid protein RTΔCter. 
Noteworthy, the Cter domain of the RT protein did not interact 
with any of the ALY proteins. The fact that both the CP and the 
RTΔCter share similar interaction profiles with ALY1 and ALY3 sug-
gests that at least in yeast, the CP domain of the RT protein could 
be the domain involved in this interaction. Conversely, ALY2 and 
ALY4 showed a much weaker interaction with the RTΔCter protein.

The situation was different when ALY proteins were expressed 
ectopically in N. benthamiana epidermal cells with either viral pro-
tein. All 4 ALY proteins were capable of interacting with both CP 
and RT proteins. Such distinct binding patterns in yeast and plant 
cells could reflect either a potential misfolding of the fused pro-
teins in yeast or the absence of a plant-specific cofactor required 
for the interaction between the viral proteins and ALY2 or ALY4. 
The results obtained in plants indicate that the interaction does 
not require any additional viral partner. The interaction was 
also confirmed in infected N. benthamiana leaves, highlighting 
the fact that the expression of other viral factors does not impair 
the binding between viral and ALY proteins.

When transiently expressed in N. benthamiana leaves, both RFP: 
CP and RFP:RT proteins displayed a strong nucleolar localization. 
Such subcellular targeting was previously reported for the PLRV 
CP and the RT protein and was attributed to a nucleolar localiza-
tion motif (NoLS) located at the N-terminus of the CP (Haupt et al. 
2005). Both TuYV CP and RT proteins contain a similar 
arginine-rich domain near the N-terminal extremity, which is 
likely responsible for their nucleolar localization of both TuYV 
proteins when ectopically expressed in N. benthamiana plants. In 

Figure 5. Map of the structural proteins encoded by TuYVWT and 2 tRFP recombinant TuYV clones and analysis of their infectivity in agro-inoculated 
leaves of N. benthamiana. A) Schematic representation of the 3′ end of the TuYVWT and TuYV-RTΔCter:tRFP(fus) and (stop) genomes. The position of the 
deleted sequence (nt 4,946 to 5,468) is shown on the TuYV-RTWT map. In TuYV-RTΔCter:tRFPfus, the last 8 amino acids of the RT protein (mentioned 
below the constructs) are in fusion with the C-terminus of the tRFP. In TuYV-RTΔCter:tRFPstop, an asterisk (*) indicates the stop codon at the end of the 
tRFP sequence. The length of each viral genome is mentioned. RT, readthrough protein; RTD, readthrough domain; tRFP, tag red fluorescent protein; ▾, 
the position of lysine K437 (nt 4,790), the last amino acid identified in the RT* protein incorporated into the virus particles. The small blue arrows below 
the genomes indicate the position of the primers used for progeny analysis by RT-PCR. B) CP and RT protein expression by TuYV-RTΔCter:tRFPfus and 
TuYV-RTΔCter:tRFPstop in agro-infiltrated leaves. Protein detection was performed by western blot using specific antibodies against the CP (@CP). EV, 
empty vector; CB, Coomassie blue membrane staining. C) Subcellular localization of the RTΔCter:tRFP proteins observed by LSCM in leaves 
agro-infiltrated with TuYV-RTΔCter:tRFPfus and TuYV-RTΔCter:tRFPstop. The tRFP channel is shown on the left followed by the DIC and the merger. 
Perinuclear aggregates are indicated by dotted circles in the right panel (enlargements of the insets). n = 2, 4 leaf disks cut out in 2 or 3 leaves/plants, and 
5 to 18 ROIs were analyzed/experimented. N, nucleus.
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addition to its nuclear targeting, the RFP:RT protein was also ob-
served along the cell periplasm in punctuated structures 
(Fig. 4A), a localization previously reported by Xu et al. (2018) for 
the PLRV GFP-RTP protein when expressed with the replicating 
PLRV. The punctuations along the cell wall colocalized with the 
plasmodesmata marker PDLP1 and the PLRV P17 movement pro-
tein (Xu et al. 2018). Interestingly, this specific localization was 
lost when the C-terminal domain of the TuYV RT protein was de-
leted in the TuYV-RTΔCter:tRFP clone (Fig. 5C). Consequently, these 
observations support the fact that the TuYV RTCter domain is es-
sential to target the viral protein to the plasma membrane. 
Finally, the plasma membrane localization of the RT protein could 

emphasize the critical role of the RTCter domain in TuYV move-
ment described by Rodriguez-Medina et al. (2015) through its abil-
ity to interact with the calcineurin B-like protein-interacting 
protein kinase-7, a protein localizing in or close to plasmodesmata 
and shown to regulate TuYV accumulation.

The co-expression of ALY proteins and either RFP:CP or RFP:RT 
proteins was accompanied by some spatial reorganization of the 
viral proteins in the nucleus, which were observed in speckles 
and foci formed by the ALY proteins when expressed alone. The 
RFP:CP conserved its nucleolar localization regardless of the ALY 
protein co-expressed (Fig. 3, B to E). Unexpectedly, the CP:RFP 
did not target the nucleolus when expressed alone 

Figure 6. ALY:EGFP localization in N. benthamiana cells upon co-expression with TuYV. ALY1:EGFP, ALY2:EGFP, ALY3:EGFP, or ALY4:EGFP were, 
respectively, co-expressed either with TuYV-RTΔCter:tRFP (A to D) or with the RFP:CP protein and TuYVWT (E to H). Leaf discs were analyzed 3 d post 
infiltration by LSCM. Perinuclear aggregates are marked by dotted circles in the last column. In C and D, the white arrows indicate the presence of a light 
green fluorescence of ALY3:EGFP and ALY4:EGFP outside of the nucleus (N). Enlargement of the structures surrounding the nucleus is shown on the 
right (zoom). n = 2, 4 leaf disks cut out in 2 or 3 leaves/plants, and 4 to 11 ROIs were analyzed/experimented. The scale bars represent 20 µm, and 10 µm 
for zoom. N, nucleus; Nu, nucleolus.
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(Supplementary Fig. S5A) unlike the CP:GFP encoded by the PLRV, 
which is strongly nucleolar (Haupt et al. 2005). As TuYV CP:EGFP 
did not localise either in the nucleolus (Supplementary Fig. S9A), 
a plausible explanation could be that the C-terminally fluorescent 
tag induces steric hindrance or masks the NoLS target sequence, 
which loses its capacity to target the TuYV CP to the nucleolus. 
Nevertheless, the CP-RFP colocalized perfectly with the 4 ALY pro-
teins in the nucleoplasm, which suggests a high affinity of the CP 
for all ALY proteins.

To investigate the localization of the ALY proteins in a viral infec-
tion context, we constructed 2 recombinant TuYV clones expressing 
slightly different shortened versions of the RT protein fused to the 
TagRFP. As no interaction was observed between any of the ALY pro-
teins and the RTCter domain (at least in yeast), a large part of this do-
main was replaced by the fluorescent marker, resulting in labeled 
viruses with a genome size similar to that of the wild-type virus, 
thus limiting the risk of instability (Nurkiyanova et al. 2000; 
Bortolamiol-Bécet et al. 2018). When inoculated to N. benthamiana 
plants, both TuYV recombinant viruses developed a local infection 
and were able to move systemically, although their infection rate 
and titer were lower than those of the wild-type virus. These re-
combinant viruses enabled us to investigate the colocalization of 
ALY proteins with the viral-expressed RT in infiltrated cells.

The RTΔCter:tRFP proteins expressed by both recombinant 
TuYV viruses displayed localizations that greatly differed from 
those observed previously when the RFP:RT protein was expressed 
alone. First, the nuclear targeting of the RT protein was lost. This 
change in localization was unlikely due to the C-terminal deletion 
in the RTΔCter:tRFP as no nuclear targeting was detectable when 
the entire RFP-RT protein was expressed in the presence of 
TuYVWT (Supplementary Fig. S11). Similar observations were 
made with the PLRV full-length fluorescent RT protein expressed 
in infected cells (Haupt et al. 2005; Xu et al. 2018). RT nuclear local-
ization may be hindered by interactions with viral partners or with 
host proteins recruited during infection. Conversely, the CP ex-
pressed in the presence of TuYVWT conserved its nuclear targeting 
and colocalized with each ALY:EGFP protein. Together with the in-
teraction assays, these observations suggest that the CP is likely 
the major interactant of ALY proteins during viral infection.

TuYV produces perinuclear aggregates, potential 
viral factories
In this study, we show that TuYV infection induced large struc-
tures of different sizes localized in close proximity to the nucleus. 
A close observation of these structures suggests that they contain 
membranous-like material (see Fig. 5C for a particularly visible 
perinuclear structure in DIC). The presence of aggregates close 
to the nucleus were already reported in former studies by trans-
mission electron microscopy (TEM) in tissues infected with 
the polerovirus beet western yellows virus (BWYV) in sugar beet 
(Esau and Hoefert 1972) and in PLRV-infected potato cells 
(Shepardson et al. 1980). We observed that these aggregates were 
partially but distinctly labeled with RTΔCter:tRFP but not clearly 
marked with the ALY:EGFP proteins when co-expressed with one 
of the fluorescent recombinant viruses. In a few cases, a weak 
EGFP signal produced by the ALY3:EGFP or ALY4:EGFP was detected 
outside of the nucleus in the viral-induced aggregates (Fig. 6, C 
and D, white arrows) and colocalized with the RTΔCter:tRFP. The 
presence of ALY3 and ALY4 outside of the nucleus could be either 
due to a fusion between the aggregates and the nuclear envelope, 
as reported by Esau and Hoefert (1972) and Shepardson et al. 
(1980), inducing nonspecific protein leakage from the nucleus to 
the aggregates or due to a real nuclear export, possibly through 
the interaction with the CP. The absence of colocalization of the 
RTΔCter:tRFP with ALY1:EGFP or ALY2:EGFP in the perinuclear struc-
tures could be explained by the presence of ALY1 and ALY2:EGFP 
signals below the detection threshold. Interestingly, the CP also dis-
played a localization in the viral-induced aggregates, supporting a 
possible role of these structures in virion assembly and/or intracel-
lular movement (Laliberté and Zheng 2014; Wang 2015).

In their TEM studies, Esau and Hoefert (1972) and Shepardson 
et al. (1980) described fibrillar networks in the vesicles suggestive 
of nucleic acids. More recently, N. benthamiana cells infected with 
an unlabeled recombinant TuYV showed aggregates that could 
be labeled with the double-stranded RNA-binding domain of the 
B2 protein (Clavel et al. 2021), a marker of double-stranded RNA, 
and a signature of viral RNA replication (Monsion et al. 2018). 
These observations strongly identified these structures as the 
site of viral replication. In addition, Clavel et al. (2021) localized 
the main actors of the RNA silencing pathways (Yang and Li 
2018), Dicer-like 2 (DCL2), Dicer-like 4 (DCL4), and ARGONAUTE 
1, in or near these viral-induced aggregates, suggesting that these 
structures could also take part in antiviral RNAi-dependent im-
munity. Further investigations will be required to determine the 
contribution of the various viral and cellular factors present in 
the viral-induced structures to the different steps of the viral cycle.

CP-ALY protein interaction: a dual role in plant 
antiviral defense and viral manipulation?
Finally, to address the biological role of ALY proteins in the viral in-
fection process, we investigated TuYV accumulation in A. thaliana 
mutants deficient in the expression of the 4 ALY genes. 
TuYV-infected quadruple 4xaly mutant plants exhibited a sub-
stantial increase in virus accumulation (2- to 3.3-fold according 
to the experiment). As the mutant develops severe phenotypic de-
fects (Pfaff et al. 2018), the increase in viral titer could be attributed 
to a general enhanced susceptibility to any virus. The results ob-
tained by Kubina et al. (2021) refute this hypothesis. They showed 
that the multiplication of the turnip mosaic virus, a potyvirus with 
a positive-sense RNA genome and a cytoplasmic replication cycle, 
as for the polerovirus TuYV, was not affected by the absence of ex-
pression of the 4 ALY genes. Conversely, infection by the CaMV, 

Figure 7. TuYV accumulation measured by RT-qPCR in A. thaliana Col-0 
(dark grey boxes) and 4xaly mutant (light grey boxes) 2 wk after aphid 
inoculation. The box plots show the median (line), 25% to 75% percentiles 
(box), 10% to 90% percentiles (whisker), and outliers (dots). The ratio of 
infected plants/inoculated plants is indicated for each condition. An 
ANOVA test was performed to compare TuYV genome copy numbers in 
A. thaliana Col-0 and in the 4xaly mutant (P-value is indicated). Two 
independent experiments are shown (Experiments 1 and 2).
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which possesses a DNA genome and a nuclear replication cycle, 
was severely inhibited in this mutant (Kubina et al. 2021). The de-
ficiency in the 4 ALY factors resulted in CaMV-partially resistant 
plants due to impaired viral pregenomic RNA export from the nu-
cleus to the cytoplasm. The significant increase in TuYV accumu-
lation in the 4xaly mutant could therefore endorse a role of ALY 
proteins in antiviral defense (Fig. 8A).

A similar observation was reported by Yang et al. (2020) in 
N. benthamiana. By reducing via RNA silencing the expression of 
NbALY617, the AtALY4 protein ortholog, they found higher titers 
of potato virus X (PVX). NbALY617 was shown to interact with 
P25, the pathogenicity factor of PVX, and participate in the regula-
tion of pathogen-induced hypersensitive response by increasing 
the P25-triggered necrosis. Likewise, it was shown that the sup-
pressor of RNA silencing P19 encoded by the tobacco bushy stunt 
virus could interact with other N. benthamiana-encoded ALY pro-
teins, NbALY916 (initially referred to as Hin19, Park et al. 2004), 
NbALY617, and NbALY615, as well as with any of the 4 AtALY pro-
teins (Uhrig et al. 2004). Interestingly, the co-expression of P19 and 
ALY1, ALY3, NbALY615, or NbALY1693 led to the relocalization of 
P19 from the cytoplasm to the nucleus, which subsequently com-
promised its RNA silencing suppression activity (Canto et al. 
2006). Although the biological significance of the subcellular re-
distributions has not been further addressed upon viral infection, 
these results support the potential involvement of ALY proteins in 
antiviral defense. Moreover, the nuclear relocalization of P19 with 
only a subset of the ALY proteins tested, indicates specific or addi-
tional functions of these ALY proteins that become noticeable in 
the presence of the viral protein.

As neither the TuYV CP nor the RT protein are known to display 
some RNA silencing suppression activity, the antiviral activity of 

ALY proteins upon the inhibition of a viral suppressor activity is 
unlikely. A more plausible scenario could be the sequestration 
of the CP in the nucleoplasm after their interaction with ALY pro-
teins, thus limiting the capsid protein’s availability for the cyto-
plasmic process of genome encapsidation (Fig. 8B). As virions 
are essential for TuYV long-distance movement (Hipper et al. 
2014), additional cytoplasmic CPs could partially explain the en-
hanced level of TuYV systemic accumulation in the A. thaliana 
quadruple mutant 4xaly. Such a strategy has been validated by 
the work carried out on the varicella-zoster virus (VZV) (Reichelt 
et al. 2011), in which a host antiviral defense was linked to nuclear 
sequestration of VZV nucleocapsids, which led to the inhibition of 
infectious VZV progeny formation. Finally, CP sequestration by 
ALY proteins could also prevent the recruitment of a yet unknown 
nuclear factor that could promote viral infection (Fig. 8B).

On the other hand, by entering into the nucleus and interacting 
with the ALY proteins, the CP could reduce or inhibit their role in 
the THO/TREX export complex, leading to a decrease of host 
mRNA nuclear export and expression, including potential host de-
fense transcripts. In this scenario, the translational machinery 
would become more available for the viral mRNAs, thus support-
ing a proviral function of the ALY–CP interaction (Fig. 8C). This hy-
pothesis is sustained by the data provided by Pfaff et al. (2018)
showing that cellular mRNA nuclear export is reduced in this mu-
tant. Similar situations have been reported previously for animal 
viruses, which developed various strategies that led to a function-
al inhibition or destruction of some specific nuclear factors and 
thereby impaired nuclear mRNA export. For instance, the NS1 
protein of influenza virus A contributes to the blocking of the cel-
lular mRNA export machinery via its multiple interactions with 
several exportins (Zhang et al. 2019). In the case of the poliovirus, 

Figure 8. A working model of the possible impact of the CP-ALY interaction occurring in the nucleus upon TuYV infection leading to an antiviral or 
proviral effect. A) An unknown antiviral response mediated by CP-ALY interaction is triggered. B) The CP is sequestered in the nucleus, impeding its 
roles in the cytoplasm (encapsidation) and in the nucleus (recruitment of an unknown host factor leading to enhanced viral pathogenesis). 
C) Interaction of CP-ALY reduces or impairs the host mRNA nuclear export, leaving the translational machinery available for the viral RNAs, which 
could also inhibit specifically host defense gene expression. A and B are antiviral responses, while C denotes a proviral activity. A red cross indicates the 
blockage of the corresponding function. The CP and ALY are shown as dark grey and light grey circles, respectively. ALY represents any of the 4 ALY 
proteins. NPC, nuclear pore complex; THO-TREX, transcription-export (THO/TREX) protein complex.
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the 2A protease causes a degradation of 3 FG nucleoporins of the 
nuclear pore complex, perturbing the nucleo-cytoplasmic RNA 
and protein trafficking, which, in turn, leads to an altered expres-
sion of antiviral genes (Lizcano-Perret and Michiels 2021).

To conclude, we identified in this paper interactions between A. 
thaliana ALY adaptor proteins involved in the nuclear export of 
mRNAs and structural viral proteins of TuYV. Importantly, the ab-
sence of these proteins in the Arabidopsis 4xaly mutant led to a sig-
nificant increase in TuYV accumulation in systemic tissues, 
suggesting that ALY proteins contribute to an antiviral defense 
mechanism or are the target of a manipulation strategy by 
TuYV to reduce the export of cellular mRNAs and thus promote 
its infection. It could be particularly relevant to analyze the be-
havior of plants overexpressing one or several ALY genes to ob-
serve a potential resistance on TuYV and other poleroviruses. 
The outcome of such experiments may provide opportunities to 
engineer antiviral resistances in agricultural crops.

Materials and methods
Virus inoculation by aphids and agrobacterium
Myzus persicae reared on Capsicum annuum were used for virus 
transmission experiments. A TuYV suspension was used at 
50 ng/µL in an artificial medium (Bruyère et al. 1997). After a 24 h 
acquisition access period, 5 aphids were transferred per plant 
(Arabidopsis 4xaly or Col-0) for virus inoculation. Three days later, 
aphids were eliminated using an insecticide treatment (Pirimor, 
Syngenta). Plants were infested with nonviruliferous aphids as a 
control. Agro-inoculations of N. benthamiana were performed as 
described by (Smirnova et al. 2015).

Yeast 2-hybrid experiments
A. thaliana ALY proteins were expressed from constructs described 
in Uhrig et al. (2004), TuYV CP and RTΔCter proteins from pGBT9 and 
pGBKT7 vectors, respectively, reported in Mulot et al. (2018), and 
RTCter from pGBKT7 described in Rodriguez-Medina et al. (2015). 
A high-efficiency polyethylene glycol/lithium acetate-based 
method was used for preparing and transforming competent yeast 
cells. Y2HGold strain cells (Clontech) were grown in a 50 mL yeast 
extract–peptone–dextrose medium at 28 °C until the OD600 nm 

reached 0.6. The cells were washed in sterile water and then in 
100 mM lithium acetate in 10 mM Tris-HCl, 1 mM EDTA, pH 7.5 buf-
fer (LiAc-TE). After centrifugation, the cells were resuspended in 
250 µL of LiAc/TE buffer and 50 µL of these competent cells were 
used for each transformation as recommended by Clontech. 
Double-transformed yeast cells were selected on a minimal me-
dium double dropout (a synthetic dextrose medium lacking trypto-
phan and leucine, SD/-WL). Three selected colonies were then 
plated on minimal medium quadruple dropouts (SD/-AHWL) con-
taining aureobasidin A (Ozyme) (40 ng/mL). Experiments with the 
TuYV CP and RTCter were repeated twice and those with RTΔCter 4 
times with individual colonies.

Gene cloning and plasmid construction
All below-designated primers are listed in Supplementary 
Table S3. The TuYV RT ORF (nt 3,483 to 5,495) used in the 
co-immunoprecipitation experiments was cloned following a 
“megaprimer PCR” procedure. Two PCR fragments were generated 
using 2 couples of primers, 5′-Kpn-35Spro-dir and 3′-35Spro- 
omega-Nhe-CP-rev, and 5′-35Spro-omega-Nhe-CP-dir and RT-3′- 
Sal-Xba-rev, and a DNA template from plasmid pBW6.26 [where 
CP stop codon TAG is changed into TAC (Reutenauer et al. 1993)]. 

The resulting PCR fragments were then annealed and used for 
the synthesis of the large PCR fragment together with the primers 
5′Kpn-35Spro-dir and RT-3′-Sal-Xba-rev. The PCR fragment was 
digested with KpnI and XbaI restriction enzymes, introduced into 
the plasmid pKS to generate pKS-35S:RTWT and further inserted 
into the vector pBin61 to give rise to pBin35S:RTWT. The latter 
was finally mobilized into A. tumefaciens GV3101.

The complete TuYV RT sequence was amplified from pKS-35S: 
RTWT using primers 5′-CPRT-attB1-dir and 3′RT stop-attB2-rev 
and introduced into pDONR Zeo (Invitrogen) and further mobi-
lized by Gateway technology into pH7WGR2 (VIB-Ugent Center 
for Plant Systems Biology) to obtain the RFP:RT fusion. The result-
ing plasmid pH7-RFP:RT was introduced into A. tumefaciens 
GV3101 for transient expression in N. benthamiana.

The ALY:EGFP constructions used for the subcellular localiza-
tion analysis were obtained by reverse transcription and PCR am-
plification from A. thaliana Col-0 RNA using primers ALY1-5′ 
attB1-dir and ALY1-3′attB2-rev, ALY2-5′attB1-dir and ALY2-3′ 
attB2-rev, ALY3-5′attB1-dir and ALY3-3′attB2-rev, and ALY4-5′ 
attB1-dir and ALY4-3′attB2-rev. PCR fragments were mobilized 
into pDONR Zeo, followed by recombination into pH7FWG2. 
All clones were introduced in A. tumefaciens GV3101 for transient 
expression in N. benthamiana.

The TuYV CP sequence was introduced by restriction cloning 
into the pENTR4-CP using the primers 5′CP-Nco-dir, 3′-CP-Xba- 
stop-rev, and 3′-CP-Xba-nostop-rev. The CP sequence was further 
mobilized by Gateway cloning into pK7FWG2, pB7RWG2, 
pK7WGF2, and pB7WGR2 to generate pK7-CP:EGFP, pB7-CP:RFP, 
pK7-EGFP:CP, and pB7-RFP:CP, respectively. All Gateway clones 
were controlled by sequencing.

Two TuYV vectors encoding an RT protein fused to TagRFP were 
designed based on TuYV-RTGFP construction (Boissinot et al. 2017). 
TuYV-RTΔCter:tRFPfus was built by Gibson Assembly cloning 
(Gibson et al. 2009) using 2 pairs of primers, RT-tRFP-dir and 
tRFP-RTfus-rev for the tRFP fragment and RT-tRFP-rev and 
tRFP-RTfus-dir to generate the viral vector backbone with 
pBW.A- (Leiser et al. 1992) as a template. In the resulting virus 
TuYV-RTΔCter:tRFPfus, the RT protein was fused at the amino acid 
489 to the TagRFP (tRFP) protein, which was kept in the frame 
with the RT last 8 amino acids. TuYV-RT:tRFPstop was similarly 
constructed using primers RT-tRFP-dir and tRFP-RTstop-rev to 
create a stop codon at the end of the TagRFP sequence. The follow-
ing 24 nts viral sequence corresponding to the last 8 RT codons was 
retained. The viral vector backbone was generated using the pri-
mers RT-tRFP-rev and tRFP-RTstop-dir and the pBW.A- template. 
The corresponding plasmids pBS-TuYV-RTΔCter:tRFPfus and pBS- 
TuYV-RTΔCter:tRFPstop were controlled by sequencing. The viral- 
modified sequence was introduced into pBinTuYVWT by replacing 
the SpeI-SalI fragment (1,351 to 5,641) by the corresponding re-
combinant fragment. The plasmids pBinTuYV-RTΔCter:tRFPfus 

and pBinTuYV-RTΔCter:tRFPstop were finally introduced into 
A. tumefaciens GV3101 for agro-infection.

Transient protein expression in N. benthamiana
For fluorescence microscopy observations, co-immunoprecipita-
tion, and western blot analyses, leaves of 5 wk-old N. benthamiana 
were infiltrated with A. tumefaciens prepared as described by 
(Smirnova et al. 2015). The bacteria containing plasmids of interest 
were infiltrated at an absorbance (OD600) of 0.5, and 0.3 for the bac-
teria with the ALY:EGFP, VSR, and virus containing plasmids. 
Three days post infiltration, leaf discs were collected for confocal 
microscopy analysis. Samples for the western blot and 
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co-immunoprecipitation experiments were harvested and stored 
at −80 °C.

Optimization of ALY:GFP expression in planta
Vectors containing ALY1:GFP to ALY4:GFP were described by Uhrig 
et al. (2004). Four viral suppressors of RNA silencing (VSR) were 
tested to optimize ALY:GFP expression in N. benthamiana- 
infiltrated leaves: P0 of TuYV (Pazhouhandeh et al. 2006), P38 of 
the turnip crinkle virus (Thomas et al. 2003), Hc-Pro of the potato 
virus Y, and P19 of the tomato bushy stunt virus, Jay et al. (2023). 
Particular attention was paid to P19, which was shown to relocalize 
ALY2 and 4 from the nucleus to the cytoplasm (Uhrig et al. 2004). 
Based on the fluorescence observed by confocal microscopy 
when co-expressed with either AtALY proteins, we chose P38 to 
improve the expression of ALY1 and ALY2, P19 for ALY3, and P0 
for ALY4 (Supplementary Fig. S2).

Co-immunoprecipitation experiments
The cell lysate was obtained by mechanical grinding of 1 g of N. 
benthamiana tissue in liquid nitrogen and subsequent addition of 
lysis buffer [Tris-HCl 50 mM pH 8, NaCl 50 mM, MgCl2 2 mM, DTT 
1 mM, Triton X-100 1%, cOmplete EDTA-free Protease Inhibitor 
Cocktail (Roche)]. The samples were then clarified by 2 centrifuga-
tion steps at 14,000 rpm for 15 min at 4 °C, and anti-GFP µMACS 
magnetic beads (Miltenyi Biotech) were added to the supernatant 
and gently mixed for 45 min at 4 °C. The homogenates (input frac-
tions) were loaded on a pre-equilibrated µ-column attached to a 
thermoMACS magnetic holder and washed 3 times with washing 
buffer (lysis buffer with 0,1% Triton X-100). Elution of the proteins 
was performed by adding 3 times 35 µL of elution buffer (Tris-HCl 
50 mM pH 6.8, DTT 50 mM, EDTA 1 mM, SDS 1%, bromophenol blue 
0,005%, glycerol 10%). Appropriate volumes of Laemmli x2 buffer 
(final concentration Tris-HCl 125 mM pH 6.8, Glycerol 5%, 
β-mercaptoethanol 5%, SDS 5%, Bromophenol Blue 0.005%) were 
added to the input samples and Laemmli x4 for the IP fractions be-
fore analysis by SDS-PAGE analysis.

Western blot analyses
The infiltrated N. benthamiana leaves (0.1 g) were dry-ground for 
1 min at 10,000 rpm with glass beads (1.7 to 2 mm) in the 
Homogenizer tissue grinder Precellys Evolution. Four hundred 
microliters of lysis buffer (see above) were added before using a 
new grinding cycle of 1 min at 10,000 rpm. After centrifugation 
for 3 min at 3,000 rpm, the protein concentration of the superna-
tant was determined by using a Bradford assay (Bio-Rad). 
Appropriate volumes of Laemmli buffer X2 were added to the 
samples and heated at 95 °C for 5 min before performing centri-
fugation for 3 min at 3,000 rpm. Eighty micrograms of total pro-
teins were loaded on a 10% or 12% SDS-PAGE, except when 
indicated.

For RFP:CP samples, urea extraction was performed to improve 
the process of protein detection. One hundred milligrams of infil-
trated leaves were dry-ground with glass beads for 30 s using a 
Silamat S6 shaker (Ivoclar) before adding 200 µL of 8 M urea and 
using a further 30 s grinding cycle. A suitable volume of 
Laemmli x4 buffer was then added before heating at 95 °C for 
10 min and centrifugation for 5 min at 10,000 rpm.

Blotted nitrocellulose membranes (Immobilon-P, Millipore) 
were incubated with rabbit antibodies against either the GFP (pro-
duced by D. Scheidecker), RFP (ChromoTek), TuYV CP, or RT pro-
tein (Reutenauer et al. 1993). Immunoblots were further 
incubated with goat antirabbit antibodies (or goat antimouse 

antibodies for blots previously incubated with anti-RFP antibodies) 
coupled to peroxidase and visualized using chemiluminescence 
according to the manufacturer’s instructions (Clarity Max, 
Bio-Rad). Pictures were taken using the imaging system Fusion 
FX Vilber.

Protoplast infection experiments
The preparation and transfection of A. thaliana protoplasts were 
carried out according to the protocol laid down by Lalande et al. 
(2020). Twenty-four hours after transfection with the viral con-
structs pBS-TuYV-RTΔCter:tRFPfus or pBS-TuYV-RTΔCter:tRFPstop 

and/or pCK-EGFP plasmid control, the protoplasts were deposited 
between the slide and the coverslip in Secure-Seal Spacer for vis-
ualization under LSCM LSM780 (Zeiss, France).

Epifluorescence and confocal laser scanning 
microscopy
Hand-cut cross sections of petioles and roots were mounted 
in water. TagRFP fluorescence was observed using an Axio 
Imager M2 microscope (Zeiss, France) equipped with a 
Hamamatsu digital camera. Observations were performed on 
noninoculated leaves and roots of infected N. benthamiana 3 
wk post infection.

Agro-infiltrated N. benthamiana leaf discs were observed using a 
40× oil-immersion objective (numerical aperture of 1.4) with an 
LSM780 microscope (Zeiss). Confocal acquisitions were performed 
with detection wavelength windows of 493 to 598 nm for the EGFP 
and 582 to 617 nm for the TagRFP and RFP. All images were col-
lected separately to minimalize bleed-through. The detection 
range was optimized for each fluorophore to reduce the chloro-
plast’s autofluorescence. The images were then processed using 
ImageJ and the plugin FigureJ (Collins 2007). For each condition, 
observations by confocal microscopy were performed at least 
twice, and the number of images analyzed was indicated in the 
legend of each figure.

Virus detection in plants by DAS-ELISA and 
RT-qPCR and virus progeny analysis
TuYV-RTΔCter:tRFP mutant detection in noninoculated leaves of 
N. benthamiana after agro-infiltration was performed by DAS-ELISA 
using TYV-specific antibodies (Loewe, Germany) as described 
by Bruyère et al. (1997). TuYV accumulation in A. thaliana Col-0 
and 4xaly mutants was analyzed by RT-qPCR. One hundred mg 
of tissue was collected 2 wk post inoculation and ground in a 
mortar with liquid nitrogen. Total RNA was extracted with the 
NucleoSpin RNA plant (Macherey-Nagel). Viral RNA was reverse- 
transcribed and PCR-amplified as described by Mulot et al. 
(2018). To determine the copy number of the TuYV genome in 
the infected plants, a standard curve ranging from 1.108 to 
1.103 ng/µL was obtained from TuYV RNA extracted from 
purified virions (Mulot et al. 2018). The viral progeny in the 
N. benthamiana plants inoculated with the TuYV-RTΔCter:tRFP 
mutants was analyzed by RT-PCR following the protocol de-
scribed in Boissinot et al. (2017).

RT-qPCR analysis of ALY gene expression
Total plant RNA was extracted 2 wk after inoculation by aphids 
(viruliferous or nonviruliferous). Plant samples (5 noninfected 
and 5 TuYV-infected) were ground in liquid nitrogen and RNA 
extraction was performed using the NucleoSpin RNA plant kit fol-
lowed by DNase treatment (Macherey-Nagel). Reverse transcrip-
tion (RT) was performed on 1 µg of RNA with 1 µL of an oligo 
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dT(15) primer with M-MLV reverse transcriptase (Promega) in 
20 µL. Two microliters of cDNA were used for quantitative 
PCR with Evagreen mastermix (Biorad) in a total of 10 µL. Five cou-
ples of primers were tested in order to select the best reference 
genes with Normfinder (Andersen et al. 2004) and Bestkeepers 
(Pfaffl et al. 2004) programs. Three reference genes [RHIP1 
(AT4G26410); GAPDH (AT1G13440); EF1α (AT5G60390)] were se-
lected. Specific primers were used for each ALY gene and PCR 
efficiencies were assessed on a cDNA serial of 5-fold dilutions. 
An internal sample control was used to compare the results ob-
tained from the different PCR plates. The relative aly gene expres-
sion (ER) was analyzed according to the formula

ER =
E

(Ctcontrol−Ctgi)
gi

��������������������
􏽑f

o E
(Ctcontrol−Ctrefo )
refo

f
􏽱

described by (Hellemans et al. 2007). The relative expressions of 
ALY1, ALY2, and ALY3 genes were statistically analyzed using an 
ANOVA test. For the ALY4 relative expression analysis, a 
Kruskall–Wallis test was performed because of variance 
heterogeneity.

Accession numbers
Sequence data from this article can be found in the GenBank/EMBL 
data libraries under the following accession numbers: TuYV (for-
mer BWYV-FL1): NC_003743.1; AtALY1: AT5G55950; AtALY2: 
AT5G02530.1; AtALY3: AT1G66260.1; AtALY4: AT5G37720.1.
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