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Abstract

The movement of potyviruses, the largest genus of single-stranded, positive-sense
RNA viruses responsible for serious diseases in crops, is very complex. As potyvi-
ruses developed strategies to hijack the host secretory pathway and plasmodesmata
(PD) for their transport, the goal of this study was to identify membrane and/or PD-
proteins that interact with the 6K2 protein, a potyviral protein involved in replication
and cell-to-cell movement of turnip mosaic virus (TuMV). Using split-ubiquitin mem-
brane yeast two-hybrid assays, we screened an Arabidopsis cDNA library for interac-
tors of "MV6K2. We isolated AtHVA22a (Hordeum vulgare abscisic acid responsive gene
22), which belongs to a multigenic family of transmembrane proteins, homologous
to Receptor expression-enhancing protein (Reep)/Deleted in polyposis (DP1)/Yop1l
family proteins in animal and yeast. HVA22/DP1/Yop1 family genes are widely dis-
tributed in eukaryotes, but the role of HVA22 proteins in plants is still not well known,
although proteomics analysis of PD fractions purified from Arabidopsis suspension
cells showed that AtHVA22a is highly enriched in a PD proteome. We confirmed the
interaction between ™MV6K2 and AtHVA22a in yeast, as well as in planta by using
bimolecular fluorescence complementation and showed that "™MY6K2/AtHVA22a in-
teraction occurs at the level of the viral replication compartment during TuMV infec-
tion. Finally, we showed that the propagation of TUMV is increased when AtHVA22a
is overexpressed in planta but slowed down upon mutagenesis of AtHVA22a by
CRISPR-Cas9. Altogether, our results indicate that AtHVA22a plays an agonistic ef-
fect on TuMV propagation and that the C-terminal tail of the protein is important in

this process.
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1 | INTRODUCTION

The cell-to-cell movement of plant viruses is a key step of the
viral infection, considered as a major putative obstacle to viral ex-
ponential expansion in the plant by generating population bottle-
necks (Gutiérrez et al., 2015; Miyashita & Kishino, 2010; Monsion
et al.,, 2008) and thus, an excellent target for resistance. Indeed, a
malfunction of plant factors required by the virus for its cell-to-cell
movement would cause the virus to be confined or restricted to its
primary infection focus, thus delaying or preventing its systemic
spreading. Also, by increasing the genetic drift, reduced cell-to-cell
virus movement could increase resistance durability (Quenouille
etal., 2013). To invade the whole plant after replication, plant viruses
move intracellularly to reach the plasmodesmata (PD), the symplastic
tunnels between cells that are the gateway for this movement, then
cross them to enter neighbouring cells, and eventually into sieve el-
ements where they are transported within the source-to-sink flow
of photo-assimilates (Schoelz et al., 2011). PD are structures unique
to plants, crucial for the communication between the cells for plant
growth, development and defence (Reagan & Burch-Smith, 2020).
The deposition and breakdown of callose in the cell wall at the neck
regions of PD modulates their permeability and size exclusion limit
(SEL; Benitez-Alfonso et al., 2010; German et al., 2023). Despite the
symplastic continuity between cells, the SEL of PD constitutes a
physical barrier that must be overcome by a virus to successfully
move from cell to cell. Plant virus genomes encode a class of pro-
teins called movement proteins (MP) that interact with host proteins
to modify the PD for cell-to-cell transportation of the viral genome
(Heinlein, 2015; Kumar & Dasgupta, 2021).

The Potyvirus genus is one of the largest genera of plant vi-
ruses responsible for serious diseases in vegetable and fruit crops
(Inoue-Nagata et al., 2022; Wylie et al., 2017). However, the cell-to-
cell movement mechanism of potyviruses is far from being under-
stood. Numerous genetic, cellular and ultrastructural studies have
highlighted how the potyvirus transport involves a large network
of interactions with viral and cellular proteins (Martinez-Turifio &
Garcia, 2020; Solovyev et al., 2022; Wang, 2021). However, whether
potyviruses move between cells as virions or other movement
complexes such as ribonucleoprotein or vesicular viral replication
complexes still remains an unsolved question (Xue et al., 2023).
Furthermore, the discovery of viral vesicles present in the apoplas-
tic space during turnip mosaic virus (TuMV) infection, suggesting a
move in the extracellular space, adds another layer of complexity
to potyvirus transport (Movahed, Cabanillas, et al., 2019; Wan &
Laliberté, 2015).

In particular, there is no dedicated MP for potyviruses. Reverse
genetics and cell biological studies have shown that four potyviral
proteins constitute the multicomponent core transport system of
potyviruses (reviewed in Revers & Garcia, 2015; Wang, 2021, Xue
et al, 2023). The P3N-PIPO (‘P3-N-terminal-Pretty Interesting
Potyviridae Open Reading Frame’) displays MP-related functions as
it spreads between cells, thus seeming capable of increasing the PD
SEL (Cheng et al., 2017; Chung et al., 2008; Cui et al., 2017; Wen

& Hajimorad, 2010; Vijayapalani et al., 2012). The cylindrical in-
clusion helicase (Cl) is crucial for replication and movement (Deng
et al., 2015; Movahed et al., 2017; Sorel et al., 2014), together with
the structural capsid protein (CP; Martinez-Turifio & Garcia, 2020;
Wang, 2021). The targeting of Cl to PD is mediated by P3N-PIPO
(Wei, Zhang, et al., 2010), which itself is targeted to the plasma
membrane through an interaction with the host plasma membrane-
associated protein PCaP1 (Vijayapalani et al., 2012). The fourth po-
tyviral ‘MP’ protein, the second ‘6kDa molecular-weight membrane
anchoring protein’ (6K2), induces the formation of endoplasmic
reticulum (ER)-derived vesicles involved in replication and move-
ment (Beauchemin & Laliberté, 2007; Grangeon et al., 2012, 2013).
When expressed alone (in the absence of virus infection), the 6K2
protein can induce vesicles that are morphologically identical to
those observed in infected cells (Gonzélez et al., 2019; Grangeon
et al., 2013). TuMV infection leads to drastic rearrangements of
the early secretory pathway of the cell, including a perinuclear
globular-like structure composed of an amalgamation of ER, Golgi
bodies, coat protein complex Il (COPII) coatomers and chloroplasts
(Grangeon et al., 2012; Wei, Huang, et al., 2010). This perinuclear
globular structure contains viral RNA, as well as viral proteins in-
volved in replication (Cronin et al., 1995; Cui et al.,, 2010; Cui &
Wang, 2016; Klein et al., 1994; L6hmus et al., 2016; Martinez-Turifio
& Garcia, 2020; Wei, Huang, et al., 2010), together with host trans-
lation factors (Beauchemin & Laliberté, 2007; Dufresne et al., 2008;
Lohmus et al., 2016; Thivierge et al., 2008). Besides this large perinu-
clear structure, that can be considered as the viral replication com-
partment (VRC), motile 6K2-vesicles located at the cell periphery
are observed and derive from the perinuclear structure (Grangeon
et al., 2012). The intracellular motility of potyvirus 6K2-vesicles re-
lies on both early secretory pathway and the actin network and the
6K2 vesicles have been shown to be mobile between cells (Grangeon
et al., 2012, 2013; Movahed et al., 2017). Therefore, a tight coupling
between replication and cell-to-cell movement occurs during poty-
virus movement, as demonstrated for other plant viruses (Tilsner
etal., 2013).

A few plant factors involved in potyvirus intra- and intercellular
movement have been identified so far, including plasma membrane
(PM)-associated proteins targeted to PD (Geng et al., 2015; Park
et al., 2017; Rocher et al., 2022; Vijayapalani et al., 2012), proteins
involved in endomembrane remodelling, ER bending, interorganelle
vesicular exchanges (Cabanillas et al., 2018; Cui et al., 2018; Jiang
et al., 2015; Movahed, Sun, et al., 2019; Uchiyama et al., 2014) and
proteins involved in endocytic processes (Wu et al., 2020, 2022).

Among host factors involved in potyvirus movement, only a few
are PD located. The interactions between PCaP1 and P3N-PIPO, or
StREM1.3 and ClI for example, occur at the PD levels but also outside
of the PD at the PM (Rocher et al., 2022; Vijayapalani et al., 2012).
The PD-located Nicotiana benthamiana «-expansin, NbEXPA1, when
ectopically expressed, promotes TuMV replication and intercellu-
lar movement, suggesting that this PD-specific cell wall loosening
protein could be involved in PD modification to facilitate potyviral
cell-to-cell movement (Park et al., 2017). The synaptotagmin SytA

85UB017 SUOLILLIOD BAIFeR1D) 8|cedl|dde au Aq pauenob ae s3ole YO ‘88N JO S3NJ oy A%1q17 8UIIUO AB]1M UO (SUORPUOD-PLE-SWS}AL0 A8 |IM A e1q 1[eu[Uo//Stiy) SUORIPUOD pue swie | 81 88S *[202/S0/0€] uo Akeiqiauliuo Ao |IM ‘S8L Aq 99vET ddw/TTTT OT/I0p/woo A |im AReaq i putjuo s euIno fddsay/sdiy wouy papeojumoq ' ‘¥20z ‘€0LEFIET



XUE ET AL.

Molecular Plant Pathology @ WI LEYM

localizes to sites where ER makes contact sites with PM such as at
the PD, and could play a role in the way P3N-PIPO could be directed
to PD although no direct interaction between P3N-PIPO and SytA
protein has been described so far (Uchiyama et al., 2014).

In this study, we aimed at identifying plant factors involved in
potyvirus cell-to-cell movement, by focusing on the role of PD in this
process. As potyviruses have developed strategies to hijack the host
secretory pathway and PD for their transport, and as the 6K2 is a key
viral protein in this process, the goal was to identify membrane and/
or PD proteins that interact with the 6K2. We used a split-ubiquitin
yeast two-hybrid (Y2H) screen to identify AtHVA22a (Hordeum vul-
gare abscisic acid responsive gene 22) that interacts with the 6K2 of
TuMV. AtHVA22a belongs to a multigenic family of transmembrane
proteins, homologous to Receptor expression-enhancing protein
(Reep)/Deleted in polyposis (DP1)/Yop1 family proteins in yeast and
mammals (Chen et al., 2002). The role of HVA22 proteins in plants
is still not well known, although proteomics analysis of PD fractions
purified from Arabidopsis suspension cells show that HVA22a is
highly enriched in an Arabidopsis PD proteome (Brault et al., 2019).
In this study we show that AtHVA22a represents a new plant protein

required for efficient infection by potyviruses.

2 | RESULTS

2.1 | T“MVgK2 interacts with AtHVA22a in yeast
cells and in planta

The split-ubiquitin membrane Y2H assay (SuY2H) (DUALmembrane
system) was used to identify any membrane and/or PD-associated
proteins interacting with the viral bait "™V6K2. This approach is es-
pecially relevant as TuMV replicates in VRCs derived from the ER,
which is intimately involved in trafficking cellular macromolecules
and the core component of the endomembrane system. Importantly,
we performed preliminary assays to determine whether ™™V6K2
bait is functional for the DUALmembrane SuY2H assay (Figure S1a).
Indeed, ™MV6K2-Cub bait is properly inserted into the yeast mem-
brane with the Cub moiety located on the membrane cytosolic side
and does not auto-activate the system (Figure S1a). A cDNA library
from Arabidopsis thaliana (Bernard et al., 2012) was screened with
TuMVgK 2 as bait as described in the Experimental Procedures section,
and 252 positive clones were isolated on selective =2HTL medium.
The corresponding prey vector cDNAs were PCR amplified from
the 252 colonies and digested with the restriction enzyme Msel.
We classified the clones into 21 groups according to the size of the
insert and Msel-digestion profiles and 75 clones (up to four clones
per group) were sequenced. A list of 61 unique ID potential candi-
date proteins was established (Table S1). This list was compared to
published PD proteome data (Brault et al., 2019; Grison et al., 2015;
Salmon & Bayer, 2013). We therefore refined and selected a list
of 26 candidates (Table S1) according to their PD location and/or
membrane association. Eleven of these candidates were chosen
to perform confirmation assays of the interactions with ""MV6K2

via a targeted SuY2H assay. Among the seven non-autoactivators,
AtHVA22a (Arabidopsis thaliana Hordeum vulgare abscisic acid respon-
sive gene 22, TAIR accession AT1G74520; Chen et al., 2002) is a pro-
tein that is highly enriched in the Arabidopsis PD proteome (Brault
et al., 2019). Therefore, this 6K2 interactor was chosen for further
investigation. In our targeted SuY2H assay, yeast transformants ex-
pressing ""MV6K2 bait in combination with the rescued prey plasmid
encoding AtHVA22a grew on high-stringency selective medium (-
AHTL) supplemented with 1 mM 3-amino-1,2,4-triazole (3-AT), con-
firming the protein-protein interaction (Figure 1a).

We assessed the interaction between AtHVA22a and ™™VeK2
in planta using bimolecular fluorescence complementation (BiFC)
assays in Nicotiana benthamiana leaves. To this end, chimeric con-
structs expressing 6K2 fused to the N-terminal half of the yellow
fluorescent protein (nYFP-6K2) and AtHVA22a fused to the C-
terminal half of YFP (HVA22a-cYFP) were transiently co-expressed
via agroinfiltration, and fluorescence was detected by confocal
microscopy. The expression of each fusion protein was confirmed
by western blot (Figure S1b). As shown in Figure 1b, AtHVA22a in-
teracted with ™"MV6K2. The YFP fluorescence signal was detected
in the experimental samples 3-4days after agroinfiltration in more
than 15 independent experiments, whereas it was not detected
in the negative controls (i.e., only nYFP-6K2 or HVA22a-cYFP ex-
pressed alone or nYFP-6K2 expressed with P3N-PIPO-cYFP, a nega-
tive control based on Movahed et al., 2017; Figure S1b). The lambda
scan mode confirmed that a maximum of fluorescence emission
is observed at 530nm, which corresponds to YFP emission wave-
length (Figure S1b). The original western blots are available in the
Figures WB1 and WB2. As a positive control, we used the combi-
nation nYFP-6K2 +cYFP-StREM1.3, the REMORIN protein that lo-
calizes in plasma membrane nanodomains (Rocher et al., 2022). This
interaction occurred at the level of the PM (Figure S1b), whereas
the YFP signal resulting from ™"MV6K2/AtHVA22a interaction was
observed as dots in close association with BFP-HDEL ER label-
ling (Figure 1b), and in very close proximity with 6K2-RFP-labelled
vesicles when co-expressed during BiFC experiment (Figure 1b,
Movie S1). We never observed a clear PD localization of ™MVéK2/
AtHVA22a interaction signal although some proximity with PD
callose-binding protein 1 (Simpson et al., 2009; PDCB1-mcherry) PD
marker was reproducibly observed (Figure Sic).

2.2 | Identification of structural
domains of AtHVA22a

AtHVA22a protein belongs to the multigene HVA22 family (Chen
et al., 2002; Shen et al., 1993, 2001), which gathers plant homo-
logues of proteins responsible for the constriction of ER tubules in
mammals and yeast, the Reep/DP1/Yop1 family (Chen et al., 2002).
Yop1 regulates vesicle trafficking in stressed yeast cells (Brands
& Ho, 2002). However, the role of HVA22 gene family proteins
is very poorly known in plants, besides their potential involve-
ment in autophagy and dormancy (Chen et al., 2009), response
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FIGURE 1 TMV6K2 interacts in yeast and in planta with AtHVA22a. (a) Interaction between ™MV6K2 and AtHVA22a in split ubiquitin
yeast two-hybrid assay. Six independent yeast colonies co-transformed with NubG-AtHVA22a and Cub-""MV6K2 resulted in vigorous
growth on medium containing 1 mM 3-amino-1,2,4-triazole (3-AT) and lacking Leu, Trp, His and Ade (-AHTL). (b) Bimolecular fluorescence
complementation (BiFC) detection of the interaction between nYFP-6K2 and HVA22a-cYFP in Nicotiana benthamiana epidermal cells. The
YFP signal resulting from ™™MV6K2-HVA22a interaction is observed as dots in close association with endoplasmic reticulum (ER) labelling
(BFP-HDEL) and in very close proximity with 6K2-RFP-labelled vesicles. Images are single confocal sections of N. benthamiana epidermal
cells co-expressing HVA22a-cYFP+nYFP-6K2 with free RFP or 6K2-RFP fusion together with BFP-HDEL. The merges of the YFP signal with
BFP or RFP are shown separately and correspond to the same cell where the three fluorochromes are expressed. Images were captured

at 2days post-infiltration (dpi). Insets (Zoom-in) are boxed in the corresponding original images. Scale bars: 20pm and 5 um for ‘Zoom-in’
images.

to abiotic stresses (Chen et al., 2002; Gomes Ferreira et al., 2019; designated AtHVA22a to k, can be separated into four subfami-
Wai et al.,, 2022) and in plant immunity towards fungal infection lies, with AtHVA22a, b and c grouped in the group 1 (Figure S2a,b).
in rice (Meng et al., 2022). In Arabidopsis, 11 HVA22 homologues, Based on amino acid sequence alignments, the N-terminal half of
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the protein is more conserved than the C-terminal one. Among the
HVA22 family in Arabidopsis, only the two closely related members
AtHVA22a and ATHVA22c are highly enriched in a PD proteome
(Brault et al., 2019). By performing protein structure prediction with
AlphaFold and Phyre 2 (Jumper et al., 2021; Kelley et al., 2015) the
177 amino acids (aa) long AtHVA22a sequence can be split into two
main parts. The N-terminal half (aa 1-95) encompasses three trans-
membrane helices (hereafter termed HVA?2°TMD) and includes a pre-
dicted reticulon homology domain (that consists of two hydrophobic
transmembrane segments separated by a hydrophilic loop that can
form a hairpin within the lipid bilayer and act as a wedge structure;
Figure 52c). The HVA223TMD domain is followed by a C-terminal hy-
drophilic tail (termed HVA22ac_ter, aa 96-177) including a potential
ampbhipathic helix (APH). In yeast Yop1, the TMD mediates homo-
oligomerization, whilst for membrane constriction an APH in the
C-terminal cytoplasmic domain is essential (Brady et al., 2015). Our
predictions suggest that the AtHVA22a structure differs from some
of the proteins of the DP1/Yop1 and reticulon (RTN) families in yeast
and animals, which have four transmembrane helices with both ter-
mini facing the cytoplasm (Brady et al., 2015; Sparkes et al., 2010;
Voeltz et al., 2006). However, according to Xiang et al. (2023),
REEP1, the mammal homologue of HVA22 (Angelotti, 2022; Brands
& Ho, 2002), which belongs to REEP1-4 subfamily that is a part of
the DP1/Yop1p family, may have also three transmembrane domains
with a C-terminal cytoplasmic domain and a N-terminal oriented
towards the ER lumen (Fan et al., 2022) comparable to predicted
AtHVA22a topology.

2.3 | Fluorescent reporter fusions of AtHVA22a
show ER and partial PD localization

As AtHVA22a was found to be highly enriched in the PD proteome
(Brault et al., 2019), we assessed the subcellular localization of
AtHVA22a fusions to fluorescent reporters following transient ex-
pression under the control of the cauliflower mosaic virus 35S pro-
moter in N. benthamiana. By fusing the GFP at the N-terminus of
AtHVA22a, the GFP-HVA22a fusion protein showed ER labelling
(Figure 2a) and a partial PD labelling was observed using aniline
blue staining of callose (3-1,3-glucan), a structural and functional
component of PD (Figure 2b). GFP-HVA22a signal was observed at
PD entrance rather than completely traversing through the chan-
nels, but due to diffraction-limited imaging it is hard to confirm this
observation. Compared to the situation where a PD marker protein
(PD callose-binding protein 1, PDCB1) (Simpson et al., 2009) is co-
expressed with aniline blue staining, the percentage of co-labelled
spots between GFP-HVA22a and aniline blue was significantly lower
(Figure 2c) but higher than free GFP, confirming that GFP-HVA22a
is partially located at PD. GFP-HVA22a PD association did not seem
to be modified during TuMV/6K2:mCherry infection (Figure 2b,c).
On the other hand, the C-terminal fusion AtHVA22a-GFP showed
very faint ER labelling and mainly formed punctae, some of them
displaying PD localization as shown by colocalization with the PD

marker MCTPé6 (Figure 2d). Interestingly, when AtHVA22a-GFP was
co-expressed with a heterologous MP (cucumber mosaic virus 3a
MP) a clear PD localization of the HVA22a-GFP fusion was observed
(Figure 2e).

By splitting the "VA222TMD and "VA223C-ter domains of
AtHVA22a, we observed that both N-terminal and C-terminal GFP
fusions of "VA222TMD localized to the ER (Figure S3A), without ob-
vious PD localization. The HVA222C-ter tail, which includes the region
homologous to the yeast Yop1 APH (amino acids 95-107 in HVA22a),
was both cytoplasmic and also showed PD association, which was in-
creased during TuMV/6K2:mCherry infection (Figure S3b,c).

Using the RaptorX web server (Zeng et al., 2018), we predicted
that the transmembrane domains 1 and 3 in "VA??2°TMD might be
involved in the interaction with ""MV6K2. By performing bimolecular
fluorescence complementation (BiFC) experiments, we confirmed
that HYA222TMD interacts with ™™V6K2 (Figure S3d). It must be
stressed that the YFP signal resulting from the interaction labels the
ER tubules and differs from the YFP signal observed when the full-
length AtHVA22 interacts with ""™V6K2 (Figure $3d, Figures WB3
and WB4). Therefore, the N-terminal region of AtHVA22a is in-
volved in the interaction with T“MvéKZ, but the lack of the C-terminal
cytoplasmic tail of AtHVA22a modifies the subcellular localization of
the interacting partners just as it does for the HVA22a GFP fusions
as well. We also performed BiFC experiments to check whether
the HVA223C_ter tail interacts with ™™V6K2. No fluorescence was
observed for "VA222C-ter-cYFP/nYFP-6K2 and HVA223C-ter-nYFP/cY-
FP-6K2 combinations, and the expression of HVA22ac_ter-nYFP and
6K2 fusion proteins was confirmed by western blot (Figure S3d).
Those results suggest that the "VA222C-ter domain is not directly in-
volved in the interaction with 6K2.

Based on all those observations, AtHVA22a is an ER protein that
displays partial PD association. The C-terminal cytoplasmic tail is not
essential for the interaction of AtHVA22a with TUMV6K2, but in its
absence the interacting partners remain ER located. This HVA?22C-ter
tail also displays some PD association that is increased during TuMV-
6K2-mCherry infection.

2.4 | AtHVA22ainteracts with "MV6K2 at the
level of the VRCs during TuMV infection

Although we observed in yeast and in planta an interaction be-
tween ™™V6K2 and AtHVA22a, when those two proteins were
co-expressed in N. benthamiana as either C- or N-terminal fu-
sions, a close proximity was observed with the two proteins able
to move in concert but no clear overlapping of fluorescent signals
(Figure S4, Movies S2 and S3). Both SuY2H and BiFC systems allow
us to stabilize and detect otherwise transient interactions. In order
to capture the ™MV6K2/AtHVA22a interaction during TuMV infec-
tion, a more biologically relevant situation when viral proteins are
expressed from the viral genome, we used the TuMV/6K2:mCherry
construct (Jiang et al., 2015) where the genome of TuMV is engi-
neered to ectopically express the mCherry fluorescent protein fused
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FIGURE 2 HVA22ais an endoplasmic reticulum (ER)-associated protein with some plasmodesmata (PD) localization. (a) Confocal images
of Nicotiana benthamiana epidermal cells co-expressing GFP-HVA22a with the ER marker BFP-HDEL at 3 days post-infiltration (dpi). Scale
bar: 5um. (b) Aniline blue staining of callose deposition at the PD pit fields in N. benthamiana leaf cells expressing GFP-HVA22a, GFP,
PCDB1-mCherry or GFP-HVA22a in TuMV/6K2:mCherry infected cells at 3 dpi. Intensity plots along the white dashed lines in the merged
images are shown for each colocalization pattern. All images are taken at 3 dpi. Scale bars: 10 um. (c) Partial colocalization between PD pit
fields (indicated by aniline blue staining) and GFP-HVA22a signal. PDCB1-mCherry is the positive PD marker (positive control), whereas GFP
is the negative control. Between 15 to 47 images were analysed for each condition, corresponding to 636-1653 PD pit fields. A statistical
analysis was performed using the % of colocalization value, using Kruskal-Wallis test. (d) Confocal images of N. benthamiana epidermal cells
co-expressing HVA22a-RFP with MCTP6-GFP. (e) Confocal images of N. benthamiana epidermal cells co-expressing HVA22a-GFP with
PDCB1-mCherry and the heterologous movement protein (MP) from cucumber mosaic virus (CMV3a-Flag). Images were captured at 3 dpi.
White arrowheads indicate PD localization. Scale bars: 10 pm.
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at the C-terminus of the 6K2. This allows us to visualize the TuMV-
produced 6K2-mCherry vesicles labelling the VRCs and mobile
6K2-vesicles in the infected cells. Figure 3 shows that both HVA22a-
GFP (Figure 3a) and GFP-HVA22a (Figure 3b) were localized at the
TuMVgK 2-labelled VRC during TuMV infection (see also Movies $4
and S5). Figure 3c shows that unfused GFP was not localized at
the VRC during TuMV/6K2:mCherry infection and Figure 3d shows
that no modification of the subcellular localization of GFP-HVA22a
occurred during unfused RFP co-expression. Furthermore, by per-
forming BiFC during TuMV infection, we also observed that the YFP
signal resulting from HVA22a-cYFP/nYFP-T"MV6K2 interaction was
also strongly associated with the VRC (Figure 3e). In conclusion, dur-
ing TUMV infection, AtHVA22a interacts with TuMVgK2 at the level
of the 6K2-induced VRC.

2.5 | AtHVA22a overexpression increases TuMV
propagation in N. benthamiana

To assess a biological role of the interaction observed between
TuMVgK2 and AtHVA22a, we investigated the impact of transient
overexpression of AtHVA22a on the ability of TuUMV-GFP to spread
in the inoculated leaves of N. benthamiana. The expression and sub-
cellular localization of HVA22a fluorescent fusions were examined
by confocal microscopy and confirmed by western blot (Figure 4a,
Figure WB5). The transient overexpression of AtHVA22a RFP- or
6 x histidine-fusion both led to a significant increase of the area of
infection foci induced by TuMV-GFP, compared to overexpression
of free RFP as a negative control (Figure 4b). As a positive control,
we reproducibly observed the agonistic effect of transient overex-
pression of StREM1.3 on TuMV propagation previously described
(Rocher et al., 2022). Altogether, our results strongly suggest that
AtHVA22a plays a proviral role for TuUMV propagation (defined as
the combined effect of replication efficiency and movement) in the
inoculated leaves of N. benthamiana.

2.6 | TuMV propagation is slowed down in
Arabidopsis AtHVA22a CRISPR-Cas9 mutants

To study the interaction of TuUMV with AtHVA22a in Arabidopsis, we
first analysed whether TuMV infection induces a modification of the
expression level of AtHVA22a, using specific reverse transcription-
quantitative PCR (RT-qPCR) primers gHVA22a2-Fwd and qH-
VA22a2Rev (Table 1). We used the TuMV-GFP//mCherry construct
to follow the viral infection and according to our results, TuMV-
GFP//mCherry infection did not impact the level of expression of
AtHVA22a at until 6days post-inoculation (dpi) in the inoculated
leaves and 13 dpi in the systemically infected leaves (Figure S5). As
overexpression of AtHVA22a increases TuUMV propagation in the in-
oculated leaves of N. benthamiana, we tested if a lack of expression of
AtHVA22a in Arabidopsis would have the opposite effect. A CRISPR-
Cas9-based strategy was therefore employed and four independent

homozygous CRISPR-Cas9 mutants were obtained (Figure S6). The
guide RNAs were designed in a way to avoid any off-target in the
Arabidopsis genome. The three independent mutants, hva22a-1,
hva22a-2 and hva22a-3, display indels in the AtHVA22a sequence
(Figure Séa,b) and are predicted to express an AtHVA22a protein
containing 20 or 21 random amino acids instead of the C-terminal
domain downstream of the region corresponding to the APH in the
yeast homologue Yop1 (Figure 5a,b). The mutant hva22a-4 has an in-
frame deletion of two amino acids (Asn 113 and lle 114) and its 3D
structureis predicted to be less affected that the three other mutants
(Figure 5b). The mutant plants did not display any difference in their
morphology compared to wild-type plants (Figure 5c). To confirm
the proviral role played by AtHVA22a, we surveyed TuMV-GFP//
mCherry propagation in the four CRISPR-Cas9 mutants affected in
the C-terminal cytoplasmic domain. Figure 5c shows that the surface
of the infection foci induced by TuMV-GFP//mCherry was signifi-
cantly reduced in the three independent mutants hva22a-1, hva22a-2
and hva22a-3 compared to hva22a-WT. In contrast, the surface of the
infection foci in hva22a-4 was similar to those in wild-type hva22a-
WT, suggesting that the 2 aa deletion might not affect the structure
and/or function of AtHVA22a for TuMV propagation. At this point,
we do not have any hypothesis that could explain why the infection
foci are more numerous in the hva22a-1, hva22a-2 and hva22a-3 mu-
tants than in the wild type (WT)and hva22a-4 (Figure 5c). We then
checked the subcellular localization of the corresponding mutants
through transient expression of GFP-fusions in N. benthamiana. In
at least two independent experiments, we reproducibly observed a
weaker level of GFP signal for the three mutants hva22a-1, -2 and -3
compared to hva22a-4 and hva22a-WT. In Figure S7a the images cor-
responding to hva22a-1, -2 and -3 were acquired by increasing both
the gain and the power of the argon laser. It seems that their subcel-
lular localization did not drastically differ from hva22a-WT and was
ER-associated. We confirmed, by performing a quantitative western
blot analysis (Figure S7b,c), the instability of HVA22a-1, -2 and -3
proteins when transiently expressed compared to HVA22a-4 and
HVA22a-WT proteins expressed in the same conditions. Therefore,
the modification of the C-terminal cytosolic tail seems to decrease
the stability of AtHVA22a protein when ectopically expressed in N.
benthamiana but does not seem to affect drastically its subcellular
localization when fused to GFP. Interestingly, Xiang et al. (2023) also
showed that the C-terminal part of Yop1 is critical for the stability
and the function of the protein.

Altogether, our results indicate that AtHVA22a plays an agonis-
tic effect on TuUMV propagation and that the C-terminal tail of the

protein is important in this process.

2.7 | TuMV replication is not affected in AtHVA22a
CRISPR-Cas9 mutants

The decreased spread of TuMV in three independent CRISPR-Cas9
hva22a mutants might be explained by a reduced virus replication.
In order to quantify the level of accumulation of TuMV, independent
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of the movement, we tried to isolate and transfect protoplasts as unsuccessful. As a remediating option, we used the construct TuUMV-
previously described (Vijayapalani et al., 2012) from leaves of WT GFP//mCherry that allows us to distinguish primary infected cells,
and CRISPR-Cas9 hva22a mutants. However, this approach was which express both mCherry and GFP, from secondary infected cells,
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FIGURE 3 HVA22ais localized at viral replication compartment (VRC) during TuMV infection. Confocal images of Nicotiana
benthamiana epidermal cells co-expressing (a) HVA22a-GFP with TuMV/6K2:mCherry, (b) GFP-HVA22a with TuMV/6K2:mCherry, (c)
unfused GFP with TuMV/6K2:mCherry, (d) GFP-HVA22a with unfused RFP. The white arrows indicate the VRC near the nucleus, induced
by TuMV/6K2:mCherry infection. Scatter plots represent the correlation between green pixel intensity and magenta pixel intensity in

the region of interest (ROI) indicated by yellow dotted lines. The white lines represent the slopes. Images are single confocal sections at
3days post-infiltration (dpi). Scale bars: 10 um. (e) The YFP signal resulting from TuMV6K2-HVA22a interaction is observed at VRC during
TuMV infection. Bimolecular fluorescence complementation (BiFC) detection of interaction between nYFP-6K2 and HVA22a-cYFP in

N. benthamiana epidermal cells infected by TuMV/6K2:mCherry at 3 dpi. The white arrow indicates the VRC near the nucleus, induced by
TuMV/6K2:mCherry infection. Scale bar: 20 pm.
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FIGURE 4 HVA22a transient overexpression increases TuUMV-GFP propagation in Nicotiana benthamiana. (a) Confocal microscopy images
representative of the subcellular localization of transiently expressed RFP 4 days after agroinfiltration. Confirmation of His-HVA22a protein
expression by western blot (WB) using anti-His antibody at 5 days post-infiltration. The dotted line in the WB indicates that lanes were
stitched, the original membrane is shown in the Figure WB5. Scale bars: 20 um (b) The areas of the GFP infection foci are normalized and
expressed in % of the area of TuMV-GFP propagation in the absence of HVA22a (free RFP negative control). Statistical analysis: one-way
analysis of variance (ANOVA) followed by Student's t test in R software (ANOVA, p<2.2x 107, ***p <0.001 compared to the free RFP).
Scale bars: 300 um.

which express GFP alone (Dai et al., 2020; Figure S8a,b). TuMV repli- As shown in Figure S8b, none of the AtHVA22a mutants displayed
cation level was determined by RT-qPCR, using a TuMV-capsid primer a statistically significant reduced level of TuMV accumulation com-
pair (CP, Table 1) and normalized with the reference gene mCherry. pared to WT in contrast to the negative control corresponding to
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Primer name Sequence (5'-3’)

Gateway

pENT-6K2-Tup CACCATGAACACCAGCGACATGAGC

pENT6K2-TumNOSTOP TTCATGGGTTACGGGTTCGGACATC

pENT6K2-TumSTOP CTATTCATGGGTTACGGGTTCGG

HVA22a_DTopoFwd CACCATGGGATCTGGAGCTGGCAA

HVA22a_DtopoRevNostp GTACTGATAACCCTCACCAT

HVA22a_DtopoRevStp TTAGTACTGATAACCCTCACCAT

HVA22a_NterTMD_ AGCAGCGCCACTAAAGTAGG
DTopoRevNostp

HVA22a_NterTMD_ TTAAGCAGCGCCACTAAAGTAGG
DTopoRevstp

HVA22a_APHCter_ CACCATGTATGTCTATGAACATTTTGT
DtopoFwd

HVA22a_M36 48 GCAGCTGTTAACACATCGTC

55_DTopoRevNostp
pENT-P3NPIPO-Tup

pENT-P3NPIPO-
TumNOSTOP

CACCATGGGAAAGAATGGGAGGAC
CTACTCCGTTCGTAAGATGACATGAC

Reverse transcription-quantitative PCR

qHVA22a2-Fwd GCTGCTGAGAAGTACATTGC
gHVA22a2-Rev ACCCTCACCATACATCGTTT

CP-F1 ATGTACCCAGGCTCAAGA GT
CP-R1 CGTTAGTTCGTAATCGGCCA

ATGGTGAGCAAGGGCGAGGAGGAT
TCGCCCTCGCCCTCGATCTCGAACT
CTCGTCATGAGATCTGTATAG

mCherry_Fwd1
mCherry_Rev2
GFP-HDEL_Fwd

GFP-HDEL_Rev CCTGTCCTTTTACCAGAC
Ubiquitin_Fwd CCTACCTTTGAGGGGCTTCT
Ubiquitin_Rev GAAGTCGTGAGACAGCGTTG

Split-ubiquitin yeast two-hybrid
HVA22a-Sfi1_Fwd
HVA22a-Sfil_Rev
CRISPR-Cas9 mutants

25880-Fw (HVA22a guide ACCCTCGGAGCATTAACATT
RNA forward)

z5880-Rev (HVA22a guide ~ AATGTTAATGCTCCGAGGGT
RNA reverse)

26159-Fw (HVA22a CGAGCTCACATTCGCCAAAC

targeted region)

76159-Rev (HVA22a
targeted region)

CGGCCCATACAGTACACAAAA

At-KO-elF(iso)4E mutant (Duprat et al., 2002), where TuMV accumula-
tion was greatly reduced. To confirm those results, we conducted an
alternative assessment of CP expression in function of GFP HDEL la-
belling using the TuMV-"W134¢K2 mCherry//GFP-HDEL construct, still
able to replicate but not able to move, that allows us to quantify only
replication and not movement, as described in Rocher et al. (2022).
The results shown in Figure S8c lead to the same conclusion: when
normalized to the reference gene GFP-HDEL, CP expression did not

TABLE 1 Primers used in this study.
Initiation codons are in blue and stop-
codons are in red.

CGCAGAGTGGCCATTACGGCCATGGGATCTGGAGCTGGCAA
CTCGAGAGGCCGAGGCGGCCTTAGTACTGATAACCCTCACCAT

vary in Arabidopsis mutants compared to the WT, whether the 6K2
is mutated or not. Therefore, using the non-moving TuMV-"1%4¢K2
mCherry virus that essentially recapitulates a protoplast experiment
(where movement is prevented by separating the cells, but which oth-
erwise has similar variability of initial viral dose), those results suggest
that the truncation of the C-terminal cytoplasmic tail of AtHVA22a
impacts TuMV cell-to-cell movement in the inoculated leaves but not
drastically the level of replication.
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FIGURE 5 TuMV propagation is slowed down in three independent CRISPR-Cas? mutants affected in the C-terminal cytosolic tail

of AtHVA22a. (a) Schematic representation of the amino acid sequences of HVA22a mutants. In grey: wild-type (WT) sequence. In red,
mutated sequence after a frameshift that induces premature stop codons in hva22a-1, -2 and -3 mutants. An extra asparagine (N) or histidine
(H) is present at position 114 in hva22a-1 and hva22a-2 respectively. A deletion of amino acids N-113 and isoleucine (i)-114 occurs in
hva22a-4 mutant. The number of amino acids number is indicated for each protein at the C-terminus. (b) Alphafold 3D structure prediction
of AtHVA22a and the CRISPR-Cas9 mutants. (c) The area of infection foci is normalized and expressed in % of the area of TuMV-GFP//
mCherry propagation in WT plants. Between 181 and 1350 infection foci from at least three independent experiments were imaged at
5days post-inoculation. Statistical analysis was performed using one-way analysis (ANOVA), followed by Student's t test in R software
(ANOVA, p<2.2x10-16; ***p <0.001 compared to the WT). Scale bars: 300 um.

3 | DISCUSSION

3.1 | Plant HVA22 proteins are involved in
response to abiotic stresses

The first plant HVA22 was identified in barley aleurone cells (H.
vulgare) as an abscisic acid (ABA)- and stress-induced protein (Shen

et al.,, 1993, 2001). In barley vegetative tissues, the expression of
HVA22 was also shown to be induced by ABA, cold and drought.
Since then, diverse abiotic stresses such as temperature, salinity and
drought have been shown to differentially regulate the expression of
HVA22 homologues in various plant species (Courtney et al., 2016;
Gomes Ferreira et al.,, 2019; Lyu et al., 2021; Wai et al., 2022;
Zhang, Wen, et al., 2023; Zhang, Yuan, et al., 2023). However, only
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a limited number of studies describe the function of those HVA22
genes in plants. The expression of HVA22-GFP in aleurone cells in
barley showed ER network and Golgi punctate fluorescence pat-
terns, suggesting that HVA22 could participate in the ER-to-Golgi
secretory pathway in planta (Guo & Ho, 2008). In Arabidopsis, Chen
et al. (2009) showed that in RNAI transgenic lines where the expres-
sion levels of the four isoforms AtHVA22a, ¢, d and e were strongly
reduced, autophagy activity was enhanced, suggesting a role of

HVA22 homologues of a suppressor of autophagy.

3.2 | Therole of plant HVA22 proteins in ER
shaping is poorly documented

The ER appears as a polygonal network arrangement of intercon-
nected tubules and cisternae stretching throughout the cytoplasm
(Stefano et al., 2014). In animal and yeast, HVA22 homologues that
are Reep/DP1/Yop1l family members, are responsible for the control
of ER organization, together with proteins called reticulons. Reep/
DP1/Yop1 proteins are ER-shaping proteins required to form an
ER tubular network, probably by stabilizing the high curvature of
the tubules (Hu et al., 2008; Park et al., 2010; Voeltz et al., 2006).
However, a role for HVA22 proteins in plant ER integrity still re-
mains very little documented. So far, only one plant HVA22 homo-
logue has been shown to be involved in ER tubule formation. Meng
et al. (2022) and Liang et al. (2023) showed that HVA22 rice homo-
logue, OsHLP1, is localized at the ER, is a reticulum phagy recep-
tor involved in ER homeostasis and positively regulates the immune
response to Magnaporthe oryzae. In particular, the expression of
OsHLP1-GFP in N. benthamiana cells and in rice protoplasts induced
deformation of the ER tubule network. Such constriction of ER tu-
bules is not observed during the transient expression of the two
Arabidopsis homologues AtHVA22b (Lee et al., 2013) and AtHVA22d
(Chen et al., 2011) in Nicotiana tabacum and N. benthamiana leaf
epidermal cells, respectively. In the case of AtHVA22a homologue,
here we showed that the transient expression of AtHVA22a-GFP
or GFP-AtHVA22a did not induce any obvious ER deformation in N.
benthamiana cells. GFP-HVA22a labelled the ER quite uniformly and
it was also found at the nuclear envelope without apparent constric-
tion of ER tubules, a similar pattern observed with overexpressed
AtHVA22b (Lee et al., 2013). As there is no signal peptide in the
AtHVA22a sequence, we could expect that fusing GFP at the N-
terminus of the protein would interfere with a proper ER membrane
insertion, but our results (Figure 2) showed the ER localization of
AtHVA22a. However, we cannot exclude that the presence of the
GFP tag could reduce/abolish a potential ER hyperconstriction or
other still unknown function of AtHVA22a. However, for the barley
protein, the HVA22-GFP fusion is able to perform similar functions
as native HVA22 proteins in vivo (Guo & Ho, 2008): when compared
with cells transformed with GFP, overexpression of HVA22-GFP also
significantly reduced the percentage of vacuolated cells under con-
trol and gibberellic acid-treated conditions as the native protein in
barley (Guo & Ho, 2008).

For the yeast homologue Yop1, His-tagged Yop1 protein does not
induce tubules in vitro, even though it is able to form small vesicles
similar to those formed by the non-tagged protein (Hu et al., 2008).
So, it is possible that even though a small tag (6 x His tag) is fused
at the N-terminus of AtHVA22a, it still impairs ER constriction, al-
though His and RFP fusions do not interfere with the effect on virus
propagation as shown in Figure 4. Experiments performed with un-
fused AtHVA22a protein would allow us to answer this question,
although, without available antibodies specifically targeting the
AtHVA22a isoform, it remains difficult to confirm overexpression of
unfused AtHVA22a. Therefore, we cannot conclude about a poten-
tial function of AtHVA22a in ER constriction in plants.

3.3 | AtHVA22a protein is the first HVA22 family
member displaying some PD localization

AtHVA22a belongs to the proteins highly enriched in the PD pro-
teome (Brault et al., 2019). As Reep/DP1/Yop1 proteins are involved
in high curvature formation of ER membrane (Brands & Ho, 2002;
Hu et al., 2008), one could hypothesize that AtHVA22a could be in-
volved in the high curvature observed at the desmotubule ER at the
level of PD. Tilsner et al. (2011) hypothesized that the degree of des-
motubule constriction could indeed significantly affect SEL regula-
tion. In our study, we observed some PD localization for AtHVA22a,
confirming the proteomics data results, but PD colocalization was
less obvious than expected for a PD-associated protein highly en-
riched in the PD proteome. However, we still cannot exclude that
the GFP fusion may affect the subcellular localization of the pro-
tein, although, when co-expressed with the heterologous MP CMV
3a, a very clear PD localization was observed for AtHVA22a-GFP
(Figure 2e), confirming that AtHVA22a can indeed be PD located.
Furthermore, our results show that the ™MV6K2/AtHVA22a inter-
action signal observed in BiFC displays some proximity with the
PD marker, which is not the case when the C-terminal domain of
AtHVA22a is omitted, as the interacting signal remained associated
to the ER network (Figure S3d). Furthermore, the HVA22aC_ter tail PD
association was even increased during TuMV infection (Figure S3c),
suggesting that the C-terminus domain of AtHVA22ais important for
PD association of AtHVA22a. The C-terminal domain of AtHVA22a
is truncated in the three CRISPR-Cas9 mutants hva22a-1, -2 and
-3 leading to instability of the corresponding mutant proteins in N.
benthamiana, in good agreement with Xiang et al. (2023) who also
showed that the C-terminal part of Yop1 is critical for the stability
and the function of the protein. So far, our subcellular observations
of GFP fusions of the corresponding mutants did not allow us to ob-
serve a clear difference in PD colocalization between the mutants
and the WT, even in infected condition (Figure S9). One hypothesis is
that both C-terminally truncated proteins and "VA222C-ter fragments
might localize by interacting with native HVA22s present in PD as
these the experiments were not done in a KO genetic background.
Once again, without any available specific anti-AtHVA22a antibod-
ies, we cannot check whether the CRISPR-Cas9 mutants display
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also a lower accumulation of AtHVA22a. Whether PD permeabil-
ity is altered in the three CRISPR-Cas9 mutants is currently under
study. One must note that the phenotype of those mutants does not
seem altered compared to WT, in contrast to transgenic AtHVA22d
RNAI lines previously described that display slow growth rate, pro-
duce small siliques and have reduced seed yield (Chen et al., 2009).
However, in those AtHVA22d-RNA: lines, the expression level of
not only AtHVA22d, but also other homologues, AtHVA22a, cand e
was lowered. In their study, the authors describe another transgenic
AtHVA22a RNAi line where only the expression level of AtHVA22a is
modified with a much weaker phenotype than the AtHVA22d-RNAi
line, suggesting some functional redundancy between AtHVA22

homologues in Arabidopsis.

3.4 | AtHVA22ais involved in TuMV
propagation and the C-terminal tail of the protein is
important in this process

In our study, we showed that overexpression of AtHVA22a-RFP
and -His-fusion favours the propagation of TuMV in N. benthami-
ana. Notably, although we controlled the subcellular pattern of RFP-
fusion expression, in western blots we could observe some cleavage
between the RFP tag and AtHVA22a (Figure S10 and Figure WB6),
suggesting that in those experiments we cannot exclude that the
effect observed was due to ‘invisible’ untagged AtHVA22a pro-
teins beside the fusion RFP-HVA22a or HVA22a-RFP. Conversely,
in CRISPR-Cas9 Arabidopsis mutants altered in the C-terminal cy-
toplasmic tail, the propagation of TuMV was slowed down in the
three mutants with a truncated C-terminus (mutants hva22a-1 to
-3) whereas TuMV propagation in mutant hva22a-4 (with two amino
acids, in-frame deletion) was comparable to WT. Furthermore, our
results showed that mutating the C-terminus of AtHVA22a did not
impact drastically on the replication level of TuUMV but could affect
its cell-to-cell movement in the inoculated leaves.

3.5 | TMVgK2 interacts with other proviral
plant ER-shaping proteins, atlastin and
reticulon-like proteins

Another protein involved in tubular ER shaping (ROOT HAIR
DEFECTIVES3 or RHD3) has previously been shown to interact with
TuMVgK2 (Movahed, Sun, et al., 2019). Atlastin-like GTPases of the
RHD3 family are involved in membrane fusion and formation of
three-way junctions in the polygonal network of ER tubules (Stefano
et al., 2014; Sun & Zheng, 2018). In Arabidopsis rhd3-8 mutant, both
the replication and the intercellular movement of TuUMV are impaired
(Movahed, Sun, et al., 2019), and a role for RHDS3 in the maturation
of ™MVgK2-induced viral vesicles is suggested. However, as the
effect of RHDS3 inactivation on TuMV systemic infection is minor,
the authors suggested that other fusion factors could be involved
(Movahed, Sun, et al., 2019). It has also been reported that RHD3

is critical for the intercellular trafficking of the tomato spotted wilt
tospovirus and its MP NSm (Feng et al., 2016). In this study, the au-
thors suggested that, because NSm localized to both the ER and PD,
the virus probably recruits essential host factors to facilitate its cell-
to-cell movement via the desmotubule ER (Feng et al., 2016).

Remarkably, the plant RHD3 is the orthologue in yeast of the
atlastin GTPase Sey1, that interacts with reticulons together with
Yop1 (Lee et al., 2013). As ""™V6K2 interacts with RHD3 (Movahed,
Sun, et al., 2019) and with AtHVA22a (this present study), AtHVA22a
could also interact with RHD3, for the maturation of the 6K2-
vesicles of TuMV. This is supported by our observations of a close
proximity of the AtHVA22a/TuMV-6K2 interacting signal with 6K2-
induced vesicles and the colocalization of AtHVA22a to the VRC
during viral infection. No interaction between RHD3 and AtHVA22a
has been described experimentally so far, but this interaction is
strongly suggested by the interaction observed between their ho-
mologues in yeast (Faust et al., 2015; Lee et al., 2013). Interestingly,
Chen et al. (2011) showed that the isoform AtHVA22d-YFP was not
only localized to the tubular ER network but also was concentrated
in punctae along the ER tubules, where it colocalized with a GFP-
RHD3 fusion. Indeed, the authors frequently observed that those
GFP-RHD3 punctae were often localized at the three-way junctions
of tubules. Our own observations (Figure 1b) suggest that the punc-
tae of AtHVA22a interacting with 6K2 could be indeed ER three-
way junctions. Therefore, our results suggest that both RHD3 and
AtHVA22a could both be involved together in TuUMV 6K2-vesicles
formation at the ER level.

Atlastins (homologues of RHD3) have also been shown to interact
with reticulon proteins (RTNs) and DP1/YOP1 in animal and yeast cells
(Lee et al., 2013). In Arabidopsis, reticulon proteins (called RTNLB) have
also been described (Nziengui et al., 2007). The overexpression of a num-
ber of RTNLBs in tobacco leaf epidermal cells is sufficient to constrict
the ER lumen and convert ER sheets into tubules (Sparkes et al., 2010;
Tolley et al., 2008; Zhang, Wen, et al., 2023; Zhang, Yuan, et al., 2023),
suggesting a conserved role for these proteins in eukaryotes. The mem-
brane curvature is induced by two long hydrophobic regions displaying
a wedge-like topology (Wang et al., 2021). In mammals and in yeast,
RTNs have been shown to be proviral factors involved in viral infection
(Aktepe et al., 2017; Diaz et al., 2010). For a plant RNA virus, brome mo-
saic virus (BMV, genus Bromovirus), in a yeast heterologous host system,
Diaz et al. (2010) showed that reticulon homology proteins (RHPs) in-
teract with protein 1a involved in replication, and that RHPs are directly
involved in the formation and function of VRC. For the beet black scorch
virus (BBSV, genus Betanecrovirus), the replication protein p23 is an ER-
localized membrane protein that plays a key role in ER reorganization
for the formation of ER-invaginated VRCs during BBSV infection (Cao
et al., 2015). Very recently (Zhang, Wen, et al., 2023) demonstrated
that RETICULON-LIKE PROTEIN B2 (NbRTNLB2) interacts with p23 of
BBSV and that knocking down NbRTNLB2 expression in N. benthamiana
inhibits BBSV replication and mitigates the p23-induced proliferation
and aggregation of ER membranes. Whether knocking down NbRTNLB2
affects the formation of BBSV replication vesicles like that of BMV in
yeast cells (Diaz et al., 2010) needs further investigation. NbRTNLB2
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seems directly involved in the assembly of BBSV VRCs by inducing ER
membrane rearrangements, a process requiring the presence of a func-
tional APH domain in the C-terminus of the protein. In this study, by
performing a proteomic analysis of biotinylated proteins enriched in p23-
TurbolD purification, besides RTNLB2, the authors also identified the
homologue of AtHVA22a among the components of the p23-proximal
proteome, together with other ER-associated factors, suggesting that
NbHVA22a could also be involved in BBSV replication (Zhang, Wen,
et al., 2023). Furthermore, the authors showed that TuMVg K2 protein
and the viral replicase NIb both interact with NbRTNLB2 in BiFC exper-
iments, and that the accumulation of TuMV is lowered in the inoculated
leaves of NbRTNLB2-silenced N. benthamiana leaves at 3 dpi (Zhang,
Wen, et al., 2023). Furthermore, as shown in Table S1, among the list
of candidate genes obtained after SuY2H screening using 6K2 as a bait,
we identified a homologue in Arabidopsis of NbRTNLB2 (AT4G11220).
However, as this candidate was able to autoactivate the SuY2H system,
we did not go further for functional validation. However, the results of
Zhang, Wen, et al. (2023) strongly suggest that NbRTNLB2 is a reticu-
lon protein that could play a role in replication of TuMV, although at this
point it cannot be excluded that the reduction of the level of TuUMV RNA
in the silenced plants is also linked to a decrease in movement (Zhang,
Wen, et al., 2023). Another protein with reticulon homology domain
in soybean (GmRHP) was also shown to interact with the P3 protein
of soybean mosaic potyvirus and to contribute to viral infection (Cui
et al.,, 2018), confirming the involvement of reticulon-like proteins in po-
tyvirus infection.

However, whether and how RTNs participate in viral replication
and movement remains largely unexplored. It has been suggested that
RTNs could be involved in PD regulation not only by actively constrict-
ing the desmotubule but also by bringing other proteins to membrane
contact sites (Levy & Tilsner, 2020; Tilsner et al., 2011). Interestingly,
some plant virus-encoded MPs mimic or interact with RTNs to facilitate
viral movement (Lazareva et al., 2021; Tilsner & Kriechbaumer, 2022).

Whether interactions between HVA22 homologues and ei-
ther RHD3 or RTN homologues occur in plants remains unknown.
However, a member of the RTN family of A. thaliana (RTNLB13)
was co-immunoprecipitated with the isoform of RHD3 (RHD3-like
2 [RL2]) suggesting that RTNs and RHD3 homologues can interact in
planta (Lee et al., 2013).

3.6 | What are the mechanisms behind the positive
effect of AtHVA22a on TuMV propagation?

Even though it appears clear that AtHVA22a could be involved in
TuMV infection together with ER-shaping proteins such as RHD3
and reticulon-like proteins that both directly interact with "MV6K2,
a question remains: how can we explain that AtHVA22a interacts
with 6K2 and is also colocalized at VRC, but only weakly at PD dur-
ing TuUMV infection, although we observe a slower TuUMV propaga-
tion in the mutants affected in the C-terminal tail of AtHVA22a?

In order to quantify the level of accumulation of TuMV, inde-
pendent of the movement, and as we did not succeed to efficiently

transfect protoplasts isolated from leaves of WT and CRISPR-cCas9
mutants, we chose a remediating option to quantify TuMV accumu-
lation relative to mCherry-HDEL or GFP-HDEL (a proxy for the num-
ber of initially infected cells), and showed that replication of TuMV
is not drastically altered in the CRISPR-Cas9 mutants compared
to WT. However, the surface of the infection foci observed in the
three mutants hva22a-1, -2 and -3 was significantly smaller than in
WT or hva22a-4 mutant (where the C-terminal tail is not truncated).
Therefore, either the lack of the C-terminal domain or the lower ex-
pression level and/or instability of the corresponding mutants, un-
derlies the delayed movement of TuMV.

For potyviruses, both replication and movement (intra- and in-
tercellular) are highly connected steps (Tilsner et al., 2013; Xue
et al., 2023). As stressed by Movahed et al. (2017), the TuMV 6K2-
induced vesicles are not only the site of viral replication, but also the
vehicle for TuMV intercellular movement, and both Cl and P3N-PIPO
are involved in the intercellular movement of 6K2 vesicles. So, it is pos-
sible that the mutation of the C-terminal cytosolic tail of AtHVA22a
would not affect the vesicle formation itself (as we observed that
HVA22aTMD still interacts with 6K2 and at the VRC level), but would
alter the 6K2-vesicle mobility towards the PD. Indeed, in yeast, a role
of Yop1 in regulating vesicle trafficking has been suggested (Brands &
Ho, 2002). In particular, vesicle budding has been speculated to bene-
fit from the membrane curvature observed in ER tubules, as in yeast,
most of the COPII vesicles, which transport cargo from the ER to Golgi,
form in the tubular ER (Okamoto et al., 2012). Interestingly, the orthol-
ogous of AtHVA22k in N. benthamiana, was found in the list of factors
co-immunoprecipitated with the 6K2 of the potyvirus potato virus A
(PVA) during viral infection, suggesting that this AtHVA22k homo-
logue could be part of the PVA VRC (L6hmus et al., 2016). AtHVA22a
could also be involved in the interactions between Cl and P3N-PIPO
and 6K2 that are crucial for TuMV intercellular movement (Movahed
et al., 2017), or may also act directly in the constriction of the ER des-
motubule and modifying the SEL of the PD.

Our present study shows that AtHVA22a protein represents a
new proviral factor and we are only starting to identify the mecha-

nisms behind its positive effect on TuUMV propagation.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant materials, growth conditions,
CRISPR-Cas9 mutants of AtHVA22a

Healthy and infected N. benthamiana and A. thaliana plants were

maintained in a separate insect-proof greenhouse compartment
(18/24°C night/day).

4.2 | AtHVA22a guide RNA cloning

To generate CRISPR-Cas? mutants of AtHVA22a, a specific
guide RNA (z5880, Table 1) targeting the AtHVA22a gene
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(At1G74520) was designed using CRISPOR 4.7 (http://crispor.
tefor.net/). Complementary nucleotides overhangs correspond-
ing to the Arabidopsis U6 promoter (ATTG) and to the scaffold
(AAAC) were added to the forward and reverse sequences of
the guide RNA z5880 (ATTG + ACCCTCGGAGCATTAACATT and
AAAC+AATGTTAATGCTCCGAGGGT, respectively). After the an-
nealing of the forward and the reverse sequences, the resulting
guide RNA sequence was inserted into the Bsal digested pTwist
vector (Nadakuduti et al., 2019) containing a selectable marker
gene ntpll and the resulting pTwist entry clone was verified by
Sanger sequencing (Genoscreen, Lille) after plasmid DNA extrac-
tion using a miniprep kit (QIAGEN). The expression cassette of
the HVA22a guide sequence was transferred by Gateway cloning
(LR reaction) into a pDE-Cas9 destination vector containing spec-
tinomycin resistance gene (for selection of bacterial clones after
transformation) and a Basta resistance gene (for the selection of
transformed Arabidopsis plants). The integrity of the guide RNA se-
quence cassette in the recombinant pDE-Cas9 vector was checked
by sequencing (Genoscreen, Lille) before the transformation of
Agrobacterium tumefaciens C58 with the recombinant pDE-Cas9
destination vector containing the HVA22a guide RNA sequence

cassette.

4.3 | Arabidopsis Col-0 plant transformation

Agrobacteria transformed with the recombinant pDE-Cas9 vector
were grown overnight at 28°C in Luria Bertani (LB) medium in pres-
ence of spectinomycin. Bacterial cells were pelleted by centrifu-
gation (5000rpm, 15min, 4°C) and the pellet was resuspended in
sucrose solution (10%) containing Silwet (0.05%) to reach an OD,
value of 0.9-1.2. This Agrobacterium suspension was used to trans-
form 4-week-old Arabidopsis plants of Col-O ecotype through the
floral dip method (Clough & Bent, 1998).

4.4 | Plant selection and identification of HVA22a
CRISPR-Cas9 mutants

Seeds of the transformed Arabidopsis Col-0 plants were sown on
LB medium containing Basta (10pg/mL) and 2-week-old T, seed-
lings that showed resistance and grew were transferred in soil.
The plants were genotyped by PCR using specific primers pairs
(z6159Fw and z6159Rev, Table 1) to detect potential mutations in
the targeted region. Sanger sequencing of the 372bp-length am-
plicons from 15 independent T, plants and analysis of the sequenc-
ing data using ICE Synthego (https://ice.synthego.com; Hsiau
et al, 2018) allowed the identification of CRISPR-Cas%-edited
plants. The transgenic plants were chosen for self-fertilization
and their seeds were screened in T, generation to select HVA22a
knockout lines. Screening of 72 T, generation plants allowed us to
identify four HVA22a mutants with homozygous insertion or dele-
tion (indels) (Figure S6).

4.5 | Molecular clones and fluorescent-tagged viral
infectious clones

The cDNA of the candidate gene AtHVA22a was cloned from A.
thaliana Col-0 library (used for SuY2H screening), the cDNAs cor-
responding to AtHVA22a-1 to -4 mutants, were cloned after ex-
traction of total RNA from A. thaliana CRISPR-Cas9 mutants, and
cDNA synthesis using the primers designed to amplify the full-
length coding sequence (Table 1). All vector constructs were done
following Gateway cloning strategies (www.lifetechnologies.com),
using pENTR/DTOPO as entry vectors and pGWB-405/754/755
(Nakagawa et al., 2007) pSITE BiFC (Martin et al., 2009) as des-
tination vectors. The cDNA of ™MVP3N-PIPO (Vijayapalani
et al.,, 2012) AHVA222TMD (1-95 aa) and AHYAZ23Cter (96-177 aa)
were cloned in pENTR/DTOPO- vectors as entry vectors and
pGWB-706 as destination vectors for subcellular localization ex-
periments. The mCherry-PDCB1 (Plasmodesmata callose-binding
protein 1), GFP-MCTPé (Multiple C2 domains and transmembrane
region protein) PD marker clones and BFP-HDEL (His-Asp-Glu-
Leu) ER marker clones were kindly provided by Dr E. M. Bayer and
were described in Brault et al. (2019). The pGreenTuMV/nGFP-
cGUS (termed TuMV-GFP), pCambiaTuMV-6K2-mCherry (termed
TuMV/6K2:mCherry),  pCambiaTuMV/6K2:mCherry//GFP-HDEL,
and the mutant pCambiaTuMVW!>A/6K2:mCherry//GFP-HDEL con-
structs were kindly supplied by Dr J. F Laliberté and described in
Rocher et al. (2022). The pCBTuMV-GFP//mCherry-HDEL (termed
TuMV-GFP//mCherry) clone was kindly provided by Dr A. Wang
(Dai et al., 2020). For agroinoculation of the viral constructs in N.
benthamiana, A. tumefaciens cells containing TuMV-derived clones
were infiltrated into the leaves at an OD,, of 0.007. For A. thaliana,
A. tumefaciens cells containing TuMV-derived clones were infiltrated
via a specific buffer (10mM MES pH 5.6, 10mM MgCl,,, 150 uM ace-
tosyringone) into the plant leaves at an OD,, between 0.5 and 0.6.
To monitor TuUMV-GFP propagation in the inoculated leaves, we op-
timized the OD values for agroinfiltration, in order to monitor at 5
dpi individual non-confluent infection foci (originating from single
inoculated cells) under an AxioZoom microscope (Zeiss). The surface
area of the infectious foci was measured using ImageJ software. As
TuMVWlSA/6K2:mCherry mutant cannot move, it should be noted
that a much higher OD for this mutant was used for agroinoculation
compared to the WT, to get sufficient infected tissue for RT-gPCR
analysis.

4.6 | Transient protein expression and confocal
microscopy analyses

Agrobacterium tumefaciens cells harbouring the recombinant plas-
mids encoding fusion proteins were cultured at 28°C overnight to
an OD,, of 0.8. For co-agroinfiltration and BiFC experiments, the
A. tumefaciens suspensions were mixed in 1:1 ratio. In this mixture,
the final dilution of the agrobacteria expressing each fusion protein
was equivalent to an OD,, of 0.2 and the tombusviral silencing
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suppressor protein P19 OD,,, of 0.1 was added to enhance the
transient expression in N. benthamiana cells (Jay et al.,, 2023).
Agrobacteria mixtures were gently infiltrated with a 1mL needle-
free syringe in the lower epidermis of the leaves of 4-week-old N.
benthamiana. Three to 5days after agroinoculation, leaf samples
were imaged using confocal LSM 880 microscopy (Zeiss) with a 20x,
40x or 63x oil immersion objectives to determine the subcellular
localization of the overexpressed proteins. Aniline blue (25uL/mL;
Biosupplies) was infiltrated through the lower epidermal surface
using a 1 mL needle-free syringe by gentle pressure, just before ob-
servation. The 405nm diode laser was used to excite aniline blue or
BFP-HDEL fluorochrome and emission light was captured between
463nmand 491 nm. Argon and DPSS lasers were used to excite fluo-
rescent proteins, and signals from both green and red channels were
collected simultaneously. GFP and YFP were excited at 488 nm, and
the emission light was captured at 499-544nm; mCherry was ex-
cited at 561 nm, and the emission light was captured at 579-633 nm.
Image processing was performed with ImageJ.

4.7 | Colocalization analysis using ImageJ software

The colocalization between the GFP-AtHVA22a signal and ani-
line blue labelling at the PD level was quantified using the cen-
troid object-based method using the 3D objects counter plug-in
of Imagel) software (Ito et al.,, 2021) as described in Rocher
et al. (2022). The colocalized points number/total PD localized
points number is the ratio of GFP-HVA22a PD localization. A sta-
tistical analysis was performed using the % of colocalization value
for at least five images including at least 250 PD pit fields, using
Kruskal-Wallis test.

The representative images of colocalization of GFP-HVA22a
signal with aniline blue labelling at the PD level, or with BFP-HDEL
labelling at ER level, were chosen to perform RGB profile plot in
Imagel's plug-in (https://imagej.net/plugins/rgb-profiler) to show
the peaks of fluorescence intensities at different distances.

For other colocalization analysis the Coloc 2 in Fiji's plug-in
(https://imagej.net/plugins/coloc-2) was used. The results of fluo-
rescence colocalization studies can also be represented graphically
in scatterplots where the intensity of one colour is plotted against
the intensity of the second colour for each pixel. Under the con-
ditions of proportional codistribution, the points of the scatterplot
cluster around a straight line whose slope reflects the ratio of the
fluorescence of the two probes. In contrast, the lack of colocal-
ization is reflected by the distribution of points into two separate
groups, each showing varying signal levels of one probe with little or
no signal from the other probe (Dunn et al., 2011).

4.8 | RNA extraction and RT-gPCR

Total RNA extraction from A. thaliana WT and CRISPR-Cas9 mu-
tant lines infected with TuMV-GFP//mCherry was performed using

the NucleoSpin RNA Plant Kit (Macherey Nagel). Five independent
plants for each condition were sampled in three independent ex-
periments. The purified RNAs were treated once again by DNase
| with the TURBO DNase-free kit (Invitrogen) and RNA concen-
tration was determined by measuring absorbance at 230, 260
and 280nm in a microplate UV-vis spectrophotometer (Agilent
BioTek Instrument). The total RNA was adjusted to 50mg/mL and
was reverse transcribed according to the manufacturer's instruc-
tions using the RevertAid H-Minus enzyme (Thermo Scientific)
and oligo(dT,g) primer. cDNA was used to perform the real-time
quantitative PCR on the Light Cycler 480 Instrument Il (Roche),
using the Light Cycler 480 SYBR Green | MASTER Kit (Roche
Diagnostics). The PCR mixture included per well 10uL of master
mix, 0.6 pL of each primer (0.3 mM) (CP, mCherry and ubiquitin as
housekeeping gene; Table 1), 3.8 L of water and 5pL of cDNA.
Thermal cycling conditions were as follows: 15s at 95°C; followed
by 40cycles of 5s at 95°C, 20s at 58°C and 30s at 72°C. The rela-
tive expression level of the target genes (CP and mCherry, fold-
changes) was expressed according to the reference gene (ubiquitin)

as 2—A(Ct target gene-CtUb

). Then, ratios of CP on mCherry expression
transcripts transcribed from the cassette of the same construct
but independent of the TuMV virus were calculated in order to
avoid the bias of agroinfiltration efficiency.

To quantify the expression level of AtHVA22a at O dpi and 6
dpi (inoculated leaves) and 13 dpi (systematically infected leaves),
total RNA extraction from A. thaliana inoculated with GFP (mock
condition) or infected with TuMV-GFP//mCherry was performed
as described above. Four independent plants for each condition at
the three time points were sampled in three independent experi-
ments. RT-qgPCR was performed as described above, using the prim-
ers qHVA22a2-Fwd and qHVA22a2-Rev (Table 1) that are specific
to amplify the AtHVA22a copy. The relative expression level of the
target gene, AtHVA22a, was expressed according to the reference
gene (ubiquitin) as 274 (Ct targetgene-CtUb) The infection of TUMV in both
inoculated leaves and systematically infected leaves was confirmed
by RT-PCR with CP primers (Table 1).

4.9 | Interaction analyses through SuY2H and
BiFC assays

Split ubiquitin analysis was performed using the Y2H system from
DUALmembrane system (Dualsystems Biotech AG). AtHVA22a and
TuMVeK2 cDNA were amplified by PCR using Sfil restriction site-
containing primers (Table 1) with subsequent orientated cloning
of cDNA into pPR3N prey and pBT3N bait vectors. The constructs
pBT3N:CER1 and pPR3N:CytB5-B were kindly supplied by Bernard
et al. (2012) and were used as an internal positive control as de-
scribed in Rocher et al. (2022). THY.AP4 yeast strain (MATa ura3
leu2 lexA-lacZ-TRP1 lexA-HIS3 lexA-ADE?2) cells were co-transformed
with pBT3N:6K2 and pPR3N:HVA22a. The bait pBT3N:CER1
was used as a negative control for the prey pPR3N:HVA22a. The
prey pPR3N:CytB5-B was used as a negative control for the bait
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pBT3N:"™™V6K2. Transformants were selected on medium lacking
Trp and Leu (-TL), and interactions were assayed on stringent media
lacking His, Trp and Leu (-HTL) and adenine (-AHTL) supplemented
with 1mM 3-AT (Sigma).

Protein-protein interactions were assessed in planta by BiFC
as described in Rocher et al. (2022). ™™V6K2 cDNA was fused
in-frame via the LR clonase Gateway reaction (Invitrogen) to the
C-terminal half of YFP (NY) in the pSITE-nEYFP-C1 vector (ABRC
CD3-1648) (i.e., "YFP-T"MV6K2) and the cDNA encoding AtHVA22a
to the N-terminal half of YFP (CY) in the pSITE-cEYFP-N1 vector
(ABRC CD3-1651) (i.e., AtHVA22a-cYFP). pDONR HVA22a-TMD
(1-97 aa) as entry vector (kindly supplied by Dr Jens Tilsner) was re-
combined with Destination vector pSITE-cEYFP-N1 vector (ABRC
CD3-1651) (i.e., AMVA225TMD-cYFP). The cDNA encoding AtHVA22ac-
ter (96-177 aa) was fused to the N-terminal half of YFP (CY) in
the pSITE-cEYFP-N1 vector (ABRC CD3-1651) (i.e., AHVA223C ter-
cYFP). For fluorescence complementation tests, compatible combi-
nations between protein pairs (i.e., providing both parts of the YFP)
were assayed by transient expression following agroinfiltration of
N. benthamiana leaves. YFP fluorescence was detected 3 days after
infiltration by confocal fluorescence microscopy. The lambda scan
mode confirmed that for some region-of-interest (ROI) spots, a
maximum of fluorescence emission was observed at 530 nm, which
corresponds to YFP emission wavelength.

4.10 | Protein analysis, western blots and
quantitative western blots

Plant leaf tissue was ground in liquid nitrogen and 200pL of the
Laemmli buffer was added to the powder (200mM Tris-HCI pH 6.8,
4% SDS, 20% glycerol, 0.05% bromophenol blue and 100mM dithi-
othreitol). Following boiling for 10min, the homogenate was cen-
trifuged at 10,0008 for 1min. Proteins were separated on 10%
SDS-PAGE gels and blotted onto nitrocellulose membranes. The
membranes were probed with antibodies raised against GFP (GFP
rabbit polyclonal antibody, TP 401 AMSBIO, dilution 1:3000), an-
tibodies raised against RFP (RFP mouse monoclonal antibodies,
AS153028, Agrisera, dilution 1:3000), anti-polyhistidine monoclo-
nal antibodies produced in mouse (H1029, Sigma, dilution 1:3000)
or polyclonal antibodies recognizing the N- or C-terminal of YFP
(Ref-AS11 1776 and Ref-AS11 1775 Agrisera, Vannas, Sweden, di-
lution 1:2000). Anti-rabbit 1gGs coupled with peroxidase (A-9169
from Sigma-Aldrich, dilution 1:3000) or anti-mouse IgGs coupled
with peroxidase (A-9044 from Sigma-Aldrich, dilution 1:3000) were
used as secondary antibodies. Detection was finally achieved using
the ChemiDoc Imaging System (Bio-Rad) and the Amersham ECL
Western Blotting Detection Kit.

In quantitative western blots, proteins were separated in 10%
TGX Stain-Free polyacrylamide gels at 300V for 20-25min. TGX
Stain-Free polyacrylamide gels (10%) were mixed by acrylamide
solutions and buffers from TGX Stain-Free FastCast Acrylamide

Kit. In order to visualize the total proteins, the gels were then
placed in a ChemiDoc MP Imaging System (Bio-Rad) for activation
by exposure to UV light for 1 min. Proteins were transferred to a
nitrocellulose membrane blot in 7 min using the Trans-Blot Turbo
Transfer System (Bio-Rad). A stain-free blot image was taken
using the ChemiDoc MP System for total protein measurement in
each sample lane. Loading controls are two bands chosen from
stain-free blot images. The blot was blocked in a blocking buffer
(Rockland Immunochemicals, Inc.) for 1 h at room temperature and
probed overnight at 4°C with primary antibody raised against GFP
(GFP rabbit polyclonal antibody, TP 401 AMSBIO) or actin (actin
rabbit, polyclonal antibody, AS13 2640 Agrisera, dilution 1:5000).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit anti-
bodies (Sigma-Aldrich) applied to the blot at a dilution of 1:3000
for 1h at room temperature. All antibodies were diluted in block-
ing buffer. Chemiluminescent signals were developed using Clarity
Western ECL substrate (Bio-Rad) and captured by the ChemiDoc
MP System. Image data were analysed using Image Lab v. 4.1
Software (Bio-Rad). Statistical analysis was done using Microsoft

Excel Software.

4.11 | Insilico analysis and statistical analysis

Statistical analysis was performed using R v. 4.2.2 software. As
mentioned in the figure legends, statistical significance was deter-
mined using either a Kruskal-Wallis bilateral test for GFP-HVA22a
PD localization or a one-way analysis of variance, when significant
(p <0.05), followed by a Student's t test for the other experiments.
The protein 3D structure predictions were performed by using
AlphaFold in google colab website (https://colab.research.google.
com/github/deepmind/alphafold/blob/main/notebooks/Alpha
Fold.ipynb) and edited by using SPDBV_4.10 (Jumper et al., 2021).
The predictions of transmembrane domains were performed by
using Phyre2 website (http://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index; Kelley et al., 2015). Alignments were
performed using ClustalW (https://www.genome.jp/tools-bin/
clustalw; Thompson et al., 1994). The website ‘Easy Sequencing
in PostScript’ (ESPript) was used to render sequence similarities
and secondary structure information from aligned sequences
(https://espript.ibcp.fr/ESPript/ESPript/index.php;  Robert &
Gouet, 2014).

412 | Construction of phylogenetic tree

The amino acids sequences of A. thaliana HVA22 used for phylo-
genetic analysis were downloaded from the website TAIR (https://
www.arabidopsis.org/). The phylogenetic tree was constructed
by using maximum-likelihood method and the best protein model
(LG+G+1+F) was chosen according to the Model Analysis in MEGA
11 (Tamura et al., 2021).
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