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Tomato SIGSTU38 interacts with the PepMV coat protein and
promotes viral infection
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Introduction

Pepino mosaic virus (PepMV; genus Potexvirus, family Alphaflex-
wiridae) was described for the first time in 1999 as a tomato
pathogen in the Netherlands (van der Vlugt ez 4/, 2000, 2002),
since then spreading rapidly to the main tomato-producing areas
world-wide (Hanssen & Thomma, 2010; Gémez et al., 2012).
PepMV-induced symptoms may vary depending on the virus iso-
late and environmental conditions (Hanssen & Thomma, 2010;
Sempere et al., 2016), but very frequently include irregular pig-
ment distribution during fruit ripening, which severely affects
fruit quality and marketability. PepMV is transmitted mechani-
cally in a very efficient manner, and its control is difficult, mainly
relying on prophylaxis. Cross-protection against PepMV  has
been described (Hanssen ef al., 2010; Agtiero ez al., 2018), and it
is being widely adopted in Europe, as no commercial resistant
tomato varieties have been deployed yet. This is despite the
repeated attempts to identify sources of resistance to PepMV in
the natural diversity of Solanum spp. (e.g. Soler-Aleixandre
et al., 2007). The identification of new sources of resistance could
significantly contribute to the improvement of PepMV control.
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Summary

e Pepino mosaic virus (PepMV) is pandemic in tomato crops, causing important economic
losses world-wide. No PepMV-resistant varieties have been developed yet. Identification of
host factors interacting with PepMV proteins is a promising source of genetic targets to
develop PepMV-resistant varieties.

e The interaction between the PepMV coat protein (CP) and the tomato glutathione
S-transferase (GST) SIGSTU38 was identified in a yeast two-hybrid (Y2H) screening and
validated by directed Y2H and co-immunoprecipitation assays. SIGSTU38-knocked-out
Micro-Tom plants (gstu38) generated by the CRISPR/Cas9 technology together with live-cell
imaging were used to understand the role of SIGSTU38 during infection. The transcriptomes
of healthy and PepMV-infected wild-type (WT) and gstu38 plants were profiled by RNA-seq
analysis.

¢ SIGSTU38 functions as a PepMV-specific susceptibility factor in a cell-autonomous manner
and relocalizes to the virus replication complexes during infection. Besides, knocking out
SIGSTU38 triggers reactive oxygen species accumulation in leaves and the deregulation of
stress-responsive genes.

e SIGSTU38 may play a dual role: On the one hand, SIGSTU38 may exert a proviral function
depending on its specific interaction with the PepMV CP; and on the other hand, SIGSTU38
may delay PepMV-infection sensing by participating in the redox intracellular homeostasis in
a nonspecific manner.

The PepMV genome is a positive-sense single-stranded RNA
molecule with a 5’cap, a polyA tail, and five ORFs encoding the
RNA-dependent RNA polymerase (RdRp), the triple gene block
(TGB) proteins 1, 2, and 3, and the coat protein (CP). The CP
oligomerizes to form the capsid that protects the viral RNA in
the viral particle (Agirrezabala ez al., 2015). The PepMV CP has
three major regions, an N-terminal flexible arm responsible for
lateral CP—CP contacts in the virion, a core region with an RNA-
binding pocket, and a C-terminal extension that protrudes from
the core region, participating in longitudinal CP—CP contacts.
The overall topology of the PepMV CP is conserved in all the
CPs of flexuous filamentous plant viruses and some nucleocapsid
proteins of animal viruses (Agirrezabala et al, 2015; Zamora
et al., 2017). The PepMV CP is also an RNA silencing suppres-
sor that interacts with TGB1 (Mathioudakis ez a/., 2014). Potex-
virus TGB proteins are critical for viral RNA intra and
intercellular trafficking (Park e 4/, 2014) and are involved in
reorganizing the cell cytoskeleton and recruiting endoplasmic
reticulum (ER) and Golgi apparatus (GA) vesicles into the viral
replication complexes (VRCs; Tilsner ez al, 2012, 2013;
Ruiz-Ramén ez al,, 2019). For the model potexvirus potato virus
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X (PVX), TGB2 and 3 remodel the ER at plasmodesmata (PD)
entrances to form membrane structures where viral replication
takes place, possibly facilitating co-replicational cell-to-cell trans-
port; TGB1 and CP have a critical role in directing the viral
RNA through the PD (Tilsner ez al, 2013). In parallel, cytoplas-
mic TGB2/3 vesicles aggregate onto TGB1-reorganized actin fil-
aments to build the VRC, which shows regionalization of its
components (Tilsner ez al., 2012). PepMV induces similar bodies
in infected cells that are likely to be VRCs (Minicka et al., 2015;
Ruiz-Ramén ez al., 2019). Viral replication complexes (VRCs)
are cellular pseudo-organelles whose formation and activity
implies deep ultrastructural changes (Nguyen-Dinh & Her-
ker, 2021; Sanchez-Pina et al., 2021) and likely the recruitment
of a multitude of host factors. However, the number of host fac-
tors known to play a role in the potexvirus biology is still very
limited, including few host proteins that interact with the CP
(Candresse et al, 2010; Cho et al, 2012; Mathioudakis
et al, 2012; Park & Kim, 2013; Lim et al, 2014; Choi
etal, 2016).

Glutathione S-transferases (GSTSs) are universal in eukaryotes
and prokaryotes and are encoded by a very large gene family
organized into 36 classes, with 14 of them present in eukaryote
photosynthetic organisms including the tau (GSTU) class (Vaish
et al., 2020). Plant GSTs have different functions. GSTss catalyze
the conjugation of the tripeptide glutathione (y-L-glutamyl-L-
cysteinyl-glycine; GSH) to detoxify electrophilic toxic molecules
such as xenobiotics, promoting their vacuolar sequestration
(Martinoia e al., 1993). Some GST's have glutathione peroxidase
activity (Bartling ez al, 1993; Wagner et al, 2002; Dixon
et al., 2009) and participate in antioxidative defense. GSTs are
also involved in secondary metabolism, growth and development,
and response against biotic and abiotic stresses (Vaish
et al., 2020). A relationship between redox balance, GST activity
level, and resistance to pathogens has been observed in different
crop cultivars (Gullner ez al, 2018). GSTs may also modulate
protein S-glutathionylation, a post-translational modification
that may have a protective effect under oxidative conditions, or
may regulate the activity of the modified protein (Grek
et al., 2013). In particular, a Nicotiana benthamiana D. GST,
NbGSTU4, has been described to bind to the bamboo mosaic
virus (BaMV) genomic 3’ UTR, and Nb6GSTU4 gene silencing
results in a decrease in BaMV replication (Chen ez a4l., 2013).
Other antioxidant proteins have been identified to interact with
PepMV proteins. Tomato catalase 1 (CAT1) interacts with
PepMV TGBI, and silencing of the CAT1 coding gene nega-
tively affects viral accumulation; moreover, an increase in catalase
activity was observed in PepMV-infected plants and plants
expressing TGB1 (Mathioudakis ez 4/, 2013). The same research
group also described the interaction between PepMV TGBI1 and
a thioredoxin, but the biological function of this interaction
remains unknown (Mathioudakis ez 4/, 2018).

In this work, we identified and validated the interaction
between PepMV CP and a tomato GST belonging to the rau
class (SIGSTU38), showing that this interaction is specific among
the tomato GSTUs that are phylogenetically close to SIGSTU3S.
We also show here that SIGSTU38 localizes within the PepMV
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VRCs. We generated SIGSTU38-knocked-out tomato (cv
Micro-Tom) plants using the CRISPR/Cas9 technology; these
plants showed loss of susceptibility to PepMV, indicating that
SIGSTU38 is a susceptibility factor for PepMV. We also com-
pared the transcriptomic profiles of healthy and PepMV-infected
gstu38 and wild-type (WT) plants, and we observed a preactiva-
tion of immune and stress responses in healthy gsz38 plants.
Tomato plants edited in S/IGSTU38 may be a valuable source of
resistance to PepMV.

Materials and Methods

Plant and virus material

Solanum lycopersicum L. (cv Money Maker and cv Micro-Tom)
and Nicotiana benthamiana D. plants were used in this work. All
the plants grew in a growth chamber or in a controlled environ-
ment glasshouse set at 25°C with a 16 h : 8 h, light : dark cycle.
The virus isolate used was PepMV-Sp13 (Aguilar er al, 2002),
and the agroinfective clone pBPepXL6 derived from it (Sempere
et al., 2011) as initiator of PepMV infections. Tobacco mosaic
virus (TMV; PV-1252) and PVX (PV-0017) isolates were
acquired from the DSMZ collection.

Tomato cDNA library and yeast two-hybrid screening

The tomato ¢cDNA normalized library was built by Evrogen
(Moscow, Russia), and the Y2H screening was conducted by
Dualsystems Biotech (Zurich, Switzerland) following its own
protocol (Supporting Information Methods S1).

DNA constructs

The Gateway cloning technology (Invitrogen) was used to pre-
pare most of the DNA constructs. The primers and templates
used for the amplification of the coding sequences (CDSs) of
PepMV CP and SIGSTUs genes are shown in Tables S1 and S2.
The Gateway amplicons were cloned into the donor vector
pDONR/Zeo after the BP reaction (Invitrogen). DNA prepara-
tions of the entry vectors were used for LR reactions (Invitrogen),
for cloning into the destination vectors pGADT7 and pGBKT7-
GW (Lu et al, 2010) for Y2H; pGWB2, pGWB452 and
pGWB455 (Nakagawa et al, 2007a,b) for ColP, and protein
localization. The resulting expression vectors are shown in
Table S2. All of these expression vectors were used to transform
C58C1 Agrobacterium tumefaciens cells, except pGADT7 and
pGBKT7-based vectors for Y2H, which were used to transform
AH109 yeast cells (Gietz & Schiestl, 1994).

For the generation of the CRISPR/Cas9 plasmid pAGO-
GST19, we designed a guide RNA (gRNA) by submitting the
SIGSTU38 CDS to the online tool Breaking Cas (Oliveros
et al., 2016). After selecting the gRNAs with no off-targets, sec-
ondary structures of the candidate gRNAs fused to the RNA scaf-
fold were predicted using the MFoLD web server (http://www.
unafold.org/) (Zuker, 2003); we chose the guide with optimal
folding (Liang er al, 2016) and located as upstream of the
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SIGSTU38 CDS as possible; we named it GST19. Two comple-
mentary primers (CE1981 and CE1982; Table S1) overlapping
the GST19 sequence with a 5’ cohesive Bbsl terminus were
annealed and cloned into the Bbsl-treated pBS_KS_gRNA_Bbsl
plasmid (Abiopep SL, Murcia, Spain) (Pechar ez al., 2022) result-
ing in the plasmid named pA58-GST19, whereby the GST19
gRNA was fused to the RNA scaffold that binds the Cas9 nucle-
ase. The plasmid pA58-GST19 and pK7_CAS9-TPC_MCS
(Abiopep SL) (Pechar ez al, 2022), a binary expression
vector carrying the Cas9 nuclease gene and the neomycin
phosphotransferase I (nptll) plant transfection reporter gene
conferring kanamycin resistance, were digested with Spel and
Kpnl. After electrophoretic fractionation and gel purification of
the fragments of interest, the GST19 gRNA fused to the
RNA scaffold was cloned into the plasmid pK7_CAS9-
TPC_MCS resulting in the binary expression vector pAGO-
GST19. Then, GV3101 A. tumefaciens cells were transformed
with pA60-GST19.

Directed yeast two-hybrid assay

Directed Y2H experiments were performed with Clontech match-
maker GAL4 System following the manufacturer’s recommenda-
tions. Briefly, AH109 yeast cells were co-transformed (Gietz &
Schiestl, 1994) with the following pairwise construct combina-
tions: pGADT7-AgT (SV40 large T antigen) + pGBKT7-p53
(tumor suppressor p53) and pGADT7-CP + pGBKT7-CP as pos-
itive controls; pGADT7-AgT + pGBKT7-lamC (laminin C) as
the negative control; pGADT7-CP+ pGBKT7-lamC and
pGADT7-AgT + pGBKT7-CP as CP transcription autoactiva-
tion controls; pGADT7-AgT + pGBKT7-SIGSTUs as SIGSTUs
transcription autoactivation controls; and finally pGADT?7-
CP + pGBKT7-SIGSTUs. Co-transformed yeast cultures were
incubated with constant stirring at 30°C o/n, and next day they
were serially diluted to 1: 10, 1: 100 and 1 : 1000. Three microli-
tres drops of each dilution from each culture were placed in
co-transformation medium agar plates (SD—Leu/—Trp) and in
selective media agar plates (SD—Leu/—Trp/—His, SD—Leu/—
Trp/—His/+2mM 3-AT, and SD—Leu/—Trp/—His/—Ade)
and incubated at 30°C. Yeast growth was checked 2-3 d after.

Co-immunoprecipitation assay and immunoblot analysis

For the co-immunoprecipitation (ColP) assay, three leaves of 5
N. benthamiana plants were syringe-agroinfiltrated (Ruiz-Ramén
et al., 2019) to express P19 (the tomato bushy stunt virus P19
RNA silencing suppressor) with the CP plus free GFP or GFP-
SIGSTU38. Six disks from each infiltrated leaf were harvested for
protein extraction with RIPA buffer (10 mM Tris—HCI pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 1% Triton X-100,
1% deoxycholate) supplemented with protease cocktail inhibitor
(Roche) and DNasel (Roche). The protein extracts were used as
the input for CoIP using green fluorescent protein (GFP)-Trap™
Agarose and spin columns (Chromotek, Planegg, Germany) fol-
lowing the manufacturer’s indications. For the immunoblot anal-
ysis, inputs and bound fractions premixed with 5x Laemmli
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loading buffer (300 mM Tris—HCI pH 6.8, 50% Glycerol, 10%
SDS; 0.05% bromophenol blue, 5% 2-mercaptoethanol) were
loaded in a 12% SDS-PAGE gel and tank-electrotransferred to
nitrocellulose membranes (Amersham Biosciences, Bucking-
hamshire, UK). Blots were probed for: CP detection with a poly-
clonal antibody raised in rabbit (AC Diagnostics Inc.,
Fayetteville, AR, USA); and for the GFP and GFP fusion pro-
teins detection with an anti-GFP-monoclonal antibody raised in
rat (Chromotek). The primary antibodies were detected by anti-
rabbit or anti-rat immunoglobulin G (IgG) coupled to horserad-
ish peroxidase (Promega) and chemiluminescent (ECL) substrate

(SuperSignal West Femto Chemiluminescent Substrate; Thermo
Fisher Scientific, Waltham, MA, USA).

Tomato transformation for SIGSTU38 CRISPR/Cas9 editing

GV3101 A. tumefaciens cells transformed with pA60-GST19
were used for Micro-Tom transformation following a previously
described method (Eck et al., 2006). Four plants from two lines
of TO plants with WT phenotype were transferred to soil in pots
and acclimatized in growth chamber. Mutations in S/IGSTU38
were identified in T1 generations using Phire Tissue direct PCR
(Thermo Fisher Scientific). Biallelic edited plants with a prema-
ture stop codon next to the PAM sequence were selected, and T2
generation seeds were obtained. Then, the T2 progeny was ana-
lyzed by PCR to select individual plants that had lost the trans-
gene. Seeds from plants not bearing the transgene were collected
and multiplied for further experiments.

PepMV, TMV, and PVX susceptibility assays

The first two true leaves of 3-wk-old S/GSTU38-knocked-out
plants (gst#38) and WT plants were mechanically inoculated
with 10 pl each of 0.1 pgul™" PepMV virion prepared as in
Agirrezabala et al. (2015), or with homogenates from N. ben-
thamiana leaves systemically infected with TMV or PVX
ground in 30 mM phosphate buffer pH8.0. At 7 or 14-d
postinoculation (dpi), the upper noninoculated Micro-Tom
leaves were harvested individually from each plant, and total
RNA was extracted with TRI reagent (Molecular Research
Center Inc.) followed by phenol—chloroform purification and
RNA ethanol precipitation. Then, RNAs were treated with
DNasel (Sigma Aldrich), quantified using a NanoDrop One
(Thermo Fisher Scientific), and normalized, and RNA integrity
was checked by agarose gel electrophoresis. Finally, the PepMV
absolute quantitation from each RNA preparation was carried
out with the one-step NZYSpeedy RT-qPCR Green, ROX
plus kit (NZYTech) following the manufacturer’s indication
and using the primers CE2651 and CE2652 (Table S1) and a
standard curve obtained from 1 : 10 serial dilutions of a
5ngul~" PepMV-disassembled RNA stock. TMV and PVX
were quantified by reladve RT-qPCR (NZYTech, Lisbon,
Portugal) using the 25S ribosomal RNA (25S) and the elonga-
tion factor l-alpha (eEFla) as housekeeping RNAs. We used
primers CE2415 and CE2416 for the 25S amplification and
CE1199 and CE1200 for the eEFla (Table S1).
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Protoplast isolation and PepMYV inoculation

Micro-Tom protoplasts were isolated as described by Nieto
et al. (2011). Three million protoplasts were resuspended in
300 pl of LAVO0.5 (1x Murashige & Skoog medium, 0.51 mM
MES, 0.1 M Glycine, 0.4 M Mannitol, pH adjusted to 5.7),
mixed with 75 pig of PepMV virion in a 1.1 vol of PEG-Ca (30%
PEG-4000, 0.4 M Mannitol pH 5.7, 0.3 mM CaCl,), and incu-
bated at room temperature for 6 min. Then, 4.4 vol. of W5
(2mM MES pH5.7, 5mM KCl, 125mM CaCl,, 150 mM
NaCl) were slowly added to the mixture, centrifuged at 100 g for
1 min, after which the supernatant was discarded. Protoplasts
were washed with 8 ml of LAVO0.5, precipitated by centrifugation
at 200 g for 3 min, and resuspended in 2.5 ml of LAVO0.5. The
protoplast suspension was transferred to a glass Petri dish, and
the time #= 0 was sampled immediately. Then, protoplasts were
incubated at 25°C and constant light for 20-22 h, after which
time #= 1 was sampled. After sampling, protoplasts were precipi-
tated by centrifugation at 250 g for 3 min and resuspended in
TRI reagent (Molecular Research Center Inc.) for total RNA
extraction as described previously. PepMV quantification was
carried out by relative RT-qPCR using the 25S ribosomal RNA
as a housekeeping RNA.

Live-cell confocal imaging

The localization of fluorescent protein (FP) fusions was carried
out using N. benthamiana as the experimental host. FP fusion
proteins and PepGFPm2 (Ruiz-Ramén er al., 2019) were tran-
siently expressed together with P19 in N. benthamiana leaves by
syringe agroinfiltration (Ruiz-Ramén ez al., 2019) at ODgqg of
0.25, 0.2, and 0.1, respectively. Sections of agroinoculated /.
benthamiana leaves at 3—5-d postagroinfiltration were infiltrated
with water (to avoid bubble formation when observing under the
microscope) and mounted onto glass microscope slides using
double-sided tape and covered with a #1.5 cover glass (Duran
Group Inc., Mainz, Germany) adding a small drop of water
between the sample and the cover. All the images were taken in a
Leica SP8 confocal laser scanning microscope with a glycerol-
dipping x63 lens (Leica, Wetzlar, Germany). The excitation
wavelengths used were as follows: 488 nm for GFP and 561 nm
for monomeric red fluorescent protein (mREFP). Detection ranges
were optimized for each FP, and sequential scanning was used
when co-localizing GFP and mRFP fusion proteins. The Micro-
scope and Hybrid detectors (Leica) settings were adjusted for
each individual image for optimizing the contrast. Images were
collected using LasX software (Leica), and if necessary, the maxi-
mum projection tool was used.

RNA sequencing and data analysis

Three bulks per treatment of three normalized RNA extracts from
individual mock-inoculated and PepMV-infected WT and gszu38
plants from the PepMV-susceptibility assay at 7 dpi were prepared
for RNA sequencing (RNA-seq). RNA-seq libraries were gener-
ated using the TrueSeq Stranded mRNA LT kit protocol with
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ribosomal depletion using Ribo-Zero plant kit (Illumina, San
Diego, CA, USA). RNA-seq libraries were sequenced using the
[llumina Novaseq 6000 platform (Macrogen Inc., Seoul, South
Korea) to obtain PE 150-bp reads. The bioinformatics pipeline
was described previously (Alcaide er al., 2022). Briefly, raw data
quality was analyzed using the FasTQC tool (Andrews, 2010), and
low-quality reads (Phred <30) and adapter traces were removed
using TRIMMOMATIC (Bolger ez al, 2014). Filtered reads were
mapped against v.SL2.5 of the reference Solanum lycopersicum
genome (https://solgenomics.net) (Fernandez-Pozo er al., 2015)
using the MEM algorithm of Bwa software (Li & Durbin, 2009),
and mapping quality was analyzed using QUALIMAP BAMQC
(Garcia-Alcalde ez al., 2012). The number of reads mapping to
each mRNA (v.2.4 of gene annotations) was counted using the
FeatureCounss function from the RSUBREAD R package (Liao
et al., 2019). The Bioconductor package DESEQ2 (Anders &
Huber, 2010; Love et al., 2014) was used to determine differen-
tially expressed genes (DEGs) between pairwise comparisons. The
combined list of DEGs represents the list of genes used in next
steps. The relative level of expression per gene was calculated as
normalized read counts to fragments per kilobase per million
mapped reads (FPKM). Expressed genes were considered those
DEGs with an FPKM value higher than 1 in at least one treat-
ment. R functions /Clustand plorwere used to compute and draw
the hierarchical clustering dendrogram of samples. PRcOMP and
the FACTOEXTRA package were used to compute and draw the prin-
cipal component analysis (PCA) plot. The Venn diagram of
expressed genes and the GS7 genes heatmap were drawn using the
VennDiagram and the PHEATMAP R packages, respectively. We
considered PepMV-specific genes as those for which the FPKM
value in PepMV-infected WT or gsz38 plants was at least twofold
the value in mock-inoculated WT or gsz138 plants, respectively, as
described by Feng er al. (2017). Finally, PepMV-specific genes
were clustered in k=12 discrete clusters regarding their expression
pattern per treatment using HCLUST. Manual inspection of gene
functions of clusters 4 and 6 was performed using the predicted
protein sequence from v.SL2.5 of the Solanum lycopersicum gen-
ome (https://solgenomics.net) of each gene, against the UNIPROT
database (http://www.uniprot.org). To validate the RNA-seq
data, the expression patterns of selected transcripts in the RNA
bulks were analyzed by relative RT-qPCR using the one-step NZY
Speedy RT-qPCR Green kit, ROX plus (NZYTech), and ¢£Fla
as the housekeeping gene. We used primers CE3247/CE3248,
CE3278/CE3279, CE3241/CE3242, CE3272/CE3273, and
CE1199/CE1200 for the Solyc094092260.2, Solyc07¢041730.2,
Solyc02¢089620.2, Solyc02¢078150.2, and ¢EFI1A amplification,
respectively (Table S1).

Peroxidase (POX) and GST activities, lipid peroxidation
determination and histochemical detection of H,O5 and
superoxide radicals (O,")

The POX and GST activities, the extent of lipid peroxidation (by
estimating malondialdehyde) and the histochemical staining of
reactive oxygen species (ROS) in leaves were detected according
to Diaz-Vivancos et al. (2008). The H,O, detection was carried
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out by endogenous POX-dependent iz sizu staining with 3,3-
diaminobenzidine whereas O,” detection was performed using
nitro blue tetrazolium. Then, for both stainings, leaves were
decolorized with 80% (v/v) ethanol and photographed under vis-
ible light.

Chlorophyll fluorescence

The chlorophyll fluorescence parameters quantum yield of PSII
(Y(PSII)), photochemical quenching (qP), nonphotochemical
quenching (NPQ and qN), and the electron transport rate (ETR)
were determined using a Pulse-Modulated Chlorophyll Fluores-
cence Monitoring System (FMS2+ Hansatech). The chlorophyll
fluorescence measurements were performed only at 14 dpi
because at 7 dpi leaves were not big enough to properly accom-
modate the fluorometer clamp.

Results

Identification of a tomato glutathione S-transferase
specifically interacting with the PepMV CP

In order to identify host proteins interacting with the PepMV
CP, we carried out a Y2H screening of a ¢cDNA normalized
library prepared from leaves of healthy and PepMV-infected
tomato plants at different infection times. SIGSTU38, a pre-
dicted GST belonging to the zau class (Islam ez al., 2017) and
encoded by locus Solyc09¢011580 (ITAG release 2.40), was iden-
tified as a highly likely PepMV CP-interacting protein (Fig. S1).

The SIGSTU38-CP interaction was checked in a directed
Y2H assay (Fig. 1a). A set of SIGSTU38 homologs was also
included in this assay to analyze the specificity of the potential
CP-SIGSTU38 interaction. The tomato GST zau class includes
57 members (Islam et al, 2017). A Brastp search in The Sol
Genomics  Network  database  (https://solgenomics.net)
(Fernandez-Pozo et al, 2015) using the SIGSTU38 protein
sequence as query identified 25 homologs with an e-value below
1e-50 (Table S3). As the family is large, we selected SIGSTU29,
SIGSTU35, SIGSTU36, SIGSTU37, SIGSTU39, and
SIGSTUA4O0 for this assay because of their phylogenetic proximity
to SIGSTU38 (Fig. S2). All the yeast cultures grew on the
double-dropout co-transformation medium, indicating they were
correctly co-transformed (Fig. 1a). Only the positive controls and
the co-transformant CP + SIGSTU38 were able to grow on the
three interaction media (Fig. 1a). Negative controls and yeast cul-
tures co-transformed with any of the SIGSTU38 homologs tested
and the CP did not grow on any interaction media, confirming a
very specific SIGSTU38-CP interaction in yeast.

We next used a ColP assay to test whether the interaction
between the CP and SIGSTU38 takes place in plant cells. The
CP was expressed together with free GFP or SIGSTU38 fused to
GEFP in N. benthamiana leaves. Protein extracts were prepared
from leaves and used as inputs for ColP with a specific GFP-trap
agarose. The inputs and the GFP immunoprecipitations were
analyzed in western blots probed with antibodies against either

GFP or PepMV CP. The ColP assay showed that the CP
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specifically coeluted with the immunoprecipitated GFP-
SIGSTU38, but was not detected in the bound fraction of the
negative control (Fig. 1b), showing that the CP-SIGSTU38 inter-

action also takes place in planta.

SIGSTU38 is a PepMV-specific susceptibility factor with a
cell-autonomous effect

SIGSTU38-knocked-out tomato cv Micro-Tom plants (gszu38)
were generated by using the CRISPR/Cas9 technology. We
designed a guide RNA (gRNA) targeting the SIGSTU38 as close
as possible to the 5’ end of the coding sequence, with no pre-
dicted off-targets, and with an optimal predicted folding when
fused to the RNA scaffold (Liang ez al., 2016). We selected a line
containing an insertion of one nucleotide next to the PAM
sequence in homozygosis, leading to an early stop codon in the
protein sequence (Fig. 2a). This early stop codon is expected to
give rise to a truncated and nonfunctional SIGSTU38 protein of
64 amino acids. WT and gsz#38 Micro-Tom plants were inocu-
lated with PepMV purified virions. All the leaves above the inoc-
ulated ones were harvested from each plant at 7 and 14 dpi, and
the PepMV accumulation was quantified by absolute RT-qPCR.
The PepMV accumulation in gszu38 plants was significantly
reduced compared with the WT plants at both sampling times
(Fig. 2b). This result shows that SIGSTU38 has a proviral func-
tion for PepMV. SIGSTU38-knocked-out tomato plants showed
no observable phenotype other than reduced susceptibility to
PepMV (Fig. S3).

We next inoculated protoplasts isolated from leaves of WT or
gstu38 plants with PepMV virions and sampled them at 0 (z= 0)
and 2022 (¢=1) h postinoculation (hpi) for viral quantification.
Inoculations of WT protoplasts with UV-inactivated PepMV
virions were included as a negative control. For both genotypes,
PepMV accumulation increased at # = 1 (Fig. 2c). However,
PepMV accumulation was higher in WT than in gsz#38 proto-
plasts (Fig. 2¢), suggesting that SIGSTU38 may have a cell-
autonomous effect on PepMV accumulation.

To analyze whether SIGSTU38 is a PepMV-specific suscepti-
bility factor or, by contrast, a factor involved in a general interac-
tion with plant viruses, we challenged WT and gst#38 Micro-
Tom plants with either TMV or PVX. At 14 dpi, all the leaves
above the inoculated ones were harvested from each plant indi-
vidually for viral RNA quantification by relative RT-qPCR. No
viral accumulation differences were observed in either TMV or
PVX-infected gstu38 plants compared with WT plants (Fig. 3),
suggesting that gstu38 plants’ resistance is PepMV-specific.

SIGSTU38 colocalizes with the PepMV CP within the viral
replication complexes

The PepMV CP fused to mRFP was expressed in N. benthamiana
leaves for live-cell localization of the CP. The fluorescent signal
emitted by mRFP-CP was observed in epidermal leaf cells and
localized mainly to the cytoplasm and also within the nucleus
(Fig. S4a). The GFP-SIGSTU38 fusion protein was also inde-

pendently expressed in N. benthamiana leaves. The fluorescent

© 2023 The Authors
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(a) Interaction media
Co-transformation A B C
medium (SD-Leu/-Trp/  (SD-Leu/-Trp/  (SD-Leu/-Trp/
(SD-Leu/-Trp) -His) -His + 2 mM 3-AT)  -His/-Ala)
10t 10721073 10t 10721073 1071 10721073 10t 10721073

Fig. 1 Pepino mosaic virus (PepMV) coat
protein (CP) interacts specifically with
SIGSTU38 among the phylogenetically close
SIGSTU38 homologs. (a) Directed yeast two-
hybrid assay to validate CP-SIGSTU38
interaction including six phylogenetically
close SIGSTU38 homologs. Three dilutions of
co-transformed yeast cultures incubated on
co-transformation medium (SD—Leu/—Trp)
lacking leucine and tryptophan, and
interaction media A, B, and C (arranged from
least to most restrictive). Interaction medium
A (SD—Leu/—Trp/—His) lacks leucine,
tryptophan, and histidine. Interaction
medium B (SD—Leu/—Trp/—His +2 mM 3-
AT) lacks leucine, tryptophan, and histidine
and contains 2 mM of 3-amino-1,2,4-triazole
(3-AT), a competitive inhibitor of the HIS3
gene product. Interaction medium C
(SD—Leu/—Trp/—His/—Ala) lacks leucine,
tryptophan, histidine, and alanine. Yeast
cultures coexpressing AD-AgT + BD-p53 and
AD-CP + BD-CP were used as positive
control. Pairs AD-AgT + BD-lamC, AD-

CP +BD-lamC, AD-AgT +BD-CP, and AD-
AgT + BD-SIGSTUs were negative controls.
All the co-transformants were leucine and
tryptophan autotrophs, since they grew on
the co-transformation medium indicating
they were correctly co-transformed. CP-
SIGSTU38 and positive control interactions
were visualized by yeast co-transformant
growth in A, B, and C interaction media
indicating HIS3 and ADE2 reporter gene
activation. AD-AgT, Gal4 activation domain
fused to the SV40 large T antigen. BD-p53,
Gal4 binding domain fused to the murine
p53. BD-lamC, Gal4 binding domain fused to
laminin C. AD-CP, Gal4 activation domain
fused to the CP. BD-SIGSTUs, Gal4 binding
domain fused to SIGSTUs. (b) A co-
immunoprecipitation assay confirmed the
CP-SIGSTU38 in planta interaction. Protein
extracts from Nicotiana benthamiana leaves
expressing CP together with free GFP or
GFP-SIGSTU38 were used as inputs for GFP
immunoprecipitation (IP:GFP). Antibodies
anti-CP and anti-GFP were used for western-
blot detection of CP and GFP-SIGSTU38,
respectively. The CP was copurified with the
immunoprecipitated GFP-SIGSTU38.

AD-CP + BD-SIGSTU38
AD-Agt + BD-SIGSTU38
AD-CP + BD-SIGSTU29
AD-Agt + BD-SIGSTU29
AD-CP + BD-SIGSTU35
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AD-Agt + BD-SIGSTU36
AD-CP + BD-SIGSTU37
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AD-Agt + BD-SIGSTU40
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signal emitted by GFP-SIGSTU38 was observed in the cytoplasm
and the nucleus, as before for mRFP-CP (Fig. S4b). When both
fusion proteins were co-expressed in N. benthamiana leaves, no
subcellular relocalization of GFP-SIGSTU38 or mRFP-CP was
observed, and both fusion protein signals strongly colocalized,
suggesting that the CP and SIGSTU38 have the same subcellular
distribution (Fig. S4c—h).

© 2023 The Authors
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The PepGFPm2 agroinfectious clone (Ruiz-Ramén et al,
2019) was used to analyze the subcellular localization of
SIGSTU38 and CP during PepMV infection. PepGFPm2
expresses GFP through a translational fusion to the N termi-
nus of the CP, via the 2A peptide of the foot-and-mouth dis-
ease virus (Fig. 4a) (Ruiz-Ramén er al, 2019). When
PepGFPm2 and mRFP-SIGSTU38 were co-expressed in NN.
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Exon 1 Intron 1 Exon 2
T
gRNA

GTGCTCATTCACAATGGGAAGCCAATTT GTGAGTCAAGTGTGATTCTCGAATACATTGACGAG
1 " 1 " 1 " 1 " 1 " 1 " 1
T 1 T T T T T t 1 t 1 t 1

CACGAGTAAGTGTTACCCTTCGGTTAAA CACTCAGTTCACACTAAGAGCTTATGTAACTGCTC

Val Leu Ile His Asn Gly Lys Pro Ile Cys Glu Ser Ser Vval Ile Leu Glu Tyr Ile Asp Glu

WT
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Fig.2 Pepino mosaic virus (PepMV) multiplication is reduced in SIGSTU38-knocked-out plants in a cell-autonomous manner. (a) The CRISPR/Cas9 technol-
ogy was used to knock out SIGSTU38. In the upper part of the panel, the SIGSTU38 gene and the relative position of the guide RNA (gRNA) target are repre-
sented. In the lower part of the panel, results of the genotyping of a wild-type Micro-Tom plant (WT) and a SIGSTU38 edited Micro-Tom plant (gstu38) are
shown; a single-nucleotide insertion (in red) in homozygosis was detected in gstu38 plants. The putative protein sequence is also shown; a red square repre-
sents a premature stop codon. (b) PepMV accumulation is reduced in SIGSTU38-knocked-out plants. Bar plots show the absolute accumulation of PepMV
RNA (ng per 20 ng of total RNA) in WT and gstu38 PepMV-infected plants at 7- and 14-d postinoculation (dpi). Error bars represent the SE. Asterisks indicate
statistically significant differences between groups computed by one-way ANOVA (7 dpi: 1 2, =5.69, P=0.0261; 14 dpi: F1 12 =10.55, P =0.0070).

(c) PepMV multiplication is reduced in protoplasts isolated from SIGSTU38-knocked-out plants. Bar plot shows the PepMV viral RNA (vVRNA) fold change at
20-22 (t=1) h postinoculation (hpi) in PepMV-inoculated protoplasts isolated from leaves of WT or gstu38 plants compared with the PepMV relative accumu-
lation at O hpi (t = 0). Incubation of WT protoplasts inoculated with UV-inactivated PepMV virions was included as negative control (C—). Error bars represent
the SE. An asterisk indicates statistically significant differences between groups computed by one-way ANOVA (F; 4=20.48, P =0.0106).
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TMV accumulation at 14 dpi PVX accumulation at 14 dpi
. 2.0- .

S 2 2 1 8 1.5 3

, : ;
Fig. 3 Tobacco mosaic virus (TMV) and g % 1 3 10 § f
potato virus X (PVX) are not affected in e . i e .
SIGSTU38-knocked-out plants. Bar plots § 1- . . E ° .
show the TMV or PVX relative quantification & . €05
in wild-type (WT) and gstu38 infected plants
at 14-d postinoculation (dpi). Error bars
represent the SE. No statistically significant 0- 0.0-
differences were observed between groups WT gstu38 WT gstu3s
by one-way ANOVA (TMV: Fq 50 =1.41,
P =0.2491) (PVX: F4 2, =0.05, P=0.8205). Fi20=1.41,P =0.2491 Fi22=0.05, P = 0.8205

@

PepGFPmM2

Fig. 4 SIGSTU38 localizes within the Pepino
mosaic virus (PepMV) replication complex.
(a) Schematic representation of the genomic
organization of PepGFPm2 (Ruiz-Ramén
etal., 2019), and its coexpression with
mRFP-SIGSTU38 or free mRFP. PepGFPm2
expresses GFP fused to the CP via the 2A
peptide. RdRp, RNA-dependent RNA
polymerase; TGB1, 2 and 3, Triple gene block
1, 2, and 3 protein-encoding genes; SGP,
subgenomic promoter; 2A, foot-and-mouth
disease virus 2A peptide; CP, coat protein. 0]
(b—g) GFP and mRFP channels, and the
overlay with the chloroplast autofluorescence
(chl) from an image of a cell expressing both
PepGFPm2 and mRFP-SIGSTU38. An
arrowhead indicates a viral replication
complex (VRC). (e-g) Magnification of the
VRC. (h-j) GFP and mRFP channels, and the
overlay of a maximum projection of a Z-stack
of a VRCin a cell expressing PepGFPm2 and
free mRFP.

PepGFPm2 + RFP-GSTU38

PepGFPm2| (f) PepGFPmM2
——Zam 2w =

PepGFPm2 + RFP

benthamiana leaves, mRFP-SIGSTU38 colocalized with the
GFP-CP within the VRCs (Fig. 4b—g). As a negative control,
PepGFPm2 and free mRFP were co-expressed, and only a  WT and gw%38 plants, both healthy and PepMV-infected, were
weak mRFP signal was observed within the PepMV VRCs  analyzed by RNA-seq. We used total RNA from the PepMV-
(Fig. 4h—j), suggesting a specific relocalization of SIGSTU38 susceptibility assay at 7 dpi described previously and total RNA

SIGSTU38 knock-out deregulates stress-responsive genes
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time in the same chamber as healthy plants. We constructed three
independent RNA-seq libraries per genotype and per treatment.
RNA-seq libraries were subjected to high-throughput sequencing
using the Illumina platform. After filtering by quality and

(a) Sample clustering
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mapping reads against the tomato genome, read counts were nor-
malized to fragments per kilobase per million mapped reads
(FPKM) and genes with an FPKM higher than 1 in at least one

treatment were considered as expressed genes. The three

gstu38.M_3
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Fig. 5 RNA-seq of healthy and Pepino
mosaic virus (PepMV)-infected wild-type
(WT) and gstu38 Micro-tom plants at 7-d
postinoculation. (a) Cluster dendrogram of
gene expression profiles between biological
replicates of healthy (M) and PepMV-
infected (P) WT and gstu38 plants. The
dendrogram shows the hierarchical clustering
of the replicates according to their gene
expression profiles. (b) Principal component
analysis (PCA) scores plotted for healthy (M)
and PepMV-infected (P) WT and gstu38
plants. The PCA was computed using
expressed genes. The percentage of variance
explained by dimension 1 (Dim1) and 2
(Dim2) are 26.6% and 11 %, respectively.
Confidence ellipses were plotted around
group mean points. (c) Venn diagrams
showing the numbers of expressed genes
specific to or shared among plants from
different genotypes and treatments. Venn
diagrams were drawn using expressed genes.
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biological replicates from each treatment clustered together in a
clustering analysis (Fig. 5a) and assembled together in a PCA
(Fig. 5b). The PCA also showed differentiation between healthy
and infected plants and between genotypes (Fig. 5b). The num-
ber of expressed genes was around 16000 for each treatment
(Table S4). A Venn diagram of expressed genes (Fig. 5¢) showed
that most of them (15 980) were expressed in all treatments, and
only five, one, and two genes, mostly encoding putative proteins
of unknown function, were exclusively expressed in mock-
inoculated gszu38, mock-inoculated WT, and PepMV-inoculated
WT plants, respectively (Table S5). We next identified the DEGs
for all the possible pairwise comparisons between treatments
(Table S6). Out of 154 DEGs in the comparison gst#38 vs WT
healthy plants, 129 were upregulated and 25 were downregu-
lated. No gene ontology (GO) categories were found to be signif-
icantly overrepresented, but a manual inspection of the DEGs
revealed an important number of stress-related genes upregulated
for this comparison (Table S7), including SIGSTU36,
SIGSTU43, SIGSTU51, and the genes encoding three PEROXI-
DASES, one CALMODULIN-LIKE PROTEIN, one MILDEW
RESISTANCE LOCUS O (MLO)-LIKE PROTEIN, two GEL-
SOLINS, one CALRETICULIN 2 calcium-binding protein, one

Fig. 6 SIGSTU38 is among the most
expressed GST genes in both healthy and
Pepino mosaic virus (PepMV)-infected wild-
type (WT) plants. Heatmap of GST genes
that are expressed in healthy (wt.M) or
PepMV-infected (wt.P) WT plants. Scaled
fragments per kilobase per million mapped
reads (FPKM) values were used as input and
are represented by colors. Lower to higher
expression is represented by bright green to
bright magenta.

© 2023 The Authors
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CAFFEOYL-CoA O-METHYLTRANSFERASE, two GLUTA-
MATE RECEPTOR-LIKE PROTEINS, 21 RECEPTOR PRO-
TEIN KINASES, four NUCLEOTIDE BINDING SITE/
LEUCINE-RICH REPEAT (NBS-LRR) proteins, and five
WRKY TRANSCRIPTION FACTORS, among others
(Table S7). Downregulated genes in gstu38 vs WT healthy plants
were more diverse and included four genes encoding proteins that
participate in intracellular signal transduction, four genes encod-
ing transcription factors (a CONSTANS-LIKE ZINC FINGER
PROTEIN, a NAC DOMAIN PROTEIN, a B3 DOMAIN-
CONTAINING TRANSCRIPTION FACTOR VRNI1 and a
CCR4-NOT TRANSCRIPTION COMPLEX subunit 7), two
HEAT SHOCK PROTEIN 70 (HSP70), and three genes encod-
ing proteins involved in sugar metabolism or transport, among
others (Table S7).

The expression of all the GST genes (Islam ¢z al, 2017) in
healthy and PepMV-infected WT plants was analyzed using a
heatmap of FPKM values. The S/GSTU38 gene was one of the
most expressed GST genes in both healthy and infected WT
plants and was not inducible by PepMV infection (Fig. 6). Close
homologs of SIGSTU38 were not expressed or expressed at low
levels in both healthy and infected WT plants (Fig. 6).
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There is a large difference in genes deregulated by PepMV
in gstu38 vs wild-type plants

A total of 789 genes were deregulated by PepMV infection.
Among these, 220 genes were shared by plants of both genotypes,
whereas 392 genes were specifically deregulated in WT and 177
genes in gstu38 plants. The 789 PepMV-specific DEGs were
grouped into 12 clusters according to their expression patterns in
the different treatments (Fig. 7). A further inspection was carried
out with genes of clusters 4 and 6; cluster 4 groups genes down-
regulated in gszu38 plants but upregulated in WT plants during
PepMYV infection, and cluster 6 includes genes specifically upreg-
ulated in PepMV-infected gszu38 plants (Fig. 7). In clusters 4
and 6, we found 16 and 14 genes, respectively (Table 1). Cluster
4 included genes encoding a peroxidase, an LRRNT_2
DOMAIN-CONTAINING PROTEIN, a PROTEIN KINASE
DOMAIN-CONTAINING PROTEIN; an RNA RECOGNI-
TION MOTIF DOMAIN-CONTAINING PROTEIN, a CC-
NBS-LRR resistance protein, and a THAUMATIN-LIKE PRO-
TEIN, among others (Table 1). Cluster 6 included genes encod-
ing a GATA TRANSCRIPTION FACTOR, a GIBBERELLIN-
REGULATED PROTEIN, a PROLINE DEHYDROGENASE,
two proteins positively regulated by ABA signaling (a GEM-
LIKE PROTEIN and MOBIA), the DNA REPAIR AND
RECOMBINATION PROTEIN RAD54, a transcription acti-
vator predicted as a growth-regulating factor, a chaperone protein
DNAJC, and a HAIRPIN-INDUCED PROTEIN-LIKE
(HIN1) PROTEIN, among others (Table 1). Transcripts from
Solyc09¢092260.2, Solyc07g041730.2, Solyc02¢089620.2, and
Solyc02¢078150.2 (Table 1) were quantified by relative RT-
qPCR for each treatment, validating the RNA-seq data (Fig. S5).

SIGSTU38 is involved in the cellular redox homeostasis

We hypothesized that SIGSTU38 may be involved in the cellular
redox homeostasis. Superoxide (O, ") and hydrogen peroxide
(H,O,) accumulation in leaves from healthy and PepMV-
infected WT and gsz#38 plants at 7 and 14 dpi were detected by
histochemical staining with nitro blue tetrazolium (NBT) and
diaminobenzidine (DAB), respectively. No O, accumulation
was detected for any of the treatments at 7 dpi other than small
isolated dots (Fig. 8a). At 14 dpi, O, accumulation was
observed in healthy gsz#38 leaves and in PepMV-infected leaves
from both WT and gszu38 genotypes (Fig. 8a). The DAB stain-
ing showed H,O, accumulation in healthy and PepMV-infected
gstu38 leaves at 7 dpi, while lower H,O, accumulation was
observed in WT leaves (Fig. 8a). At 14 dpi, PepMV strongly
induced H,O, production in both genotypes, and we observed
again more H,O, accumulation in healthy gsz38 leaves than in
healthy WT leaves (Fig. 8a). These results indicate that both
PepMV and SIGSTU38 knockout induce O," and H,0, accu-
mulation. DAB staining results appeared to correlate with the
POX activity data for each treatment. PepMV infection had an
effect on POX activity in WT but not in gst#38 plants at any of
the postinoculation times (Fig. 8b). Regarding the GST activity,
we observed a significant decrease induced by PepMV infection
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in WT plants at 7 and 14 dpi, while no effect was observed in
gstu38 plants (Fig. 8b). Moreover, in the absence of PepMV
infection, a slight but nonsignificant decrease in GST activity was
recorded in gszu38 compared with WT (Fig. 8b). These results
indicate that PepMV infection increases POX activity and
decreases GST activity in WT plants, while SIGSTU38 knockout
enhances POX activity but both POX and GST activities remain
unaffected after PepMV infection. We then measured lipid per-
oxidation as an oxidative stress marker and no differences
between treatments were observed (Fig. S6), suggesting that
PepMYV or SIGSTU38 knockout are not inducing a severe oxida-
tive stress even though some ROS accumulation occurred
(Fig. 8a). PepMV infection and SIGSTU38 knockout associated
with an increase in nonphotochemical chlorophyll fluorescence
quenching parameters (QNP and NPQ; Fig. 8c), which are
related with the harmless dissipation of excess energy as heat. In
addition, SIGSTU38 knockout decreased the photosynthetic
electron transport chain (ETR) activity compared with the WT
plants, whereas PepMV increased ETR ¢. 7% and 12% in WT
and gstu38, respectively, reaching similar values in both geno-

types (Fig. 8¢).

Discussion

In this work, we demonstrated that PepMV CP interacts with
tomato SIGSTU38. Three lines of evidence support a functional
role for SIGSTU38 in the PepMYV infectious cycle: (1) PepMV
CP specifically interacts with SIGSTU38 among phylogenetically
close GSTs (Fig. 1); (2) knockout SIGSTU38 in tomato leads to
partial loss of susceptibility to PepMV (Fig. 2b) in a cell-
autonomous way (Fig. 2¢); and (3) SIGSTU38 accumulates in
the PepMV VRC (Fig. 4). Moreover, knocking out SIGSTU38
upregulates stress and pathogen responsive genes and increases
ROS accumulation and POX activity suggesting a role of
SIGSTU38 in the cellular redox homeostasis. We propose here
that SIGSTU38 may have a double involvement in PepMV infec-
tion: A direct participation depending on the interaction with the
CP and an indirect participation maintaining the cellular home-
ostasis and delaying PepMV infection sensing and the plant
defense response. The combination of both phenomena may
explain why gszu38 plants, despite having their innate immune
responses apparently activated, did not show loss of susceptibility
to the other two viruses tested (Fig. 3).

PepMYV, just as other potexviruses, recruits ER membranes to
form its VRCs (Tilsner et al., 2012; Ruiz-Ramén ez al., 2019).
The ER lumen is a unique and oxidative environment. GSTs are
antioxidant proteins and NbGSTU4 has been described as a sus-
ceptibility factor interacting with the 3'UTR of the BaMV gen-
ome and reducing conditions seem to be required for optimal
BaMV minus-strand RNA synthesis (Chen et 4/, 2013). In this
work, we demonstrated the VRC localization of SIGSTU38
(Fig. 4). We also observed a decrease in PepMV accumulation in
gstu38 plants and protoplasts, indicating that SIGSTU38 is likely
directly involved in virus cellular functions (Fig. 2b,c). We pro-
pose that PepMV CP interacts with and recruits SIGSTU38 to
the VRC to generate optimal redox conditions for virus

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

35UB0 |17 SUOWILOD aA eI 3|qedt|dde auy Aq peusenof afe saoie YO ‘8N JO S3|nJ oy Areiq i auluQ /8|1 UO (SUONIPUOD-PUR-SLLB)W0D AS | 1M Aelq 1 pul|uo//Sdny) SUONIPUOD pUe SWwie 1 8Y)38S *[£202/2T/TT] uo ARrigiauliuo AB|1IM ‘(ouN) (lofe N elfenlO) WO UL ugeziuebio 982 Aq 82/8T Udu/TTTT 0T/I0p/wod Ao m Ariqipuliuo ydu//sdny wolj pepeojumoqd ‘T ‘€202 ‘LETS69YT



Iy
New &
Phytologist Research'34
Cluster 1 (46 genes) Cluster 2 (208 genes) g
g
| g
g g z
o o el
o =Py 2
B o £ .
[ IS 2
(8] (8] 2
» -1- g
N E
gstu38M  gstu3s.P WtM wt.p gstu38M  gstu3s.P WwtM wtp 3
Treatment Treatment g
Cluster 3 (100 genes) Cluster 4 (16 genes) %
15- E
1.0- s
i 3
§ 0.54 s 10 :
[a N .5 5 N
& ol & o5 8
3 05- 3 001 g
8 g -05- g
»n -1.0 N _10- %
15+ : ; : . ) . . | g
gstu38.M gstu3s.P wt.M wt.P gstu38.M gstu3s.P wt.M wt.P )
Treatment Treatment %
o
Cluster 5 (71 genes) Cluster 6 (14 genes) é
15- g
1 d J o
2 S 1o §
& od A os5- :
B B oo0- 2
© ® e s
@ -1- 3 &
-1.0- g
gstui”;S.M gslul38.P wt..M WII.P gstul38.M gstul38.P wll.M wll.P §
Treatment Treatment Kl
Cluster 7 (94 genes) Cluster 8 (65 genes) B
15- 1.5- §
5 1.0- E 1.0- ?
i 0.5-
c B 0.0 :
R I
8 -0.5- g 05- 2
D _q10- N -1.0- 9
. . ) . -15- . . . . g
gstu3s.M gstu3s.P wt.M wt.P gstu3s.M gstu3s.P wt.M wt.P 3
Treatment Treatment ES
14
Cluster 9 (53 genes) Cluster 10 (18 genes) g
o3
& E ool :
5 o- 5 00- Eé
2 L _05- 2
. 3
3 3 g
A -1- B -1.0- H
gstu3s.M gstu3s.P wt.M wt.P gstu38M  gstu3s.P wt.M wt.P g
Treatment Treatment g
s
Cluster 11 (83 genes) Cluster 12 (21 genes) 5
o
i 1.0- :
s 2 os :
a 05- o 3
Y~ 00- L 0.0- g
ks B os- 5
5" g :
»n -1.0- n -1.0- &
~1.54 ; ; : . -1.5- ; ; i i 2
gstu38.M  gstu3s.P wt.M wt.P gstu38.M  gstu38.P wt.M wt.P 2
Treatment Treatment g
Fig. 7 Expression patterns of differentially expressed genes (DEGs) in wild-type (WT) and gstu38 genotypes. Scaled fragments per kilobase per million 5§D
mapped reads (FPKM) values of Pepino mosaic virus (PepMV)-specific DEGs (789) were used for hierarchical gene clustering by calculating the distances of §
the Pearson correlations of one gene to another. Discrete clusters were extracted setting k = 12. Gray lines represent the scaled FPKM values of each gene g
in each treatment. Blue lines represent the expression dynamic of each cluster calculated by the mean of scaled FPKM of genes included in each cluster for g
each treatment. Treatments were WT healthy (wt.M), WT infected with PepMV (wt.P), gstu38 healthy (gstu38.M), and gstu38 infected with PepMV g
(gstu38.P). g
g
)
:
© 2023 The Authors New Phytologist (2023) 238: 332-348 %
New Phytologist © 2023 New Phytologist Foundation www.newphytologist.com g
8



344 Research™

Table 1 1D and description of genes included in clusters 4 and 6.

Gene ID Gene description
Cluster  Solyc01g057680.2 LRRNT_2 DOMAIN-CONTAINING
4 PROTEIN
Solyc02g049090.1 UNKNOWN PROTEIN
Solyc02g071560.2  SUBTILISIN-LIKE PROTEASE
Solyc02g081040.2 PROTEIN KINASE DOMAIN-
CONTAINING PROTEIN
Solyc02g086980.2 UNKNOWN PROTEIN
Solyc03g123750.2  LIPASE_3 DOMAIN-CONTAINING
PROTEIN

Solyc05g021530.1
Solyc05g053780.2

Solyc07g055770.1
Solyc07g065380.2
Solyc08g076850.2
Solyc09g007520.2
Solyc09g089940.1
Solyc09g092300.2

Solyc11g063510.1

UNCHARACTERIZED PROTEIN

RNA RECOGNITION MOTIF DOMAIN-
CONTAINING PROTEIN

UNKNOWN PROTEIN

ZINC TRANSPORTER

SENESCENCE-ASSOCIATED PROTEIN

PEROXIDASE

UNCHARACTERIZED PROTEIN

CC-NBS, RESISTANCE PROTEIN
FRAGMENT

UNCHARACTERIZED PROTEIN

Solyc12g056360.1 THAUMATIN-LIKE PROTEIN
Cluster  Solyc00g007150.2 UNKNOWN PROTEIN
6 Solyc01g060070.2 PORE PROTEIN HOMOLOG

Solyc01g090760.2 GATA TRANSCRIPTION FACTOR

Solyc02g078150.2  PLANT-SPECIFIC DOMAIN TIGRO1615
FAMILY PROTEIN

Solyc02g083880.2 GIBBERELLIN-REGULATED PROTEIN 2

Solyc02g089620.2 PROLINE DEHYDROGENASE

Solyc04g008930.1 GEM-LIKE PROTEIN

Solyc04g056400.2 DNA REPAIR AND RECOMBINATION
PROTEIN RAD54

Solyc07g041730.2 MPS ONE BINDER KINASE ACTIVATOR-
LIKE 1A (MOB1A)

Solyc08g079800.2 GROWTH-REGULATING FACTOR 12

Solyc09g092260.2 CHAPERONE PROTEIN DNAJ 20

Solyc108009230.1 UNKNOWN PROTEIN

Solyc10g8081980.1 HARPIN-INDUCED PROTEIN-LIKE
PROTEIN

Solyc11g040030.1 HISTIDINOL-PHOSPHATE
AMINOTRANSFERASE

In orange, genes from cluster 4 encoding proteins predicted to have
immune response functions. In green or blue, genes from cluster 6
positively regulated in abscisic acid or salicylic acid signaling pathways,
respectively.

replication. The decrease in PepMV accumulation in gszu38
plants and protoplasts may occur because of suboptimal condi-
tions of the redox balance within the VRCs. Moreover, the
SIGSTU38 transcript is constitutively expressed in tomato plants
and accumulates at higher levels than the transcripts of its homo-
logs (Fig. 6), implying that PepMV may have abundant
SIGSTU38 from early infection, regardless of transcriptomic
reprogramming and without any temporal delay. It would there-
fore also make sense for the virus to have evolved to interact with
this particular abundant GST isoform (Huang ez al., 2012).
SIGSTU38 has constitutive expression and its knockout
induces ROS accumulation in leaves (Fig. 8), indicating that
SIGSTU38 is involved in the cellular redox homeostasis under
normal conditions. We propose that SIGSTU38 knockout
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induces a disruption of the redox homeostasis, triggering the acti-
vation of stress and pathogen responses in healthy plants and
leading to early PepMV-sensing by the plant and delaying infec-
tion. In this sense, the stress acclimation mechanism has been
related to the electron transfer chain (ETC) since electrons supply
may be needed to support the defense responses (Karpinski
et al., 2013; Moreau et al., 2020), and the observed induction of
the ETR in PepMV-infected gst#38 plants may trigger and mod-
ulate the defense responses (Fig. 8). SIGSTU38 absence in
mutant plants induced the upregulation of genes encoding three
GSTs (SIGSTU36, SIGSTU43, and SIGSTUS51) and three per-
oxidases. This correlated with enhanced POX and unaffected
GST activities in gszu38 vs WT healthy plants (Fig. 8), suggesting
a compensatory antioxidative response. PepMV infection also
increased POX activity but decreased GST activity in WT plants,
as similarly described for plum pox virus infection in pea plants
(Diaz-Vivancos er al., 2008). Our transcriptomic analysis also
suggests calcium-signaling activation in gst#38 plants (Table S7,
genes marked in blue), reinforcing the idea of constitutive and
systemic activation of a stress response in those plants. Also, ethy-
lene and abscisic acid (ABA)-signaling pathways may be activated
in gszu38 plants (Table S7, genes marked in green and purple).
Both ABA and ethylene play essential roles in the response to a
variety of abiotic stresses (Vishwakarma et 4/, 2017; Husain
et al., 2020; Riyazuddin ez 4/, 2020), and the redox state is a key
modulator of defense responses including phytohormone biosyn-
thesis and crosstalk (Bartoli ez al., 2013; Kocsy er al., 2013).
SIGSTU38 absence also induced the upregulation of 39 genes
encoding proteins involved in signal transduction (Table S7,
genes marked in yellow), including 18 proteins containing the
LEUCINE-RICH REPEAT domain, which is related to patho-
gen sensing and other biotic or abiotic stimuli (Padmanabhan
er al., 2009). Another 13 genes encoding proteins predicted by
homology to be related to abiotic and/or biotic stresses were
upregulated in gszu38 plants (Table S7, genes marked in orange).
Interestingly, two genes encoding HSP70 isoforms were down-
regulated in gszu38 plants, with one of them (HSC70.3) already
described as a PepMV-susceptibility factor and a PepMV CP
interactor (Mathioudakis et «/, 2012, 2014). The Hsc70.3
downregulation in gst#38 plants may have a negative effect on
PepMYV infection.

PepMYV induced deeper transcriptomic changes in WT plants
as compared to gsz38 plants (Table S7). This may occur because
there is a higher accumulation of PepMV in WT plants and also
because healthy WT and gsz#38 plants have different transcrip-
tome profiles and different signaling pathways activated. The
description of expression patterns of specific PepMV-DEGs
allowed us to identify genes overexpressed in infected WT plants
and downregulated in infected gst#38 plants (cluster 4), and
genes exclusively overexpressed in infected gszu38 plants (cluster
6). We reasoned that clusters 4 and 6 could be enriched in genes
with proviral or antiviral functions, respectively. In cluster 4, four
out of 16 genes encoded proteins predicted to have immune
response functions (Table 1, genes marked in orange). In cluster
6, out of 14 genes, three were predicted by homology to be posi-
tively regulated by the ABA signaling pathway, and two by SA
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Fig. 8 Effect of Pepino mosaic virus (PepMV) infection and SIGSTU38 knockout on reactive oxygen species (ROS) accumulation, peroxidase and
glutathione S-transferase activities, and chlorophyll fluorescence in Micro-Tom leaves. (a) Histochemical staining with nitro blue tetrazolium (NBT) and
diaminobenzidine (DAB) of leaves from healthy (Mock) and PepMV-infected wild-type (WT) and gstu38 plants at 7- and 14-d postinoculation (dpi). NBT
and DAB staining show more superoxide or hydrogen peroxide accumulation, respectively, in healthy gstu38 and PepMV-infected WT or gstu38 leaves
compared with healthy WT leaves. (b, c) Bar plots representing means of (b) peroxidase (POX) and glutathione S-transferase (GST) activity and (c) chloro-
phyll fluorescence parameters of each treatment. Error bars represent the SD. Letters indicate statistically significant differences between treatments com-
puted by one-way ANOVA and Duncan's multiple range test. F-ratio (F,,,) and P-value (P) of each analysis are indicated below bar plots. ETR, electron
transport rate; NPQ and qNP, nonphotochemical quenching parameters; P, photochemical quenching; Y(PSII), quantum yield of PSII.
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(Table 1, genes marked in green or blue, respectively). The
upregulation of ABA-induced genes in infected gstu38 plants is
consistent with the downregulation of negative regulators of the
ABA response in healthy gszu38 plants. In addition, a DNA
REPAIR AND RECOMBINATION PROTEIN, and a gene
encoding a co-chaperone DNAJ subtype DNAJC (Pulido &
Leister, 2018) were included in cluster 6 (Table 1, genes marked
in blue). Both protein families have been shown to be involved in
responses to virus infection (Cho e al, 2012; Kaliappan
et al., 2012; Liu ez al., 2022). Further analyses focusing on cluster
6 genes may contribute to a better understanding of why gstu38
plants are less susceptible to PepMV.

Plants edited in S/GSTU38 may be of potential interest for
tomato breeding; while they are partially resistant to PepMV,
they do not have any other obvious phenotypes associated with
the mutation in spite of having upregulated SA-induced genes.
However, some important questions remain: We do not know
how the deregulation of stress-related genes could affect the
gstu38 plants’ response against abiotic stresses or other pathogens
or pests, and the partial resistance to PepMV may need to be
pyramided to other PepMYV resistance genes. Clearly, before their
practical application, further research needs to be done with the
gstu38 plants.
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Fig. S2 Phylogenetic relationship of SIGSTU38 and its homo-
logs.
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