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The glycoside hydrolase 28 member VAEPG1 is a virulence
factor of Verticillium dahliae and interacts with the jasmonic
acid pathway-related gene GhOPR9
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1 | INTRODUCTION

| Hongjie Feng!®

Abstract

Glycoside hydrolase (GH) family members act as virulence factors and regulate plant
immune responses during pathogen infection. Here, we characterized the GH28
family member endopolygalacturonase VAEPG1 in Verticillium dahliae. VAEPG1 acts
as a virulence factor during V.dahliae infection. The expression level of VAEPG1
was greatly increased in V.dahlige inoculated on cotton roots. VAEPG1 suppressed
VANLP1-mediated cell death by modulating pathogenesis-related genes in Nicotiana
benthamiana. Knocking out VAEPG1 led to a significant decrease in the pathogenicity
of V.dahliae in cotton. The deletion strains were more susceptible to osmotic stress
and the ability of V. dabhliae to utilize carbon sources was deficient. In addition, the de-
letion strains lost the ability to penetrate cellophane membrane, with mycelia showing
a disordered arrangement on the membrane, and spore development was affected. A
jasmonic acid (JA) pathway-related gene, GhOPR9, was identified as interacting with
VdEPG1 in the yeast two-hybrid system. The interaction was further confirmed by
bimolecular fluorescence complementation and luciferase complementation imaging
assays in N.benthamiana leaves. GhOPR9 plays a positive role in the resistance of
cotton to V.dahliae by regulating JA biosynthesis. These results indicate that VdEPG1
may be able to regulate host immune responses as a virulence factor through modu-
lating the GhOPR9-mediated JA biosynthesis.
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nutrients, plant pathogens secrete cell wall-degrading enzymes

(CWDEs) to depolymerize plant cell walls (Kikot et al., 2009;
The plant cell wall provides the first physical barrier against patho- Klockner et al., 2018). Some CWDEs act as virulence factors,

gen infection. To invade the host cell and supply themselves with such as the endo-p-1,4-xylanase gene xyn11A of Botrytis cinerea
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(Brito et al., 2006), the endoxylanase gene xynB of Xanthomonas ory-
zae pv. oryzae (Rajeshwari et al., 2005), the sucrose nonfermenting
1 gene (VdSNF1) of Verticillium dahliae (Tzima et al., 2011), a pectate
lyase gene VAPEL1 of V.dahliae (Yang et al., 2018), a Magnaporthe gri-
sea cutinase gene CUT2 (Skamnioti & Gurr, 2007), the pectate lyase
gene CcpelA of Colletotrichum coccodes (Ben-Daniel et al., 2012),
and the pectate lyase gene pelB of Colletotrichum gloeosporioi-
des (Yakoby et al., 2001). Some CWDEs act as the inducers of im-
mune responses by themselves or through degrading the plant cell
wall into fragments (Hematy et al., 2009; Misas-Villamil & van der
Hoorn, 2008). For instance, polygalacturonase can degrade pec-
tin to generate oligogalacturonides (OGs), and OGs are damage-
associated molecular patterns (DAMPs) that trigger plant defences
(De Lorenzo et al., 2011; D'Ovidio et al., 2004; Prade et al., 1999).
The xyloglucan-specific endoglucanase PsXEG1 from Phytophthora
sojae and the secreted xyloglucanase BcXYG1 from B.cinerea are
pathogen-associated molecular patterns (PAMPs) that activate
plant immune responses (Ma et al., 2015; Zhang et al., 2014; Zhu
et al., 2017). However, the mechanisms of hydrolytic enzymes of
phytopathogens that can be recognized by host and trigger defence
responses remain mostly unknown.

Glycoside hydrolases (GHs) are capable of hydrolytically cleav-
ing glycosidic bonds in oligo- or polysaccharides, substrates that
contain cellulose, hemicellulose, and pectin. In addition, these en-
zymes can cleave the linkage to side chains to remove modifications
(such as methyl esters and acetylation) or to split linkages to lignin
(Kubicek et al., 2014). Recently, it was reported that the GH12 pro-
tein PsXEG1 is required for virulence. Furthermore, soybean glu-
canase inhibitor protein 1 (GmGIP1) can interact with PsXEG1 to
inhibit its enzyme activity and reduce P. sojae virulence. GmGIP1-
overexpressing soybean showed increased resistance to P.sojae (Ma
et al., 2017). Six GH12 proteins have been characterized in V.dahliae
V991, and two of these six proteins, VAEG1 and VAEGS3, trigger cell
death and PAMP-triggered immunity (PTI) in Nicotiana benthami-
ana. VAEG1- and VJEGS3-triggered immunity needs the host protein
BAK1, and VAEG1-triggered immunity also needs the host protein
SOBIR1 (Gui et al., 2017). Endopolygalacturonases, an important
group of CWDEs, belong to the GH28 family with pectin-degrading
ability (Henrissat, 1991; Reignault et al., 2008). Many GH28 family
members have been identified and characterized in various fungi.
For example, BcPG1 and BcPG2 are important virulence factors
for B.cinerea (Kars et al., 2005; Poinssot et al., 2003), an endoPG
mutant of Alternaria citri causes light black rot symptoms on citrus
(Isshiki et al., 2001), the endoPG homologue gene MGG_08938 of
Magnaporthe oryzae is not associated with pathogenicity but is asso-
ciated with conidial germination (Mori et al., 2008), and Lasiodiplodia
theobromae endopolygalacturonase 1 (LtEPG1) plays important roles
in pathogenesis, pectin degradation, and immune response regu-
lation during successful infection (Thilini Chethana et al., 2020).
However, the molecular of function of GH28 family members in
V.dabhliae is still unclear.

Jasmonic acid (JA) is a phytohormone that controls plant re-
sponses to various stresses, and regulates plant growth and

development (Wasternack & Hause, 2013). The 12-oxo-phytodienoic
acid reductases (OPRs) play a key role in JA biosynthesis (Liechti
& Farmer, 2006; Schaller, 2001). In Arabidopsis thaliana, AtOPR3
modulates JA production and affects male gametophyte develop-
ment (Stintzi & Browse, 2000). Overexpression of TaOPR1 in wheat
enhances tolerance to salinity (Dong et al., 2013) and overexpres-
sion of AtOPR3 in wheat improves its freezing tolerance (Pigolev
et al., 2018). Knockdown of SIOPR3 in Solanum lycopersicum in-
creases susceptibility to B.cinerea (Scalschi et al., 2015). In upland
cotton (Gossypium hirsutum), GhOPR3 regulates the resistance of
cotton to V.dahliae by modulating JA biosynthesis (Hu et al., 2018).

V.dabhliae is a plant vascular wilt fungal pathogen that causes a
destructive disease on a large number of plant hosts, including high-
value crops such as cotton, tobacco, potato, and tomato (Fradin &
Thomma, 2006; Klosterman et al., 2009). V.dahliae penetrates its
host root and colonizes the plant xylem vessels. In recent years,
many genes involved in pathogen penetration, stress response, and
carbon source utilization have been characterized, including VdGAL4
(Wen et al., 2023), VdM35-1, and VJASPF2 (Lv et al., 2022). In our
previous study, we found that GhOPR9 can positively modulate the
resistance of cotton to V.dahliae by regulating the JA pathway genes
(Liu et al., 2020). To understand the GH28 members’ roles in V.dahl-
iae, we identified GH28 members in V.dahliage, characterized a mem-
ber, VdEPG1, involved in virulence, and confirmed the interaction
between VAEPG1 and GhOPR9 in this study.

2 | RESULTS

2.1 | Identification and expression patterns of the
GH28 family in the genome of V.dahliae

The Hidden Markov Model (HMM) of Glyco_hydro_28 (PF00295)
was downloaded from the Pfam database to identify the GH28 fam-
ily members using HMMER v. 3.1b2. We identified 11 GH28 family
members in the V.dahliae strain VdLs.17 genome. These coding se-
quences of GH28s ranged from 1113 to 1410 nucleotides, with pro-
tein length ranging from 370 to 471 amino acids, isoelectric point pl
from 4.86 to 8.68, and molecular weight from 37.9 to 52.6kDa. The
genes were distributed on seven chromosomes of V.dabhliae. They all
had a signal peptide, except VDAG_05974 (Table S1).

To investigate the relationships among GH28s in fungi, we
used the 11 GH28 family members from V.dahliae, 11 GH28s from
Fusarium oxysporum, 20 GH28s from C.gloeosporioides, 18 GH28s
from B.cinerea, 19 GH28s from Phytophthora infestans, and two from
M.oryzae (Table S2) to construct a phylogenetic tree (Figure S1a).
The GH28s were divided into three groups. Group | contained
nine VdGH28s, VDAG_09633 was classified into Group II, and
VDAG_04977 was classified into Group Il and showed a close rela-
tionship with MGG_08938 (Mori et al., 2008). All the GH28 family
members in P.infestans were collected in Group Il

To further understand whether the VAGH28 gene expres-
sion levels were induced by cotton roots, we performed reverse
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transcription-quantitative PCR (RT-gPCR) to study the expression
profiles of VdGH28 genes using a suspension of V991 spores that
were treated with a cotton root extract or inoculated onto cotton roots
(Figure S1b). The results showed that 10 of the VAGH28 genes were
up-regulated at 12 h postinfection (hpi) in the treated spores of V991,
and VDAG_05974 was up-regulated at 6 hpi; all VdAGH28 gene expres-
sion levels increased to 24 hpi. In the inoculated root samples, nine
VdGH28 genes were highly up-regulated at 24 hpi and VDAG_04977
had increased by more than 48 times by 24 hpi; VDAG_05974 was
not expressed in the roots. These results indicate that VAGH28 genes
may play an important role in the virulence of V.dahliae.

2.2 | The endopolygalacturonase VdEPG1
suppresses VANLP1 protein-induced cell death in
N.benthamiana

To determine whether GH28 family genes in V.dahliae can induce
cell death, an Agrobacterium-mediated transient expression assay
was used in N.benthamiana. The full-length coding sequence of
each GH28 family member was separately inserted into the PVX
vector pGR107 and transformed into Agrobacterium tumefaciens
GV3101. Transient expression of these genes in 6-week-old
N.benthamiana leaves demonstrated that none of the VdGH28
family members induced cell death (Figure 1a). Semiquantitative
RT-PCR analysis of the total RNA extract from the agroinfil-
trated leaf area confirmed the transcription of all VdAGH28 genes
in N.benthamiana (Figure 1b). We then co-expressed VANLP1
(NLP1) (Zhou et al., 2012) 24 h after infiltrating with the VAGH28
genes in 6-week-old N.benthamiana leaves. Cell death induced by
NLP1 was only suppressed by VDAG_04977 (Figures 1c and S2).
VDAG_04977 was named VAEPG1 (Table S1). VAEPG1 encodes an
endopolygalacturuonase of 370 amino acids with a signal pep-
tide from 1 to 18 amino acids (Figure S3). The yeast signal trap
system assay showed that VAEPG1 is probably secreted into the
extracellular space during infection (Figure 1d). Liquid chromatog-
raphy mass spectrometry (LC-MS) was performed to test the en-
dopolygalacturonase activity of purified VAEPG1 using pectin as a
substrate. The results showed that VdAEPG1 hydrolysed pectin to
produce galacturonic acid (Figure S4).

N.benthamiana leaves infiltrated with NLP1, VdEPG1 and
NLP1, VAEPG1, or green fluorescent protein (GFP) were collected
at 0, 12, 24 and 48h postinfiltration (hpi) for reverse transcription-
quantitative PCR (RT-gPCR) analysis. NbAcre31 (Kiba et al., 2018) and
NbCYP71D20 (Heese et al., 2007) as PTI marker genes, and NbLOX,
NbPR4 (Asai & Yoshioka, 2009), and NbWRKY7 (Ishihama et al., 2011)
as pathogenesis-related genes were selected. They were all signifi-
cantly activated by NLP1 treatment (Figure 1e,f). NbAcre31, NbLOX,
NbPR4, and NbWRKY7 were suppressed by co-expressing NLP1 with
VAdEPG1 at 48hpi, and NbAcre31, NbLOX, NbPR4, and NbWRKY7 ex-
pression levels in infiltrated VAEPG1 leaves were higher than those co-
infiltrated with NLP1 and VdEPGI1 (Figure 1e,f). These results suggest
that VAEPG1 can suppress the immune responses induced by NLP1.

2.3 | VdEPG1 mutation causes sensitivity to
osmotic stress

To investigate the function of VAEPG1 in the development and
pathogenicity of V.dahliae, the knockout mutant AVdEPG1 was con-
structed using the homologous recombination method (Figure S5).
Two independent deletion mutants, AVdEPG1-8 and AVAEPG1-11,
were obtained and verified by PCR analysis (Figure Séa). In addition,
the wild-type VJEPG1 was reintroduced into the deletion mutants,
yielding the complemented strains C-AVdEPG1-8 and C-AVdEPG1-11
(Figure Séb).

Compared with the wild-type strain V991 (WT), the AVJdEPG1
deletion strains were slightly reduced in mycelial growth on po-
tato dextrose agar (PDA) (Figure 2a,b). In the presence of KCI,
NaCl or sorbitol, the AVdEPG1-8 and AVAEPG1-11 strains were sig-
nificantly reduced in radial growth. Under KCI stress especially,
the growth of AVdEPG1-8 and AVdEPG1-11 strains was reduced
almost six-fold relative to the WT. In the presence of sodium do-
decyl sulphate (SDS) or Congo red, the deletion strains showed no
obvious sensitivity. Interestingly, the deletion strains grew slightly
more in the presence of SDS compared with those on PDA. In
addition, the deletion strains produced significantly fewer conidia
than WT and complemented strains (Figure 2c). These results
suggested that VAEPG1 participated in regulating the response
to osmotic stress.

2.4 | VAEPGL1 is required to use different
carbon sources

To analyse the ability of mutant strains to use different carbon
sources, the mycelial radial growth of WT, deletion and comple-
mented strains was performed using Czapek Dox solid medium with
sucrose, galactose, raffinose, pectin, or starch as the sole carbon
source. The results showed that the mycelial growth of all strains was
significantly decreased on Czapek Dox medium without a carbon
source (W-S; Figure 2d,e). The radial growth of deletion strains was
significantly reduced on Czapek Dox medium containing sucrose,
pectin, raffinose, and starch compared to the WT. In the presence of
galactose, the colony diameter was not significantly different among
the different strains. These results suggest that VAEPG1 participates
in carbon utilization.

2.5 | VAEPGL1 is required for full virulence
on cotton

To examine the role of VAEPGI1 in virulence, G.hirsutum ‘Jimian
No. 11’ was used to perform the pathogenicity tests with the WT,
AVAEPG1-8 and AVAEPG1-11 strains, and complemented strains
C-AVAEPG1-8 and C-AVdEPG1-11. After inoculation by conidial sus-
pensions of WT and complemented strains, the seedlings showed
severe wilting and chlorosis of the leaves, and even defoliation,
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FIGURE 1 VdEPGI1 suppresses the cell death induced by NLP1 in Verticillium dahliae. (a) Cell death assays for 11 V.dahliae genes in
6-week-old Nicotiana benthamiana leaves were performed by Agrobacterium-mediated transient expression. Leaves were imaged 6 days after
infiltration with Agrobacterium carrying the VdGH28 family genes. NLP1 and green fluorescent protein (GFP) were used as the positive and
negative controls, respectively. Scale bar=1cm. (b) Semiquantitative reverse transcription-PCR analysis of transiently expressed VdGH28
genes in N.benthamiana leaves 48 h after infiltration. NbActin was used as the control. (c) Detection of the cell death-suppressing activity

of VAEPG1. NLP1 was transiently expressed 24 h after infiltration with VdEPG1 in 6-week-old N.benthamiana leaves. Western blot analysis
showed VAEPG1 was expressed in N.benthamiana leaves. 1, sample infiltrated with NLP1 only; 2, sample infiltrated with VdEPG1 only; 3,
sample that was infiltrated with NLP1 24 h after infiltration with VdEPG1; 4, sample infiltrated with GFP only. Commassie brilliant blue (CBB)
was used as the loading control. Scale bar=1cm. (d) Confirmation of the function of the signal peptide of VAEPG1 by yeast signal trap assay.
Growth on YPRAA medium indicates the functionality of the signal peptide of VAEPG1. The signal peptide of Avrlb was used as the positive
control. (e) and (f) Reverse transcription-quantitative PCR analysis of the PAMP-triggered immunity marker genes and pathogenesis-related
genes. N, E, and G represent NLP1, VdEPG1, and GFP, respectively. The blue, red, green, and black columns represent the samples which
were infiltrated at 0, 12, 24 and 48 h, respectively. NbActin was used as a control. Values represent the mean +standard deviation of three
replicates. *p<0.05, **p<0.01, ***p <0.001.

whereas the cotton plants inoculated with the deletion strains
showed only slight wilting symptoms (Figure 3a). Fungal recovery as-
says from the stem sections demonstrated that the deletion strains
still colonized the cotton plants but, compared to the plants infected
by the WT and complemented strains, there was reduced recovery of
fungal colonies from the stem sections on PDA (Figure 3b). Vascular
discolouration, a typical symptom of Verticillium wilt (Klosterman

et al.,, 2009), was observed. As expected, the plants inoculated

with the AVAEPG1-8 and AVAEPG1-11 strains showed slight discol-
ouration, while the plants infected with the WT and complemented
strains displayed dark discolouration (Figure 3c). The disease index
(DI) of plants infected with the deletion strains was significantly
lower than that of plants infected with the WT and complemented
strains (Figure 3d). In addition, fungal biomass analysis of the in-
oculated cotton stems was performed by quantitative PCR (gPCR)
and the results showed that the biomass of the deletion strains was



—|—1242 WILEY Molecular Plant Pathology @) LIU ET AL

(@ WT AVAEPGI-8 AVAEPGI-11C-AVAEPG1-8C-AVAEPGL-11 (P)
PDA 0.4
=
N
2 03
%
KC1 d
Z 0.2
<
o)
&0
NaCl
0
PDA KCl NaCl SDS  Sorbitol CR
[ WTI AVAEPG1-8 [ AVAEPG1-11 | C-AVAEPG1-8 [ll C-AVAEPG1-11
SDS
(c)
40,
o 35
Sorbitol 2730
£F
= ] *%
Se x>
S 2204
s &
CR $ 215,
2210
sx
&5
0 : - .

AVAEPGI1-8 AVJEPGI-11 C-AVAEPGI1-8 C-AVJEPGI-11

sucrose  galactose raffinose pectin  starch  w-s

uWT m AVAEPG1-8 m AVAEPG1-11= C-AVAEPG1-8m C-AVAEPG1-11

FIGURE 2 VdEPGI1 plays an important role in osmotic stress resistance and utilizing carbon sources. (a) Phenotype analysis of the wild-
type (WT), deletion mutant strains AVdEPG1-8 and AVAEPG1-11, and complemented strains C-AVdEPG1-8 and C-AVdEPG1-11 grown on
potato dextrose agar (PDA) or PDA supplemented with 1M KCI, 1M NaCl, 1 M sorbitol, 0.002% sodium dodecyl sulphate (SDS), and 0.02%
Congo red (CR) for 14 days. Scale bar=1cm. (b) The mycelial relative growth of the WT, AVdEPG1-8, AVdEPG1-11, C-AVdEPG1-8,

and C-AVdEPG1-11 strains on PDA or supplemented PDA per day. (c) The spore concentration of the WT, AVdEPG1-8, AVAdEPG1-11,
C-AVAEPG1-8, and C-AVdEPG1-11 strains grown in liquid Czapek Dox medium for 3days. Values represent the mean + standard deviation
of three replicates. (d) Phenotype analysis of the WT, AVdEPG1-8, AVdEPG1-11, C-AVdEPG1-8, and C-AVdEPG1-11 strains grown on Czapek
Dox medium with sucrose, galactose, raffinose, pectin, or starch as the sole carbon source, or with no carbon source (W-S), for 14 days.
Scale bar=1cm. (e) The mycelial relative growth of the WT, AVdEPG1-8, AVdEPG1-11, C-AVdEPG1-8, and C-AVdEPG1-11 strains on Czapek
Dox medium per day. Values represent the mean +standard deviation of three replicates. The asterisks represent significant differences
performed by a t test (*p <0.05, **p <0.01) in comparison with the WT strain.
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FIGURE 3 VdEPGI1 plays a positive role in the virulence of Verticillium dahliae. (a) Disease symptoms of cotton after inoculation with
wild-type (WT), deletion mutants AVdEPG1-8 or AVdEPG1-11, and complemented strains C-AVdEPG1-8, C-AVAEPG1-11, or water (CK).
Photographs were taken at 21 days after inoculation. Scale bar=10cm. (b) Reisolation of V.dahliae strains from the stem of cotton plants

on potato dextrose agar inoculated at 25°C for 5days. Scale bar=1cm. (c) Disease symptoms in stems of cotton 21 days after inoculation
with WT, AVdEPG1-8, AVdEPG1-11, C-AVdEPG1-8, and C-AVdEPG1-11 strains. Scale bar=0.1cm. (d) Disease index of cotton plants at 14, 18,
and 21 days after inoculation with WT, AVdEPG1-8, AVdEPG1-11, C-AVAEPG1-8, and C-AVAEPG1-11 strains. (e) Relative fungal biomass in
stems of cotton 21 days after inoculation with WT, AVdEPG1-8, AVdEPG1-11, C-AVdEPG1-8, and C-AVdEPG1-11 strains. Values represent the
mean + standard deviation of three replicates. The asterisks represent significant differences by a t test (*p <0.05, **p <0.01) in comparison
with the WT strain.

significantly lower than that of the WT and complemented strains
(Figure 3e). These results show that VAEPG1 plays an important role

in the virulence of V.dahliae.

2.6 | VAEPG1 is required for penetration of
cellophane membrane

To investigate the role of VAEPG1 in the process of initial coloni-
zation by V.dahliae, the penetration ability of hyphae through a
cellophane membrane laid on PDA was examined. The deletion

strains showed similar colony morphology to that earlier displayed
in Figure 2a on complete medium (CM) (Figure 4a). The colony di-
ameter of the deletion strains was smaller than that of the WT and
complemented strains at 3days postinoculation (dpi). In addition,
the hyphae of the deletion strains failed to penetrate the cello-
phane membrane and were not observed on the medium when the
cellophane membrane was removed at 5 days postinoculation (dpi).
However, the WT and complemented strain hyphae penetrated
the cellophane membrane, and the hyphae were observed after
removing the cellophane membrane at 5dpi (Figure 4a). The hy-

phae on the cellophane membrane were observed under scanning
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FIGURE 4 The cellophane membrane penetration assay. (a) Penetration symptoms of the wild-type (WT), deletion strains AVdEPG1-8 and
AVAEPG1-11, and complemented strains C-AVdEPG1-8, and C-AVdEPG1-11 grown on potato dextrose agar (PDA) overlaid with a cellophane
membrane (above) for 3days and then after membrane removal for 5days (below). P, the positive side of the PDA; N, the negative side of the
PDA. Scale bar=1cm. (b) Scanning electron microscopy observation of mycelia and conidia on cellophane membrane. Scale bar=100pum.

electron microscopy. The mycelia of the WT and complemented 2.7 | VAEPGI1 interacts with GhOPR? in vitro and

strains showed normal and uniform arrangements, but the mycelia in vivo

of deletion strains displayed a disordered arrangement (Figure 4b)

and, the spores of mutant strains were altered (long spherical with To gain insights into the regulatory network of VdEPG1, the coding
rugged surface; Figure 4b). These results indicate that VAEPG1 sequence VAEPG1%? was cloned into the pGBKT7 vector to be used
can regulate the penetration abilities of hyphae during V.dahliae as a bait in a yeast two-hybrid (Y2H) assay to screen a V.dahliae-

infection. inoculated cotton root cDNA library. GhOPR9 (GH_D05G1193),
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a 12-oxo-phytodienoic acid reductase (OPR), was identified as
an interacting protein of VAEPG1 (Figure 5a). As found in a pre-
vious study, GhOPR9 participates in regulating the resistance of
cotton to V.dahliae through mediating the jasmonic acid (JA) path-
way genes (Liu et al., 2020). In N. benthamiana, VAEPG1-GFP was
located in the plasma membrane and GhOPR9-GFP was located
in both the plasma membrane and the cytoplasm (Figure S7a). In
onion epidermis, VAEPG1 was located in the plasma membrane,
GhOPR9 was located in both the plasma membrane and cytoplasm,
in accordance with that in N.benthamiana leaves (Figure S7b). The
subcellular localization of GhOPR9-GFP and VdEPG1-RFP showed
that VAEPG1 and GhOPR9 co-located in the plasma membrane
(Figure S7c).

Bimolecular fluorescence complementation (BiFC) assays were
performed to test the interaction between VdEPG1 and GhOPR9 in
N. benthamiana plant cells. VAEPG15P-cYFP and GROPR9-nYFP were
co-expressed in N.benthamiana leaves. Yellow fluorescent protein
(YFP) was observed at the plasma membrane under laser confocal
scanning microscopy at 488 nm, and The co-infiltrated of cYFP with
GhOPRY-nYFP, or of VAEPG1*"-cYFP with nYFP did not produce
fluorescence (Figure 5b). In addition, a luciferase assay was used
to verify the interaction between VAEPG1 and GhOPR? in planta
(Figure 5c). These results show that VAEPG1 interacts with GhOPR9
both in vitro and in vivo.

2.8 | GhOPRS9 plays a positive role in resistance to
V.dabhliae

To study the role of GhOPR9 in resistance against V.dahliae, cotton
plants were infiltrated with the virus-induced gene silencing (VIGS)
constructs TRV:GhOPR9-CDS, TRV:GhOPR9-5'UTR, TRV:00, and
TRV:GhPDS. When systemically infected leaves of the TRV:GhPDS
lines displayed a photobleaching phenotype (Figure 6a), the gene-
silencing efficiency of TRV:GhOPR9-CDS, TRV:GhOPR9-5'UTR,
and TRV:00 plants was measured by RT-gPCR. The results showed
that GhOPR9 was successfully silenced (Figure 6b). The silenced
plants were inoculated with V.dahliae V991. The TRV:GhOPR9-
CDS and TRV:GhOPR9-5'UTR lines displayed more severe symp-
toms than TRV:00 plants (Figure 6c,d). DI analysis, fungal biomass
assays, and callose deposition assays showed that resistance
to V. dahliae was more impaired in TRV:GhOPR9-CDS lines than
in TRV:GhOPR9-5'UTR plants (Figure 6e-g). The transcription
levels of genes of involved in JA synthesis increased during the
early infection stages in GhOPR9-silenced lines (Figure S8). The
JA content accumulation decreased in silenced cotton and that in
the TRV:GhOPR9-CDS lines was lower than in TRV:GhOPR9-5'UTR
plants (Figure 6h).

We also examined the effect of overexpression of GhOPR9 in
Arabidopsis plants (Figure 7a,b). GhOPR9 was detected in the overex-
pression line by western blotting (Figure S9). After inoculation with
V.dahliae V991, the Arabidopsis overexpressing GhOPR9 showed
more resistance to V.dahliae (Figure 7b,c) and less fungal biomass

was detected (Figure 7d). These results indicate that GhOPR9 plays a

positive role in resistance to V.dahliae by modulating JA biosynthesis.

3 | DISCUSSION

Compared to vertebrates, plants lack specialized immune cells to pro-
tect themselves from pathogens. Instead, plants have evolved sophis-
ticated defence systems to make sure every plant cell has an effective
immune response (Spoel & Dong, 2012). When phytopathogens at-
tack the host, they release PAMPs or microbe-associated molecular
patterns (MAMPs), such as bacterial flagellin, fungal chitin, lipopoly-
saccharides, and peptidoglycans (Spoel & Dong, 2012; Zipfel, 2014).
The first defence occurs at the plant cell wall, which is composed of
complicated components, including pectin, cutin, cellulose, wax, and
callose (Zipfel, 2014). The pattern-recognition receptors (PRRs) that
are localized at the plant cell surface perceive PAMPs or MAMPs
and trigger downstream immunity responses, including cell death,
reactive oxygen species (ROS) bursts, callose deposition, calcium ion
(Ca?*") accumulation, and induction of defence-related genes (Boller &
Felix, 2009; Monaghan & Zipfel, 2012; Zipfel, 2009). This is called PTI.
Furthermore, plant pathogens secrete effector proteins into plant cells
to circumvent PTI (Dangl & Jones, 2001; Zipfel, 2014). Some effec-
tors counter the PTI as virulence factors, inducing effector-triggered
susceptibility (ETS), and some effectors that are recognized by host
surveillance systems lead to effector-triggered immunity (ETI) (Dangl
et al., 2013; Dodds & Rathjen, 2010). Nevertheless, the plant immune
system during plant-pathogen interactions remains largely unknown.

In this study, we identified 11 glycoside hydrolase family 28
(GH28) members in the V.dahliae genome. When the cotton root
was infected by V.dahliae V991, the expression of all GH28 genes
was up-regulated in the spore suspension, which indicates that the
genes make a contribution to the virulence of V.dahliae. The ex-
pression level of VDAG_04977 was highest in the infected roots.
This result suggests that VDAG_04977 plays an important role
during infection. Many GH family members can induce cell death
and trigger plant defence responses, such as XEG1 from P.sojae (Ma
et al., 2015), EG1 and EG3 from V.dahliae (Gui et al., 2017), and EPG1
from L.theobromae (Thilini Chethana et al., 2020). In this study, an
Agrobacterium-mediated transient expression assay showed that the
GH28 genes in V.dahliae did not induce cell death in N.benthamiana
leaves, but VAEPG1 (VDAG_04977) suppressed cell death induced
by NLP1. Furthermore, the pathogenesis-related genes NbAcre31,
NbCYP71D20, NbLOX, NbPR4, and NbWRKY7 activated by NLP1
were suppressed when VAEPG1 was co-expressed with NLP1 in
N.benthamiana leaves. In addition, VAEPG1 suppressed cell death
induced by INF1 (Figure S10). These results suggest that VdEPG1
may function as virulence factor to suppress some plant immunity
pathways during infection.

Many polygalacturonases have been confirmed to be virulence
factors, for example Pg1 in F. oxysporum (Di Pietro & Roncero, 1998),
BcPG1 and BcPG2 from B.cinerea (Kars et al., 2005; Poinssot
etal.,2003),and EPG1 of L. theobromae (Thilini Chethana et al., 2020).
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FIGURE 5 VdEPGI interacts with
GhOPRSY. (a) The interaction between
VdEPG1 and GhOPR9 was confirmed

by yeast-two-hybrid assays. Scale
bar=0.5cm. (b) Bimolecular fluorescence
complementation assay showing that
the interaction between GhOPR%-nYFP
and VAEPG1-cYFP forms a functional
yellow fluorescent protein (YFP) in the
plasma membrane. Scale bar=100pm.
(c) The interaction between VdEPG1 and
GhOPR9 was confirmed by luciferase
(LUC) assays in Nicotiana benthamiana
leaves. The LUC signal was recorded

in darkfield and brightfield. The
experiment was repeated three times
with similar results. Statistical analyses
were performed using Student's t test:
*p<0.05, **p<0.01.
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Like these, VAEPG1 was also demonstrated to be a virulence fac- showed that VAEPG1 may play a positive role in the virulence of
tor. The pathogenicity of WT strains, AVdEPG1-8 and AVdEPG1-11 V.dahliae. MGG_08938 (MDG1) is dispensable in the virulence of
strains, complemented strains C-AVdEPG1-8, and C-AVdEPG1-11 M.oryzae (Mori et al., 2008). A previous study showed that LtEPG1
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has no influence on fungal morphology and colony characteristics EPG1 in fungi appeared to be species-specific. V.dahliae can live in

(Thilini Chethana et al., 2020). Compared to LtEPG1, VdEPG1 in- soil for many years. In recent years, some genes have been demon-

fluenced radial growth. These results suggest that the function of strated to be involved in response to various stresses. The VAGAL4
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FIGURE 6 GhOPR9 positively regulates cotton resistance against Verticillium dahlige. (a) Disease symptoms of the cotton plants after V.
dahliae V991 infection. Photographs were taken at 21 days after inoculation. TRV:PDS was used as the control to evaluate virus-induced
gene silencing. Scale bar=2cm. (b) The expression level of GhOPRY in the treated plants. Total RNA was isolated from roots at 10days
postagroinfiltration. GhUB7 was used as the reference. Each experiment was performed using three independent replicates. (c) Disease
symptoms in the stems of the treated plants at 21 days after V991 inoculation. Scale bar=0.1cm. (d) Reisolation of V.dahliae from the stem
of cotton plants on potato dextrose agar inoculated at 25°C for 5days. Scale bar=1cm. (e) Disease index of the treated plants at 14, 18, and
21days after inoculation with V991. Each experiment was performed using three replicates. (f) Quantitative PCR analysis of the relative
fungal biomass in stems of the treated plants at 21 days after V991 inoculation. Each experiment was performed using three replicates.

(g) Callose deposition in leaves of the treated plants at 21 days after V991 inoculation. Leaves were stained with aniline blue and imaged
using fluorescence microscopy. Scale bar=200um. (h) GhOPR9 manipulates jasmonic acid (JA) biosynthesis in cotton. JA contents in roots
from TRV:00, TRV:GhOPR9-5'UTR, and TRV:GhOPR9-CDS plants at O, 6, and 12h after V991 infection. Values are the mean +standard
deviation, n=6. Statistical analyses were performed using Student's t test: *p <0.05, **p<0.01.

deletion mutants are more sensitive to SDS and sorbitol, and ex-
hibit reduced pathogenicity of V.dahliae (Wen et al., 2023). VdPbs2
and VdSsk1 have also been shown to be involved in the response to
high osmolarity stress (Tian et al., 2016; Zheng et al., 2019). VdPbs2
and VdSsk1 deletion mutants exhibit reduced virulence on plants.
In our research, the stress treatment assays confirmed that dele-
tion of VAEPG1 causes sensitivity to osmotic stresses, such as KCl,
NaCl, and sorbitol, with significantly decreased mycelial growth on
PDA under osmotic stresses. These results suggest that VAEPG1
may play an important role against osmotic stresses in soil during
infection.

Many studies have shown that some genes participate in regu-
lating the development of V.dahliae and affect the pathogenicity of
V.dahlige in plants (Lv et al., 2022; Zhang et al., 2022). To counter
plant cell wall protection, pathogenic fungi should degrade host cell
walls. It is important to study the effect and utilization of cell wall
components, including pectin, cellulose, lignin, and xylan (Vorwerk
et al.,, 2004). VAOGDH deletion mutants grow slowly in medium
with sucrose, pectin, xylan, starch, and galactose as the sole carbon
source, indicating that VdAOGDH is important for vegetative growth
and carbon utilization of V.dahliae (Li et al., 2020). VAGAL4 deletion
mutants exhibit reduced utilization of different carbon sources, such
as raffinose and sucrose (Wen et al., 2023), but AVdHP1 strains were
significantly increased on a medium with starch, cellulose, and skim
milk, suggesting that VAHP1 might negatively regulate the utilization
of skimmed milk, cellulose, and starch in V. dahliae. VAEPG1 encodes
an endopolygalacturonase and can hydrolyse pectin to produce
galacturonic acid (Gal-A). AVAEPG1 strains showed significantly de-
creased growth on medium containing sucrose, pectin, raffinose,
and starch. Furthermore, the penetration ability of hyphae plays a
key role in the initial plant colonization by V.dabhliae. Strains with de-
letions of VdNoxB, VdPIs1, and VdSte11 cannot penetrate cellophane
membranes, produce defective hyphopodia, and display significantly
decrease virulence (Yu et al., 2019; Zhao et al., 2016). In this study,
AVAEPG1 strains could not penetrate a cellophane membrane, and
had a disordered mycelium arrangement, affected spore develop-
ment, and showed reduced pathogenicity. These results indicate
that VAEPG1 makes a contribution to the pathogenicity of V.dahliae
as a virulence factor.

The yeast signal sequence trap system assay result suggested
that VAEPG1 could be secreted by V.dahliae during infection.

Furthermore, GhOPR9 was shown to interact with VdEPG1 by yeast
two-hybrid assay. As in a previous study, the GhOPR9 expression
level increased more than 100-fold at 24 h after V.dahliae inocula-
tion of cotton root (Liu et al., 2020). In this study, VAEPG1 was also
induced by cotton roots and the GhOPR9 expression level in cot-
ton roots after infection with AVdEPG1 strains was down-regulated
(Figure S11a). These results indicate that VAEPG1 may induce
GhOPR9 expression during infection. In a recent study, GhOPRS in-
teracted with GhCPK33 in the peroxisomes, and GhOPR3-GFP and
GhCPK33-GFP were colocalized in peroxisomes in N.benthamiana
leaves (Hu et al., 2018). In this research, GhOPR9 was localized in
the plasma membrane and cytoplasm, VdEPG1 was localized in the
plasma membrane in N.benthamiana leaves, and the interaction be-
tween VAEPG1 and GhOPR9 occurred in the plasma membrane in
N.benthamiana leaves. These results indicate that OPR members
that participate in cotton resistance to V.dahliae may have different
targets in different spaces.

We silenced the 5 untranslated region (UTR) sequences of
GhOPR? in this research. The TRV:GhOPR9-5" UTR lines displayed
more resistance to V.dahlige than the TRV:GhOPR9-CDS lines. This
result suggests that these tandem duplication genes may have func-
tional redundancy in cotton resistance to V.dahlige. Silencing of
SIOPR3 in tomato can interrupt JA biosynthesis, lead to the expres-
sion of other JA synthesis reduction genes, and show more suscepti-
bility to B.cinerea (Scalschi et al., 2015). In cotton, reduced GhOPR3
protein stability leads to a decrease in JA content and hence more
susceptibility to V.dahliae (Hu et al., 2018). Silencing of GhOPR9 can
affect the JA pathway genes and regulate the resistance of cotton to
V.dahliae (Liu et al., 2020). In this study, the JA content was also re-
duced in GhOPR9-silenced lines, which showed more susceptibility to
V.dahliae. The transcriptional levels of other JA synthesis genes were
increased in GhOPR9-silenced lines and the JA content was reduced
in GhOPR9-silenced lines. OPR3-mediated JA biosynthesis is the main
pathway to regulate rapid and dramatic JA accumulation following
pathogen challenge (Ruan et al., 2019). Our target gene GhOPR9 is
a homologue of AtOPR2 (Liu et al., 2020). OPR2-dependent JA bio-
synthesis is the subsidiary pathway (Chini et al., 2018). So when
GhOPR9 was silenced in cotton, other genes of the JA biosynthesis
pathway were increased, but the JA biosynthesis pathway was still
broken and JA content was decreased. We also examined GhCPK33
expression level in plants by inoculation with WT and VdEPG1 mutant
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FIGURE 7 Overexpression of GhOPR9 enhances Arabidopsis thaliana resistance to Verticillium dahliae. (a) Disease symptoms of A.thaliana
plants after V. dahliae V991 infection. Photograph was taken at 14 days after inoculation. Scale bar=1cm. (b) The percentage of total number
of A.thaliana leaves showing necrosis at 14 days after V991 infection. (c) Quantitative PCR analysis of the relative fungal biomass in leaves of
the treatment plants at 14 days after V991 inoculation. Each experiment was performed using three replicates. Differences between groups
were compared using the t test (*p <0.05). OE, overexpression.

strains. GhCPK33 was reduced after infection and it was expressed et al., 2018). When GhOPR9 was reduced in plants by deletion mu-
more highly in the plants with VAEPG1 mutant strain infection tant strain infection, GhOPR3 increased. To counter the JA accumu-
(Figure S11b). This is consistent with a previous study that showed lation caused by GhOPR3, GhCPK33 was up-regulated. As shown
that GhCPK33 negatively regulates defence against V.dahliae (Hu in a previous study, LtEPG1 interacts with KINB1 and manipulates
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the host immune response by interfering with the KINp1-mediated
signalling pathway (Thilini Chethana et al., 2020). In this research,
VdEPG1 was confirmed to interact with GhOPRY. Interestingly, the
expression level of GhOPRY was decreased with AVAEPG1 strain
inoculation, and the JA content accumulation in cotton plants that
were infected by the AVAEPG1 strain was higher than plants that
were infected by WT and C-AVdEPG1 strains (Figure S11c). This re-
sult is consistent with Figure 6h. We suggest that when the GhOPR9
expression level in cotton was decreased, the main JA biosynthesis
pathway genes were increased to regulate the JA content accumula-
tion against V.dahliae infection. These results indicate that VAEPG1
may modulate the GhOPR9-mediated JA biosynthesis pathway to
regulate the resistance of cotton to V.dahliae. However, the mech-
anism by which VdEPG1 interferes with the GhOPR9-mediated JA
biosynthesis pathway needs to be further studied.

In summary, our results indicate that VAEPG1, a GH28 family
member of V. dahliae, is a virulence factor. VAEPG1 can suppress the
host immune responses caused by VANLP1. VdEPG1 can help V. dahl-
iae to infect successfully. VAEPG1 may regulate the ability of V. dahliae
to respond to osmotic stresses in soil and affect the mycelial arrange-
ment in the host root surface during infection. VAEPG1 interacts with
the JA biosynthesis pathway protein GhOPR9, which plays a positive
role in resistance to V.dahliae. These results suggest that VdEPG1
acts as a virulence factor and interferes with GhOPR9-mediated JA

biosynthesis to regulate host resistance to V.dahliae (Figure 8).

4 | EXPERIMENTAL PROCEDURES

4.1 | Fungal strain, plant material, and culture
conditions

Verticillium dahliae V991 was cultured as described previously (Zhu
et al., 2013). The fungus was cultured in liquid Czapek Dox medium
or on PDA for 7 days at 25°C. Cotton plants (G. hirsutum ‘Jimian No.
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11') were grown in a greenhouse at 28°C with a 16 h/8h day/night
cycle. A.thaliana seedlings were grown in pots in a growth chamber
at 24°C with a 16 h/8h day/night cycle. N.benthamiana plants were
grown at 25°C for 6 weeks for transient expression in greenhouse
under a 14h/10h day/night regime.

4.2 | PVXvector construction and transient
expression assay

The full-length coding sequences of the VAGH25 genes were ampli-
fied from cDNA of V.dahliae using specific primers. All sequences
were integrated into the PVX vector pGR107 at the Clal-Xmal sites
using the In-Fusion HD Cloning Kit (Clontech). These PVX plasmids
were transformed into Agrobacterium tumefaciens GV3101 and they
were transiently expressed on N.benthamiana leaves using VANLP1
(NLP1; Zhou et al., 2012) and GFP as positive and negative con-
trols, respectively. To test the ability of VAEPG1 in suppression of
cell death, A.tumefaciens cells carrying NLP1 were infiltrated 24 h
after infiltration with VdEPG1. The leaves were collected at four time
points (0, 12, 24, and 48h) after Agrobacterium infiltration for RNA
extraction. Symptoms were imaged at 6dpi. Each assay was per-
formed on three leaves from three individual plants and repeated
three times. The primers used are listed in Table S3.

4.3 | VYeastsignal sequence trap system

The function of the predicted signal peptide VAEPG1 was verified
as described previously (Jacobs et al., 1997). The predicted signal
peptide of VAEPG1 was inserted into the vector pSUC2. The sig-
nal peptide of Avrlb was cloned as the positive control into pSUC2.
Constructs pSUC2—EPGlSP and pSUC2—Avr1bSP were transformed
into the yeast strain YTK12 and screened on CMD-W medium. The
transformants were incubated on YPRAA medium (2% raffinose).

FIGURE 8 Schematic model of

the interaction between VAEPG1 and
GhOPR®9. Verticillium dahliae secretes

a virulence factor VdEPG1. VAEPG1

can locate the plant cell membrane,
hydrolyse pectin to produce galacturonic
acid (Gal-A), and suppress the immune
responses induced by NLP1. It is a positive
regulator of V.dahliae virulence. GhOPR9,
which is a component of the jasmonic
acid (JA) signal pathway, interacts with
VdEPGT1 in the plant cell membrane and
protects the plant against V.dahliae.

Plant cell membrane
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The empty pSUC2 vector was used as the negative control. The

primers used are listed in Table S3.

4.4 | Fungal transformations

Homologous recombination was used to generate the AVdEPG1 mu-
tants and complemented strains (Su et al., 2017). Flanking sequences
of VAEPG1 (about 1.1kb upstream and downstream) from genomic
DNA of V991 and the hygromycin resistance cassette (HPH) were
amplified, and these sequences were integrated into the knock-
out vector B303 via overlapping sequences used the In-Fusion HD
Cloning Kit (Clontech). The complementary plasmid construction
was performed as described previously (Su et al., 2017). The 1.5-
kb promoter of VdEPG1 and complementary DNA of VAEPG1 were
inserted into the pCAMBIA1302-Neo vector with the geneticin re-
sistance cassette. The knockout construct B303-HPH-VJEPG1 and
complementation construct pPCAMBIA1302-Neo-VdEPG1 were used
to transform V.dahliae protoplasts as described previously (Rehman
et al., 2016). Transformants were selected based on vector antibiotic
resistance and confirmed by RT-PCR. The primers used are listed in
Table S3.

4.5 | Growth of mutants on stress treatments

To examine mutants' sensitivity to osmotic stress, 1M KCI, 1M NaCl,
or 1M sorbitol were added to the PDA and the cultures were in-
cubated for 14 days. For the cell wall stress assays, all strains were
cultured on PDA containing 0.002% SDS or 0.02% Congo red for
14 days, as described previously (Zheng et al., 2019). The experiment

was repeated six times.

4.6 | Carbon source utilization assays

To analyse carbon source utilization by deletion strains, complemen-
tation strains, and WT, sucrose (30g/L), galactose (10g/L), pectin
(10g/L), raffinose (10g/L), or starch (17 g/L) were mixed in Czapek
Dox medium without sucrose for 14days as described previously.
The experiment was repeated six times.

4.7 | Pathogenicity and penetration assays

All the strains, including deletion strains, complementation strains,
and WT strain V991, were cultured as described previously (Zhu
et al., 2013). The conidial suspensions were diluted to 10’ spores/
mL. Susceptible Jimian No. 11 cotton plants were used to assess the
virulence of all strains. Seedlings' roots of plants at the two-true-leaf
stage were dipped into conidial suspensions for 10 min as described

previously (Lietal., 2019). The roots and leaves were collected at four

time points (0, 12, 24, and 48h) after inoculation for further study.
The DI was calculated as described previously (Wei et al., 2019). The
vascular wilt symptom of cotton was microscopically observed using
seedling stems that were cut from each line at the same position at
21dpi. Fungal recovery was performed using the stem sections of
cotton at 21 dpi as described previously (Xu et al., 2014) and the fun-
gal biomass assay was also performed as described previously (Hu
et al., 2018). Total DNA of seedling stems at 3weeks after inocula-
tion was extracted for qPCR.

To observe the ability of all strains to penetrate the cellophane
membrane, equal amounts of conidia of each strain were cultured
on the cellophane membrane overlaid on PDA for 3days. The hy-
phae on the cellophane membrane were imaged using scanning elec-
tron microscopy, and the cellophane membrane was removed and
cultured for a further 5days. All experiments were repeated three

times. The primers used are listed in Table S3.

4.8 | VAEPGI1 expression and purification

VdEPG1 expression and purification were performed as described
previously (Zhou et al., 2021). The sequences of VdEPG1 without
the signal peptide coding region were inserted into EcoRI/Hindlll re-
striction sites of pET28a. The construct was transformed into E. coli
BL21, then VAEPG1 was purified using the AKTA Explorer system
(Amersham Biosciencies) under optimum conditions. The concen-
tration of purified protein was tested by microspectrophotometry
(Thermo Fisher Scientific) and a BCA protein assay kit (Boster). The
primers used are listed in Table S3.

4.9 | Hydrolytic activity assays

LC-MS was used to analyse the pectin hydrolysate produced by the
VAEPGL1. Pectin from Sigma was used as the substrate. The experi-
ment was repeated three times.

410 | Y2H assays

The cDNA library of cotton roots after V.dahliae inoculation was
constructed using the Matchmaker Gold Yeast Two-Hybrid System
(Clontech) for Y2H screening. The VAEPG1%" gene was fused into
pGBKT?7 as a bait to screen for interacting proteins from the cDNA
library. To verify the interaction between VJEPG1 and the identi-
fied protein GhOPR9, the pGBKT7 plasmid fused with VAEPG1 5P
was transformed into the Y2H yeast strain and the pGADT7 plas-
mid fused with GhOPR9 was transformed into the Y187 yeast strain
using the Transformation System (Clontech). The mating strains
were plated on synthetic dropout (SD)-Leu-Trp and SD-Leu-Trp-
His-Ade (with X-a-gal) media for selection as described by the man-

ual (Clontech). The primers used are listed in Table S3.
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4.11 | BIFC analysis and subcellular localization

To detecttheinteraction between VAEPG1 and GhOPR9 in vivo, BiFC
analysis was performed as described previously (Yu et al., 2008). The
sequence of VAEPG1>? was inserted into the vector pXY104cYFP
and the full-length coding sequence of GhOPR9 was cloned into the
vector pXY106nYFP. The constructs were transformed into A.tu-
mefaciens GV3101. The cell cultures possessing VAEPG1P-cYFP
and GhOPR9-nYFP were co-infiltrated into N.benthamiana leaves.
The sequences of VAEPG1 and GhOPR9 were fused into the vector
pCAMBIA2300-GFP to determine the subcellular localization, and
the VAEPG1-GFP and GhOPR9-GFP constructs were transformed
into A.tumefaciens GV3101. The cell cultures of VdEPG1-GFP and
GhOPR9-GFP were infiltrated into N.benthamiana leaves. The GFP
and YFP fluorescence signals were observed using a confocal mi-
croscope at 488nm. The sequence of VAEPG1 was fused into the
vector pBl121-RFP to determine the subcellular localization with the
GhOPR9-GFP construct in N.benthamiana leaves. RFP (red fluores-
cence protein) fluorescence signals were observed using a confocal

microscope at 594 nm. The primers used are listed in Table S3.

4.12 | Firefly luciferase complementation
imaging assay

The luciferase complementation imaging assay was performed as de-
scribed previously (Chen et al., 2008). The constructs CLuc-GhOPR9
and VAEPG1%"-NLuc were transformed into A.tumefaciens GV3101
and cell cultures were simply mixed. Then the mixture was infiltrated
into N.benthamiana leaves. The infiltrated leaves were sprayed with
1mM beetle luciferin (Promega) and images were captured using a
Photek camera (5200Multi). The primers used are listed in Table S3.

413 | VIGS

The VIGS method was used to study the functions of GhOPR9. The
fragments about 200bp of the 5 UTR and the coding sequence of
GhOPR9 were amplified from Jimian No. 11 and cloned into the
tobacco rattle virus (TRV) vector pYL156 to obtain the constructs
TRV:GhOPR9-5'UTR and TRV:GhOPR9-CDS using a In-Fusion HD
Cloning Kit. The TRV:PDS construct was used as the positive marker
for evaluating VIGS efficiency. All TRV constructs were infected
into cotyledons of cotton seedlings as described previously (Tang
et al., 2019). When the TRV:PDS lines displayed a photobleach-
ing phenotype in their new true leaves, the silencing efficiency of
GhOPR9 was examined in the new true leaves in the TRV:GhOPR9-
5'UTR and TRV:GhOPR9%-CDS lines. The successfully silenced lines
were inoculated with V991 as described above. The roots and leaves
were collected at four time points (0, 12, 24, and 48 h) after inocula-
tion for further study. The DI, vascular wilt symptom, fungal recov-
ery, and fungal biomass assay were performed as described above.
Three weeks after inoculation with V991, callose depositions were

visualized by using aniline blue staining as described previously (Liu
et al., 2020). The stained leaves were imaged by fluorescence mi-

croscopy. The primers used are listed in Table S3.

4.14 | Arabidopsis transformation

The coding sequence of GhOPR9 was amplified and inserted into
the plant binary vector pCAMBIA2300 under control of the CaMV
35S promoter. The construct was transformed into A.tumefaciens
GV3101 then used for Arabidopsis transformation via the floral
dip method (Clough & Bent, 1998). The seeds were screened on
Murashige and Skoog medium containing 50mg/L kanamycin. The
T, transgenic lines were examined by PCR and used for the patho-

genicity assay. The primers used are listed in Table S3.

4.15 | Protein extraction and western blotting
Protein was extracted from N.benthamiana and A.thaliana leaves
after treatment as described previously (Liu et al., 2021). Leaves were
ground in liquid nitrogen after treatment and mixed with an equal
volume of protein isolation buffer. The mixture was centrifuged for
10min at 4°C at 13,000g, then boiled in protein sample buffer for
5min. Proteins were analysed by SDS-PAGE and electroblotted onto
polyvinylidene difluoride (PVDF) membranes.

4.16 | Measurement of JA
Cotton root samples inoculated with WT, deletion strains, and com-
plementation strains were collected. The endogenous concentration

of JA was measured as described previously (Hu et al., 2018).

4.17 | Nucleic acid extraction and
expression analysis

Total RNA was extracted using the RNAprep Pure Plant Plus Kit
(Polysaccharides & Polyphenolics-rich) (TransGen Biotech) accord-
ing to the manufacturer's instructions. Total DNA was extracted
using the Fungal DNA Kit (Omega Bio-tek) according to the manu-
facturer's instructions. First-strand cDNA was synthesized using
the All-in-One First-Strand cDNA Synthesis Super Mix for gPCR Kit
(TransGen Biotech). RT-PCR and gPCR were performed according to
a procedure described previously (Liu et al., 2020). The primers used
are listed in Table S3.

4.18 | Bioinformatics analysis

The hidden Markov model (HMM) of Glyco_hydro_28 (PF00295)
was downloaded from the Pfam database to identify the GH28
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family members (E< 1) by HMMER v. 3.1b2 software against fungal
proteomes (EI-Gebali et al., 2019; Finn et al., 2011). GH28 members
were used to construct a maximum-likelihood phylogenetic tree via
MEGA X software after multiple sequence alignment using MUSCLE
(Edgar, 2004; Kumar et al.,, 2018). The fungal genome databases
were downloaded from JGI (http://genome.jgi.doe.gov/).
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