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Summary

Verticillium dahliae is a widespread and destructive soilborne vascular pathogenic fungus that
causes serious diseases in dicot plants. Here, comparative transcriptome analysis showed that the
number of genes upregulated in defoliating pathotype V991 was significantly higher than in the
non-defoliating pathotype 1cd3-2 during the early response of cotton. Combined with analysis
of the secretome during the V991-cotton interaction, an elicitor VP2 was identified, which was
highly upregulated at the early stage of V991 invasion, but was barely expressed during the
1cd3-2-cotton interaction. Full-length VP2 could induce cell death in several plant species, and
which was dependent on NbBAK1 but not on NbSOBIRT in N. benthamiana. Knock-out of VP2
attenuated the pathogenicity of V991. Furthermore, overexpression of VP2 in cotton enhanced
resistance to V. dahliae without causing abnormal plant growth and development. Several genes
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involved in JA, SA and lignin synthesis were significantly upregulated in VP2-overexpressing
cotton. The contents of JA, SA, and lignin were also significantly higher than in the wild-type
control. In summary, the identified elicitor VP2, recognized by the receptor in the plant
membrane, triggers the cotton immune response and enhances disease resistance.

Introduction

The coevolutionary arms race between plants and pathogens has
led to the formation of complex pathogenic and defensive
mechanisms (Zhou and Zhang, 2020). Fungal pathogens usually
deliver various effector proteins into the plants that disrupt
intrinsic immunity and help pathogens to colonize successfully
(Okmen et al., 2022; Wang et al., 2022a). For example, fungal
CFEM effectors of F. graminearum interact with ZmLRR5 and
ZmWAK17ET to compromise ZmWAK17-mediated resistance
(Zuo et al., 2022). The secreted protein VdSCP41 can interact
with the plant transcription factors CBP60g and SARD1, inhibiting
the transcription of CBP60g, thus inhibiting the induction of plant
immune related genes, and promoting infection by V. dahliae
(Qin et al., 2018). For necrotrophic pathogens, the successfully
invading pathogens will secrete a large number of proteins that
promote the hypersensitive response (HR) and cell death and
obtain nutrients for colonization and reproduction (Bi et al., 2023;
Tian et al., 2020). For example, the necrotrophic fungal pathogen
Parastagonospora nodorum employs necrotrophic effectors (NEs)
to induce tissue necrosis on wheat leaves during infection and
lead to septoria nodorum blotch (SNB) (John et al., 2022).

In response to attack by pathogens, plants have evolved two
categories of immune systems to recognize pathogens and
activate specific defence responses (Wang et al., 2020; Zhou

and Zhang, 2020). Pattern recognition receptors (PRRs) located
on plant cytoplasmic membranes can recognize pathogen-
associated molecular patterns (PAMPs) or microbial associated
molecular patterns (MAMPs) to trigger defence responses
(namely PAMP triggered immunity, PTI), which is the first
category (Escocard de Azevedo Manhaes et al, 2021; Jones
and Dangl, 2006). PRRs typically interact with coreceptors to
activate downstream immune responses (Ngou et al., 2021). For
instance, flagellin-sensitive 2 (FLS2) and BAK1 (BRI1-associated
receptor kinase 1) form a complex to initiate plant defence
(Chinchilla et al., 2007). The kinase AtLYK5 forms a chitin-
induced complex with related kinase AtCERK1 to induce plant
immunity in Arabidopsis (Cao et al., 2014). These coreceptors are
highly conserved in plants and are crucial for PRR-mediated
immunity. Plants can also use intracellular or transmembrane
receptors to recognize specific effector proteins secreted by
pathogens and trigger stronger immune responses, called
effector activated immunity (ETI), which belongs to the second
category (Jones and Dangl, 2006; Zhou and Zhang, 2020). Many
proteins and peptide elicitors that could induce plant defence
responses have been discovered (Pemberton and Salmond, 2004;
Sun et al., 2013). For instance, the N-terminus 22 amino acid
peptide of glycosyl-phosphatidyl-inositol-anchored protein (SGP1)
from Ustilaginoidea virens can elicit cell death, oxidative burst,
and defence-related gene expression (Song et al.,, 2021). An
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elicitor PevD1 secreted by V. dahliae can induce multiple defence
responses in plants (Liang et al.,, 2021). PTlI and ETlI immune
systems are not independent of each other, but reinforce each
other, which leads to a stronger calcium ion influx, more ROS
accumulation, and callose deposition (Ngou et al., 2021; Yuan
etal., 2021).

Verticillium dahliae (V. dahliae) is a typical soil-borne vascular
pathogenic fungus that causes disease in more than 200 species
of dicotyledonous plants (Fradin and Thomma, 2006). Infected
plants usually exhibit leaf wilting, yellowing, necrosis, or even
plant death (Jiménez-Diaz et al, 2011). In the process of
coevolution with the host, due to the influence of heterokaryosis
and ecological environment differences, V. dahliae often pro-
duces physiological differentiation and new pathogenic isolates,
and rapidly emerging new strains can inactivate the correspond-
ing resistance genes in the host and promote susceptibility
(Inderbitzin and Subbarao, 2014). The lack of disease-resistant
cotton germplasm and the variation across pathogen isolates
have led to the urgent problems in cotton production (Xu
et al.,, 2011). Studies have shown that many elicitors from
pathogens can improve plant disease resistance (Li et al., 2022;
Sands et al., 2022). For instance, multiple harpins expressed in
wheat, cotton, and soybean showed enhanced plant resistance to
pathogens (Du et al., 2018; Fu et al., 2014; Miao et al., 2010).
Aspf2-like protein VDAL, secreted by V. dahliae, causes leaf
wilting in vitro, but when overexpressed in Arabidopsis or cotton,
promotes resistance to V. dahliae without affecting plant growth
and development (Ma et al., 2021). Consequently, the identifi-
cation of elicitors that can induce plant immune activation might
be used to enhance plant disease resistance.

In this study, a secretory protein elicitor VP2 from V. dahliae
was identified through comparative transcriptome and secretome
analysis. VP2 can trigger HR and cell death in N. benthamiana,
Arabidopsis, and cotton. VP2 was overexpressed in transgenic
cotton plants and thoroughly investigated for response to
infection by V. dahliae. The obtained results provide new insights
in disease resistance mechanisms and breeding in cotton.

Results

Comparative transcriptome analysis of V. dahliae-cotton
interaction

In order to compare the interaction differences between V.
dahliae isolates in the early infection response of cotton, the
defoliating isolate V991 and non-defoliating isolate 1cd3-2 were
each co-cultured with roots from G. barbadense cv. 7124 and

G. hirsutum cv. YZ1 for 3 days, respectively, filtered and collected
by centrifugation for transcriptome sequencing (Figure 1a). The
differentially expressed genes (DEGs) showed similar transcrip-
tional patterns in the same strain, which also implied that the
experiment had good repeatability (Figure 1b,c). The expression
profile showed that most of DEGs of 1cd3-2 were downregulated
(Figure 1b,d), and the number of upregulated DEGs of V991 was
significantly higher than for 1cd3-2 (Figure 1d).

There were 2063 shared DEGs among the four transcriptomes,
which may be conserved in the interaction between the host and
V. dahliae (Figure 1e). GO enrichment analysis shows that they
were mainly associated with DNA metabolic process, histone
methylation, transmembrane transport, transcription, DNA-
templated, organonitrogen compound catabolic process, cellular
response to stress, and cell division (Figure 1f). More DEGs were
found during the interactions with different isolates. In total,
1601 DEGs were specific to the interaction between 1cd3-2 and
cotton (Figure Te) and were mainly enriched in vesicle docking
involved in exocytosis, cell communication, cellular protein
modification process, secretion by cell, signal transduction,
growth, lipid translocation, and filamentous growth through
GO enrichment analysis (Figure 1g). In total, 2493 DEGs were
specific to the interaction between V991 and cotton (Figure 1e)
and were mainly enriched in glycolytic process, carbohydrate
derivative metabolic process, carbohydrate metabolic process,
cellular response to oxidative stress, positive regulation of
hydrolase activity, small molecule metabolic process, and cell
wall modification (Figure 1h). All these data indicated that the
more aggressive defoliating isolate V991 activated more signal-
ling and metabolic pathways during the pathogen-host
interaction.

Screening of V991 key candidate secretory proteins

Label-free-based secretome was used to identify the key
candidate secretory proteins produced by V991, and PCA showed
good intragroup repeatability (Figure S1a). A total of 790 proteins
were identified in the secretome (Figure S1b). Among them, 111
proteins were specifically identified in the treatment group and
23 proteins in the control group (Figure S1b; Table S4); There
were 656 proteins that were found in both groups, of which 174
were upregulated proteins and 64 were downregulated in the
treatment group (Figure S1b; Table S3). In total, 268 genes
accounting for 34% were predicted to encode secreted proteins
(possessing the extracellular localization signal peptide (SP) and
lack a transmembrane motif). Of these, 168 were less than 500
amino acids in size and rich in cysteines (cysteine number > 2)

Figure 1 Comparative transcriptome analysis of the interaction between V. dahliae and cotton. (a) The sampling mode diagram of transcriptomes. V991
and 1cd3-2 were each co-cultured with roots from G. barbadense cv. 7124 (Hai7124) and G. hirsutum cv. YZ1 (YZ1) for 3 days, respectively, filtered and
collected by centrifugation for transcriptome sequencing. The spores of the two pathogens cultured in liquid medium (Czapek-Dox) without roots for

3 days were used as the control, respectively. (b) Expression profiles of differentially expressed genes (DEGs) involved in the interaction of 1cd3-2 with
different cotton roots. The gene expression values were calculated using the FPKM method. The scale bar represents expression value of each gene after
row normalization by removing the mean and dividing by the standard deviation. Upregulated and downregulated genes are shown in red and blue
colours, respectively. (c) Expression profiles of DEGs involved in the interaction of V991 with different cotton roots. (d) The number of DEGs in V991 and
1cd3-2 transcriptomes, respectively. Statistical analyses were performed using a Student’s t test: ns, Not significant; *P < 0.05. (e) Venn diagram showing
the number of DEGs in different transcriptomes. 1cd3-2-H3 and 1cd3-2-Y3 represent the transcriptomes of 1cd3-2 interacting with roots from Hai7124
and YZ1 3 days post inoculation (dpi), respectively. V991-H3 and V991-Y3 represent the transcriptomes of V991 interacting with roots from Hai7124 and
YZ1 3 dpi, respectively. (f) GO enrichment analysis of 2063 DEGs shared in the four transcriptomes. Gene ratio is the number of DEGs divided by the total
number of genes associated with a specific pathway. (g) GO enrichment analysis of 1601 DEGs shared in 1cd3-2 transcriptome only. (h) GO enrichment

analysis of 2493 DEGs shared in the V991 transcriptome only.
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(Figure S1c,d). Finally, 10 cysteine-rich secretory proteins (VPs)
were identified as having high transcript levels during the
interaction between V991 and cotton (Table S1; Figure S2).

VP2 triggers cell death in plants

To verify whether VPs can act as elicitors to trigger plant defence
responses, VPs were cloned into the overexpression vector fused
with the GFP tag, and N. benthamiana leaves were injected with
Agrobacterium containing the constructs to monitor the effects
of transient expression. Only VP2 was found to trigger the HR and
cell death in N. benthamiana (Figure 2a). VP2 lacking the signal
peptide (VP27F) was unable to trigger necrosis in N. benthami-
ana leaves (Figure 2a). Western blot analysis confirmed the
expression of VP2 and VP2~F (Figure 2b). Full-length VP2 also
induced cell death in leaves of Arabidopsis, which was not
observed for GFP control (Figure 2c). Cotton leaves showed
obvious necrosis 4 days later upon infiltration of VP2-GST
recombinant protein supernatant (from Escherichia coli)
(Figure 2d,e). However, VP2~*P-GST recombinant protein super-
natant did not cause cell death in cotton leaves (Figure 2d,e). The
expression of genes related to HR and PAMP-responsive was
determined in N. benthamiana. The results showed that VP2
could significantly activate the expression of genes involved in HR,
like HSR203 and HINT, and PTl-related genes, like NbAcre31,
Nbpia5, NbCYP71D20, and NbWRKY7 (Figure 2f). These sug-
gested that VP2 acts as an elicitor that can be recognized by
multiple plant species and trigger the immune response.

NbBAKT but not NbSOBIR1 is required for VP2-induced
cell death

Subcellular localization experiments demonstrated that VP2 was
localized to the N. benthamiana plasma membrane (Figure 3a),
while VP2*F |ocalized in both plasma membrane and nucleus
(Figure 3a). This suggested that plant cell death triggered by VP2
depends on the membrane localization. Virus-induced gene
silencing (VIGS) was employed to silence NbBAKT and NbSOBIR1
in N. benthamiana (Figure 3b), and gRT-PCR analysis confirmed
that the expression of NbBAK7 or NbSOBIRT was markedly
knocked down (Figure 3c). The results showed that VP2 did not
induce cell death in NbBAK1-silenced N. benthamiana leaves, but
strongly triggered cell death in NbSOBIR1-silenced leaves, similar
to the results from GFP-silenced N. benthamiana leaves
(Figure 3b). Immunoblotting analysis confirmed that VP2 was
successfully expressed in the NbBAKT or NbSOBIR1-silenced
plants (Figure 3d). These results suggested that NbBAKT but
not NbSOBIR1 are required for VP2-induced cell death.

VP2 contributes to the virulence of V. dahliae

BLAST analysis revealed that VP2 was only found in Verticillium
spp., though with no known function (Table S1). The amino acid
sequence of VP2 in V991 and 1cd3-2 is very conserved, and only

two amino acids are variant in the signal peptide region (Figure S3).
A yeast capture system showed that the signal peptide of both
genotypes has secretory function (Figure S4). To further detect the
expression levels of VP2, total RNA was extracted from infected
cotton hypocotyls at 6, 18 days post inoculation (dpi). gRT-PCR
results showed that VP2 in defoliating isolates V991 and T9 was
highly expressed at 6 dpi, while the transcript of VP2 in non-
defoliating isolates 1cd3-2 and BP2 was very low during the
invasion process (Figure 4a). These results implied that
the expression of VP2 might be regulated specifically by the
defoliating pathotype of V. dahliae in the early stage of invasion.

To further investigate VP2 function in fungal virulence, two
independent knockout mutants 4VP2 (AVP2-1, AVP2-2) and two
AVP2/NP2-complementation transformants (Com-1, Com-2) were
obtained for V991 (Figure S5). The growth rate and mycelium
morphology of the VP2 knockout mutants were similar to the WT
(V991) and complementation transformants (Figure S5b,c), while
knock-out of VP2 significantly reduced the virulence of the
pathogen, with less chlorotic leaf formation and disease index
compared to the wild type and complementation transformants
(Figure 4b,c).

Heterologous expression of VP2 enhances cotton
resistance to V. dahliae

Since VP2 acts as an elicitor that can cause rapid necrosis of
cotton cotyledons (Figure 2d), VP2-overexpressing cotton lines
were generated to investigate the regulatory mechanism
(Figure 5a,b). gRT-PCR results showed that the transcription
levels of VP2 were high in roots and leaves of the cotton lines
OEVP2-1, OEVP2-2, and OEVP2-3 (Figure 5a). VP2 protein was
also detected in transgenic lines by immunoblotting (Figure 5b).
The transgenic cotton did not show any growth or developmental
defects comparable to wild-type controls in the greenhouse
(Figure 5¢). However, after inoculation with V. dahliae, transgenic
plants exhibited enhanced resistance, with mild symptoms and a
lower disease index (Figure 5d,g). Consistent with this, less
browning of vascular tissue (Figure 5e) and the fungal recovery
assay (Figure 5f) all supported the view that VP2 enhanced cotton
resistance to V. dahliae. Similarly, in the field, VP2 transgenic
plants also showed significantly improved their tolerance to
Verticillium wilt (Figure S6).

VP2 triggers the cotton immune system and defence
response

Transcriptome analysis of uninoculated transgenic plants showed
that 805 genes were DEGs compared to the wild type, of which
314 DEGs were up-regulated and 491 DEGs were down-regulated.
GO enrichment analysis showed that DEGs were significantly
enriched in response to stress, defence response, cell wall
modification, and systemic acquired resistance and lignin metabolic
process (Figure 6a). Among these, 15 genes that suggested to

Figure 2 VP2 full-length induced multiple plants cell death and stimulate immune response. (a) Transient expression of VP2 and VP2~*F in N. benthamiana
leaves. (b) Immunoblotting analysis of transiently expressed VP2 and VP2~5F fused to the GFP tag in N. benthamiana leaves 48 h after infiltration.

(c) Transient expression of VP2 in Arabidopsis through agroinfiltration. (d) The protein supernatant of VP2 prokaryotic expression causes cotton cotyledons
wilt. Photos were taken on day 4. The plants were kept at 25 °C with 70% relative humidity. (e) Immunoblotting analysis of prokaryotic expression protein
VP2 and VP2 ~*F fused to the GST tag. (f) gRT-PCR of marker genes related to hypersensitivity response (HR) and PAMP responsive in N. benthamiana leaves.
Leaves were sampled for RNA extraction at 2 days after agro-infiltration of VP2, GFP, and INF1. GFP and INF1 were used as the negative control and
positive control, respectively. Transcript levels of genes were normalized to the levels of the constitutive reference gene NbEFTa. The values are means =+ SD,
n = 3, and the values in GFP were normalized as 1. Statistical analyses were performed using a Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3 NbBAKT but not NbSOBIRT is required for VP2-induced cell death. (a) Analysis of green fluorescent protein (GFP) in N.benthamiana epidermal
cells expressing 355::VP2:GFP, 355::VP2~>":GFP and red fluorescent protein (CBLn) expression in N. benthamiana through agroinfiltration. CBLn localizes in
the plant cell membrane used as a positive control in localization studies. Fluorescence from epidermal cells in the infiltrated tissues was detected by
confocal microscopy at 48 h post agroinfiltration. Scale bars, 30 um. (b) Virus-induced gene silencing (VIGS) technology was used to silence NbBAKT and
NbSOBIRT by inoculation with TRV constructs (pTRV2-GFP, pTRV2-NbBAKT, and pTRV2-NbSOBIRT) in N. benthamiana leaves. Three weeks after
inoculation, GFP, BAX, VP2 were transiently expressed in NbBAK1-and NbSOBIR1-silenced N. benthamiana plant leaves. Photographs were taken 3 days
after agroinfiltration. The experiment was carried out three times with five plants for each TRV construct. (c) The expression levels of NbBAKT and
NbSOBIRT after VIGS treatment as evaluated by gRT-PCR. NbEFTa was used as the internal reference gene. Statistical analyses were performed using a
Student's t test: **P < 0.01. (d) Immunoblotting analysis of transiently expressed VP2 in NbBAKT- and NbSOBIR1-silenced N. benthamiana leaves.

participate in the plant immune response were identified
(Figure 6b). The expression level of these genes was higher in
VP2-overexpressing cotton lines compared with the wild type
under normal growth conditions, and they were induced more

quickly and to higher levels upon inoculation with V991 in the over-
expressers (Figure 6b). Further experiments showed that the
expression levels of genes involved in the SA signalling pathway,
including GhPR1, GhPR2, and GhPR5 and JA signalling-related
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Figure 4 VP2 is essential for the full virulence function of V. dahliae. (a) Expression of VP2 in defoliating pathotype and non-defoliating pathotype V.
dahliae at 6, 18 dpi, respectively. The v997_EVMO0005718 was used as the internal control gene. The values are means + SD, n = 3. Statistical analyses
were performed using a Student'’s t test: *P < 0.05; **P < 0.01. (b) Infection assays of wild-type V991, 4VP2 mutants, and 4VP2/VP2-complementation
transformants on cotton. Three-week-old cotton seedlings were inoculated with 10° mL™" of conidia from V991, AVP2-1, and AVP2-2 strains, and
complementary transformants Comp-1 and Comp-2. Photographs were taken at 16 dpi. (c) Disease index of infected cotton plants. The disease grade was
classified as follows: 0 (no symptoms), 1 (0%-25% wilted leaves), 2 (25%-50% wilted leaves), 3 (50%-75% wilted leaves), and 4 (75%-100% wilted
leaves). The grades of disease symptoms were calculated with three replicates of 30 plants.
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Figure 5 Cotton expressing VP2 are resistant to infection by V. dahliae. (a) and (b) The molecular evidence of transgenic cotton. (a) Analysis of the tissue
expression pattern of VP2 in transgenic cotton lines. The GhUB7 was used as the internal control gene. The data were generated from three replicates of
experiments. (b) Immunoblot analysis of VP2 in three transgenic cotton lines overexpressing VP2. Total proteins of 18-day-old seedlings were extracted and
detected with anti-MYC antibodies. (c) The growth phenotype of transgenic lines in greenhouse. Scale bars, 6 cm. (d) Disease symptoms of WT and OEVP2
plants infected by V. dahliae and photographed at 16dpi. (e) Comparison of sections from cotyledonary node between WT and OEVP2 plants at 18 dpi; (f)
fungal recovery assay of cotyledonary node sections from WT and OEVP2 plants at 18 dpi and photographed 7 days after culturing. (g) The statistics of
disease grade after inoculation with V991 for 16 dpi. The values are means & SD, n = 3. Statistical analyses were performed using a Student’s t test:
*P < 0.05; **P < 0.01.
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Figure 6 The content of SA and JA increased in VP2 transgenic cotton. (a)

Gene ontology enrichment of DEGs from OEVP2 versus WT. Gene ratio is the

number of DEGs divided by the total number of genes associated with a specific pathway. (b) Heat map of the expression of genes associated with disease
resistance in the transcriptomes. The gene expression value was calculated using the FPKM method. The scale bar represents expression value of each gene

after row normalization by removing the mean and dividing by the standard

deviation. Upregulated and downregulated genes are shown in red and blue,

respectively. () gRT-PCR analysis of SA (PR1, PR2, and PR5) and JA (PR4) biosynthesis and signalling genes in WT and OEVP2 plants under normal growth
conditions. The values represent means + SD, n = 3. GhUB7 was used as the internal control gene. All values in WT were normalized as 1. Statistical

analyses were performed using a Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001. (d) and (e) Measurement of SA (d) and JA (e) content in WT and
OEVP2 cotton plants under normal growth conditions. The values represent means + SD, n = 6. Statistical analyses were performed using a Student’s t

test: *P < 0.05; **P < 0.01; ***P < 0.001.

GhPR4, were significantly higher in VP2-overexpressing cotton lines
than in the WT under normal growth conditions (Figure 6¢). The SA
and JA contents were also higher in VP2-overexpression lines
(Figure 6d,e).

More genes involved in cell wall modification and lignin
metabolism were identified and analysed in the VP2-
overexpression lines through transcriptome analysis (Figure 6a).
Expression pattern analysis confirmed that GhPALs were signif-
icantly more highly expressed in VP2-overexpressing cotton than
in the WT, regardless of whether inoculated with pathogen or not
(Figure 7a,b). In addition to GhPALs, other lignin synthesis related
genes such as GhCCoAOMT, GhF5H-6, GhF5H-7, and Gh4CL-1
were also higher in VP2-overexpressing cotton lines under normal
growth conditions (Figure S7). Phloroglucinol-HCI staining of
stem cross-sections showed that lignin deposition was clearly
increased in VP2-overexpressing cotton compared with the WT
(Figure 7c). Lignin content assays were consistent with the
histochemical staining, showing significantly increased accumu-
lation in VP2-overexpressing lines than in the wild-type control

(Figure 7d). All these data suggested that VP2 triggers the cotton
immune system by activating phytohormone synthesis and
phenolic metabolite biosynthesis.

Discussion

Defoliating V. dahliae regulates the upregulation of
more DEGs

The coevolution between host plants and their pathogens is a
dynamic process (Woolhouse et al.,, 2002). This competitive
evolution drives frequent changes in the gene sequence and
promoter, such as single-nucleotide polymorphisms (SNPs),
insertion, and deletion, making these genes highly polymorphic
(Guttman et al., 2014; Wang et al., 2022b). For example,
the serine substitution of glycine in Phytophthora avirulence
effector PsAvr3c leads to evasion of Rps3c-mediated soybean
immunity (Huang et al., 2018). The secreted protein Ps109281 of
Phytophthora sojae, due to its N-terminal sequence polymor-
phism, cannot trigger plant cell death like other GH12 members
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Figure 7 Overexpression of VP2 in cotton promotes lignin accumulation. (a) and (b) qRT-PCR analysis of GhPALs in WT and OEVP2 transgenic cotton lines
without (a)/with (b) inoculation for 12 h. The values are means + SD, n = 3, and normalized with GhUB7, and then all values in WT were normalized as 1.
Statistical analyses were performed using a Student’s t test: ns, Not significant; *P < 0.05; **P < 0.01; ***P < 0.001. (c) The histochemical analysis to

observe the lignin deposition in stem from WT and OEVP2 transgenic cotton lines under normal growth conditions. Co: cortex, P: phloem, X: xylem, Pi: pith.
The scale bar stands for 100 um. (d) The determination of the lignin in the WT and OEVP2 transgenic cotton lines under normal growth conditions. The

values represent the means + SD; n = 3. Student's t test: **, P < 0.01.

(Wang et al., 2022b). In addition, the resistance-breaking isolates
carrying unexpressed alleles evades being recognized by RPP4-
containing Arabidopsis (Asai et al.,, 2018). Recently, a natural
variation in the hrpL promoter was found and made Pseudomo-
nas syringae loss its virulence (Xie et al., 2023). To understand the
virulence mechanisms of V. dahliae, most studies have focused on
differences at the genomic level (Chen et al, 2018; Jonge
et al., 2013). Here, our results show that defoliating isolate V991
might enhance its virulence by increasing the expression of more

virulence-related genes during invasion of the host compared
with 1cd3-2. Defoliating isolate V991 regulates more DEGs
upregulated expression, and V991-specific DEGs are significantly
enriched in the processes of hydrolase activity, small molecule
metabolism, carbohydrate metabolism, and cell wall modification
(Figure 1). Previous studies also showed that carbohydrate
hydrolases (CAZymes) play an important role in promoting
pathogen infection and virulence (Ma et al., 2015; Wang
et al., 2021; Zhang et al., 2021). These results further indicated
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that the genes from defoliating isolates of V. dahliae that
specifically respond to the host may play an important role in the
virulence differentiation of V. dahliae.

In this study, a key virulence factor VP2 was identified, which
has only two amino acid variations in the signal peptide region
between the defoliating and non-defoliating pathotype V.
dahliae, and does not affect its secretory function. However,
compared to D-type VP2 being induced at the early stage of
invasion, ND-type VP2 was almost not induced during the
invasion of the host, which also suggested that different
expression of VP2 may influence the virulence of V. dahliae.
Studies have shown that cis- and trans-regulatory changes are the
main causes of gene differential expression (Wittkopp
et al., 2004). Among them, transcription factors (TFs) have been
extensive studied and are considered important for gene
expression (Lai et al.,, 2022; Xiao et al., 2021). Therefore,
identifying key regulators that regulate the expression of
virulence-related downstream genes in V. dahliae may play an
important role in further elucidating the virulence differentiation
of V. dahliae isolates.

Improving plant resistance by utilizing pathogenic
elicitors

Over the past decades, research has uncovered a multitude of
effectors from pathogens and revealed their ability to enhance
plant disease resistance (Li et al., 2022; Sands et al., 2022; Yu
et al., 2020). For instance, the class Il hydrophobin Hyd1 from
Trichoderma harzianum can induce maize resistance against C.
lunata (Yu et al., 2020). Overexpression of Avel in Vel tomato
induces the expression of defence genes (Castroverde
et al.,, 2016). In this study, we found that VP2, as an elicitor,
can cause the necrosis of N. benthamiana, Arabidopsis, and
cotton leaves and activate plant immunity (Figure 2). Subcellular
localization demonstrated that VP2 was located in the plasma
membrane (Figure 3). These data suggested that VP2 may act as
an PAMP molecule that can be recognized by multiple plant
species. Previous studies reported that the receptor-like kinases
BAK1 and SOBIRT are required in various PAMP-triggered
immune responses (Ma et al., 2015; Sun et al., 2013; Wang
et al., 2021; Zhang et al., 2023). Receptor-like related kinase
BAK1 can interact with a variety of defence-related proteins and
plays an important role in plant immunity (Chinchilla et al., 2009).
For example, a N. benthamiana elicitin-insensitive RLK1 (NbEIRT)
regulates Phytophthora resistance by coupling with BAK1 to
enhance elicitin-triggered immunity (Zhang et al., 2023). The
Pseudomonas effector HopB1 can specifically degrade BAKT,
thereby increasing its virulence without overly perturbing the host
plant (Li et al, 2016). In this study, VIGS experiments in N.
benthamiana showed that VP2-induced cell death depended on
NbBAKT rather than NbSOBIR1 (Figure 3). However, whether VP2
interacts with BAK1 in cotton needs further study.

Plants are constantly attacked by various pathogens and pests,
causing massive yield and quality losses annually (Zhou and
Zhang, 2020). An effective approach to enhance resistance to
diseases is to enhance the immune system of plants through
genetic engineering technology (He et al., 2023). For example,
overexpression of the laccase gene GhLacT in cotton can lead to
increased lignification and confer an enhanced defence response
to both pathogens and pests (Hu et al.,, 2018). UORFSTBF1-
mediated NPR1 translation control enhances rice disease resis-
tance without compromising plant fitness (Xu et al., 2017). The
use of pathogen elicitors that can induce plant immunity is also an
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effective approach to innovate plant disease resistant germplasm
(Ma et al., 2021; Rajput et al., 2015). In this study, VP2 can induce
HR and necrosis in multiple plant species, indicating that there is a
conserved mechanism for recognizing VP2 and inducing immune
activation, and heterologous overexpression of VP2 in cotton can
significantly increase resistance to V. dahliae. The RNA-seq data
showed direct evidence for the activation of plant immune-
related gene expression by VP2 and during VP2-mediated plant
immunity.

Although in most cases, SA and JA have antagonistic
relationship, studies have also shown that SA and JA signalling
pathways may be necessary together in plant defence responses
(Nomoto et al., 2021; van Wees et al., 2000; Zhu et al., 2021). For
example, Simultaneous activation of SA- and JA-dependent
defence pathways can enhance the induced disease resistance
in Arabidopsis thaliana (van Wees et al., 2000; Xiang et al., 2011).
In rice, OsSWRKY45-1-regulated Xanthomonas oryzae pv oryzae
(Xoo0) resistance was accompanied by increased accumulation of
SA and JA (Tao et al., 2009). And knockdown of GhRPS6 results
in the reduction of SA and JA content, enhancing cotton more
susceptible to V. dahliae (Zhu et al., 2021). For hemi-biotrophic
pathogens such as V. dahliae, simultaneously activating SA and
JA in plants may be more beneficial for enhancing their resistance
to pathogens (Glazebrook et al., 2003; Li et al., 2023). In our
study, VP2 transgenic plants showed significantly improved their
tolerance to Verticillium wilt (Figures 5 and S6). And the
expression level of SA-dependent and JA-dependent defence
pathway-related genes were significantly increased in VP2 over-
expressing transgenic cotton, and the SA and JA contents were
also significantly increased (Figure 6). In conclusion, our results
illustrate that VP2 expression confers resistance to V. dahliae in
cotton through the activation of defence responses without
affecting the growth and development of transgenic cotton.

Experimental procedures
Pathogen infection and disease assay

V. dahliae cultivation was performed as described previously (Xu
etal., 2011). V. dahliae was inoculated on a potato dextrose agar
(PDA) plate for 4 days and placed in an incubator at 25 °C.
Fungal colonies were transferred into Czapek medium on a
shaker at 120 rpm at 25 °C for 4 days. Three-week-old cotton
seedlings were inoculated by the root-dip method. The disease
index was scored using at least 30 plants per treatment and
repeated at least three times. The plant disease index was
calculated according to previously described methods (Xu
et al., 2011). Experiments were maintained at a constant
temperature of 25 °C to 28 °C under long-day conditions with
an 8-h/16-h dark/light photoperiod and a relative humidity
of 60%.

Fungus sample preparation and RNA-seq

G. barbadense cv. 7124 and G. hirsutum cv. YZ1 were grown in
sterile seedling culture medium for about 7 days. The roots were
cut into about 1 cm segments and put into either V991 and
1cd3-2 culture medium and cultured on a shaker at 25 °C
and 150 rpm for 3 days. After 3 days, the roots were filtered on
gauze and then put it into a centrifuge tube at 5000 rpm for
15 min to remove the supernatant, and the precipitation of V991
or 1cd3-2 was used for RNA extraction and transcriptome
sequencing, respectively. V991 and 1cd3-2 without cotton root
treatment were used as control.
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The RNA extraction of V. dahliae was carried out according to
the instructions of the fungus RNA extraction kit (OMEGA,
R6840-02). The library preparations were sequenced on an
lllumina Novaseg6000 platform and 150 bp single reads were
generated. RNA-Seq reads were aligned to V991 or 1cd3-2
genomes (unpublished), respectively, using Hisat2 with default
parameters. Transcripts of each sample were assembled using
Stringtie (Pertea et al., 2016). edgeR package was used to find
the expression differences between samples.

Secretome analysis

To perform secretome analysis, V991 was pre-cultured on PDA
media for 4 days and placed in an incubator at 25 °C and
transferred to liquid Czapek medium on a shaker at 120 rpm at
25 °C. Sterile cotton roots were added in the treatment group,
but not in the control group. Three days later, the culture medium
was filtered, centrifuged, and the supernatant was filtered on a
0.22 um filter membrane to remove the mycelium and other
impurities, and then centrifuged in 3 KD ultrafiltration centrifuge
tubes. Finally, the secreted protein of V. dahliae was identified by
using label-free technology (Cox et al., 2014). In the analysis of
significance difference of quantitative results, at least two non-
null values of three repeated experimental data in the selected
sample group were statistically analysed, and the differentially
expressed proteins were identified using the following filter
criteria: P < 0.05 and fold change >2.

Expression pattern analysis

Quantitative real-time PCR (qRT-PCR) was performed using a
7500 real time PCR system (ABI, Foster City, CA) with the iTag™
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA) in a
15 uL reaction volume. gRT-PCR was performed as follows: an
initial 95 °C denaturation step for 3 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 45 s. The house-keeping genes
GhUB7, NbEF1a, and v991_EVMO0005718 were used as internal
controls for cotton, N. benthamiana and V. dahliae, respectively.
Primers used in this study are listed in Table S2.

Prokaryotic expression protein

The target gene was constructed in the GST label vector pGEX-
4T-1 through the BP and LR reactions of Gateway cloning system,
and the constructed label vector was introduced into the
prokaryotic expression strain BL21. The monoclone was selected
and then shaken in medium in a triangular flask. IPTG (0.5 M)
was added when the OD600 was 0.6-0.8, and the expression
was induced at 16 °C for 12-16 h. The cells were lysed followed
by sonication, and 1 mM protein supernatant of prokaryotic
expression was used for injection into cotton cotyledons. The
cotton plantlets were kept under greenhouse conditions of 25 °C
to 28 °C under long days with an 8-h/16-h dark/light photoperiod
and a relative humidity of 60%.

Analysis of subcellular localization

The V. dahliae candidate effector v991_EVM0004415 (VP2) was
amplified from a V991 cDNA library with specific primers
(Table S2). The variants VP27°P (without SP) and VP2(1cd3-2)
(with the signal peptide of VP2 fused into VP27°P) were cloned
into vector pGWB743. The GFP was used as a control. CBLn,
which localizes to the plant plasma membrane, was used as a
positive control in localization studies. Three vectors were
separately introduced into A. tumefaciens strain GV3101, and
N. benthamiana leaves were infiltrated with the bacterial

suspension (OD600 = 0.5-0.8). Two days post-agroinfiltration,
the infiltrated leaves were cut to observe GFP and RFP
fluorescence of using confocal microscopy (Olympus FV1200).
Primers used in this study are listed in Table S2.

VIGS in N. benthamiana

The vectors pTRV1 and pTRV2 were used for the VIGS assay (Gao
et al., 2013). Genes sequences of NbBAK1, NbSOBIR1, GFP, and
PDS were inserted into pTRV2. The primer sequences are listed in
Table S2. All vectors were separately introduced into A.
tumefaciens strain GV3101. All Agrobacterium cultures contain-
ing pTRV1 and pTRV2-genes were adjusted to OD600 = 0.5-0.8.
pTRV2-GFP was used as a control, and pTRV2-PDS was used to
evaluate the efficiency of VIGS. RNA extracted from N.
benthamiana leaves was used to verify the efficiency of gene
silencing by gRT-PCR.

Yeast signal sequence trap system

Functional validation of the predicted signal peptide was
performed as described previously (Ma et al., 2021). In brief,
the predicted signal peptide (SP) was cloned into pSUC2, and the
resulting plasmid was transformed into YTK12, an invertase
mutant yeast strain. The positive transformants were incubated
on YPRAA medium (2% raffinose). Invertase enzymatic activity
was assayed by 2,3,5-triphenyltetrazolium chloride reduction
assay (Schenke et al., 2011). The empty pSUC2 and pSUC2-
Avr1bSP vectors were used as negative and positive controls,
respectively.

Generation of gene deletion mutants and mutant
complementation

Generation of targeted gene deletion constructs was based on
the previously described method (Zhang et al., 2017). In order to
produce complementary transformants, VP2 was cloned into the
binary vector p823-GFP carrying resistance to G418, and VP2 was
reintroduced to the AVP2 strains. Complemented transformants
were obtained using a previously described Agrobacterium-
mediated transformation method (Zhang et al., 2017). All primers
used are listed in Table S2.

Plant transformation, protein extraction, and western
blotting

VP2 was amplified and inserted into the 4 x MYC label vector
pPGWB417 through the BP and LR reactions of Gateway cloning
system to generate the overexpression vector. The VP2 over-
expressing vector was introduced into Agrobacterium tumefa-
ciens (strain GV3101) and used to transform cotton according to
previous methods (Li et al., 2019). The primers used in this study
are listed in Table S2.

To perform western blotting, firstly sampled leaves were
ground into fine powder using liquid nitrogen, and then 0.1 g
of sample was put into a 2 mL centrifuge tube. 200 pL of protein
lysate (PO013, Biyuntian) (1% protease inhibitor has been added)
was added, shaken and mixed quickly, and then incubated on ice
for 40 min. The mixture was centrifuged at 4 °C for 15 min at
12 000 rpm, and supernatant was taken for SDS-PAGE
electrophoresis.

Sample preparation and RNA-seq of VP2 expressing
transgenic cotton

RNA from wild-type and VP2 overexpressing cotton was extracted
for transcriptome sequencing before and at 12 h post inoculation
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with V991. Total RNA was extracted using an RNA Extraction Kit
(Tiangen Biotech, Beijing, China). The library preparations were
sequenced on an lllumina Novaseq6000 platform, and 150 bp
paired-end reads were generated. Sequencing adapters were
removed and consecutive low-quality bases were trimmed from
both the 5" and 3’ end of the reads, high-quality RNA-Seq reads
were aligned to the cotton genome (Wang et al., 2019), using
Hisat2 with default parameters. Transcripts of each sample were
assembled using Stringtie (Pertea et al., 2016). edgeR package
was used to find the expression differences between samples.

Measurement of phytohormones

The roots of cotton plantlets at the same growing stage were
taken and quickly ground into powder using liquid nitrogen, then
0.1 g of samples were placed into a 2 mL centrifuge tube,
then homogenized in 700 puL 80% (v/v) methanol and shaken
overnight at 4 °C in the dark. Samples were then centrifuged for
15 min at 12 000 rpm and 4 °C, the supernatant was collected,
and 300 pL precooled extraction buffer was added to the
sediment. After 1 h of oscillation extraction at 4 °C, centrifuga-
tion was performed at 4 °C and 12 000 rpm for 15 min,
supernatant was collected twice and combined, then filtered
through 0.22 pm filter membrane (JINTENG Biotech, Tianjin,
China). HPLC-MS/MS (AB SCIEX Triple Quad 5500 LC/MS/MS
system) was used to measure plant hormones, and internal
standard settings were according to previous studies (Sun
et al., 2014).

Histochemical staining and determination of lignin
content

Lignin deposition in plant hypocotyls was measured according to
previously described method (Xu et al., 2011). In brief, sample
sections of cotton plants were dipped in phloroglucinol solution
(3% w/v phloroglucinol in 95% ethanol) for 10 min, then
transferred to 18% HCI for 5 min, and photographed under a
Leica fluorescence microscope (DM2500, Leica, Germany). The
lignin content of roots was determined using the method as
described previously by Xu et al. (2011).
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Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1 Lable-free-based secretome of V991. (a) Principle
component analysis of 790 proteins detected in all samples. (b)
Venn diagram to show the number of proteins identified in the
control group and the treatment group. (c) and (d) Statistics of
amino acid length (c) and cysteine number (d) of 286 secreted
proteins (possess the extracellular localization signal peptide and
lack a transmembrane motif).

Figure S2 Expression profiling of candidate secretory proteins
(VPs) in V991 and 1cd3-2 transcriptomes, respectively.

Figure S3 The amino acid sequence alignment of the D-type VP2
(genotype of VP2 in the V991 genome) and ND-type VP2
(genotype of VP2 in the 1cd3-2 genome). Numbers represent the
position of the amino acid (aa) residues, and sequence alignments
were performed with ClustalX 2.1.
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Figure S4 The signal peptide (SP) of D-type VP2 and ND-type VP2
are functional. YPRAA medium for verification of secretion
activity on invertase. TTC assay for the test of secreted invertase
activity. Note that only the strain expressing the Avrib, D-type
VP2, and ND-type VP2 SP fusion gained the ability to catabolize
raffinose and reduce 2, 3, 5-triphenyltetrazolium chloride (TTC)
into red formazan. Both YPRAA and TTC indicate the successful
secretion of the invertase.

Figure S5 The growth rate and mycelium morphology of the
wild-type V991, AVP2 mutant, and 4VP2/VP2-complementation
transformants. (a) PCR analysis of wild-type strain V991 and 4VP2
mutants. The genomic DNA of each strain was used to verify the
5" and 3’ homologous and presence of targeted gene. (b) Growth
rate assay of the wild-type V991, AVP2 mutant, and 4VP2/VP2-
complementation transformants. Each assay was replicated three
times. No significant differences compared with the WT were
found (Student’s t test). (c) Mycelium morphology of the wild-
type V991, AVP2 mutant, and 4VP2/NP2-complementation
transformants. Images of wild-type V991, AVP2 mutant, and
AVP2/NP2-complementation transformants cultured on PDA
plates at 25 °C for 7 days in the dark. Scale bars, 100 pm. Each
assay was replicated three times.

Figure S6 OEVP2 plants enhanced resistance to V. dahliae in the
field. (@) The photos for the two transgenic lines (OEVP2-1 and
OEVP2-2) and wild-type plants growing in the same field infected
with V. dahliae. Scale bars, 10 cm. (b) The statistics of disease
grade in the field condition, count with at least 20 plants.
Statistical analyses were performed using a Student's t test:
*P < 0.05; **P < 0.01.

Figure S7 gRT-PCR analysis of other lignin synthesis related genes
in VP2 transgenic cotton lines without inoculation. The values are
means + SD, n = 3, and normalized with GhUB7, and then all
values in WT were normalized as 1. Statistical analyses were
performed using a Student’s t test: ns, Not significant; *P < 0.05;
***p < 0.001.

Table S1 Identified Verticillium dahliae secreted proteins.

Table S2 Primers used in the study.

Table S3 Common proteins identified in the control and
treatment groups of secretome.

Table S4 Specific proteins identified in the control or treatment
group of secretome.
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