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ABSTRACT Verticillium dahliae is a soilborne plant fungal pathogen that causes Verticillium
wilt, a disease that reduces the yields of many economically important crops. Despite its
worldwide distribution and harmful impacts, much remains unknown regarding how the
numerous effectors of V. dahliae modulate plant immunity. Here, we identified the intracellu-
lar effector VACE11 that induces cell death and defense responses in Nicotiana benthamiana
to counter leaf pathogens such as Sclerotinia sclerotiorum and Botrytis cinerea. VACE11 also
contributes to the virulence of V. dahlige in cotton and Arabidopsis. Yeast two-hybrid library
screening and immunoprecipitation revealed that VACE11 interacts physically with the cotton
aspartic protease GhAP1. GhAP1 and its Arabidopsis homolog AtAP1 are negative regulators
of plant immunity, since disruption of either increased the resistance of cotton or Arabidopsis
to V. dahliae. Further, VACE11 plays a role in promoting the accumulation of the AP1 proteins
and increasing its hydrolase activity. Taken together, these results indicate a novel mechanism
regulating virulence whereby the secreted effector VACE11 increases cotton susceptibility to
V. dahliae by promoting the accumulation and activity of GhAP1.

IMPORTANCE Verticclium dahliae is a plant fungal pathogen that causes a destructive vas-
cular disease on a large number of plant hosts, resulting in great threat to agricultural pro-
duction. In this study, we identified a V. dahliae effector VACE11 that induces cell death and
defense responses in Nicotiana benthamiana. Meanwhile, VACE11 contributes to the virulence
of V. dahliae in cotton and Arabidopsis. Yeast two-hybrid library screening and immunoprecipi-
tation revealed that VACE11 interacts physically with the cotton aspartic protease GhAP1.
GhAP1 and its Arabidopsis homolog AtAP1 are negative regulators of plant immunity since
disruption of either increased the resistance of cotton or Arabidopsis to V. dahliae. Further
research showed that VACE11 plays a role in promoting the accumulation of the AP1 pro-
teins and increasing its hydrolase activity. These results suggested that a novel mechanism
regulating virulence whereby VACE11 increases susceptibility to V. dahliae by promoting the
accumulation and activity of GhAP1 in the host.

KEYWORDS Verticillium dahliae, effector, plant immunity, aspartic protease

erticillium dahliae is a soilborne pathogen that penetrates plant roots and colonizes the

xylem (1-3). This pathogen has a wide host range, including ornamental shrubs to forest
trees and numerous crops, and causes massive economic losses each year (2). V. dahlige can
survive in the form of microsclerotia in soil for over 14 years (4). When the microsclerotia of V.
dahliae are stimulated by host root exudates, they germinate and develop hyphae (1, 5).
Hyphae adhere closely to the root surface and further differentiate to form penetration pegs
that penetrate the plant root, traverse the cortex, and eventually colonize the xylem (1, 5-9).
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V. dahliae is a hemibiotrophic pathogen that initially colonizes plants as a biotroph and
later switches to a necrotrophic lifestyle during later phases of infection (10-13), phases that
have also been described as parasitic and saprophytic, respectively (1). Like most plant
pathogens, V. dahliae must overcome plant immunity during the biotrophic stage to achieve
successful colonization of the host (3, 12). Two types of immunogenic signals trigger plant
immunity. Pathogen-associated molecular patterns (PAMPs; also known as microbe-associ-
ated molecular patterns [MAMPs]), such as bacterial flagellin and fungal chitin, are recog-
nized by plant plasma membrane-bound receptors (known as pattern recognition receptors
[PRRs]) to induce the first layer of innate immunity (known as PAMP-triggered immunity
[PTI) (14, 15). Another type of immunogenic signal involves effectors which directly suppress
PTI or scavenge PAMP molecules from recognition to facilitate pathogen infection (12,
16-19). Effectors are often isolate or lineage-specific, such as the Ave1l protein of V. dahliae (20)
and may be recognized by plant resistance (R) proteins that activate the second layer of immu-
nity (effector-triggered immunity [ETI]) often accompanied by localized cell death (12). PTl and
ETI are initiated from either the extracellular space or intracellularly in the cytoplasm through
the interaction between pathogen molecules and plant receptors, an interaction that causes
signal transduction to the plant nucleus to activate expression of defense genes, accumulation
of reactive oxygen species (ROS), and callose deposition (21-23).

The mechanisms of V. dahliae effector-mediated modulation of host immunity are pro-
gressively being unraveled (3), though relatively few “bona fide” effectors have been identi-
fied and functionally characterized in V. dahliae among the catalog of 780 predicted
secreted proteins in V. dahliae isolate VdLs.17 (24). The famous V. dahliae effector protein,
Avel, interacts with the tomato resistance gene product Vel, a membrane-bound recep-
tor-like protein that confers resistance to isolates of V. dahlige carrying Avel (20). It is
unknown whether Avel functions inside host cells during V. dahliae infection. Another V.
dahliae effector, Vdlcs1, is an isochorismate synthase that can suppress salicylic acid (SA)
signaling during host colonization (25). VASCP41 localizes in the host nucleus and sup-
presses plant immunity by disrupting the transcriptional activity of the master immune
regulators CBP60g and SARD1 (26). VACUT11 is an apoplastic effector that induces cell
death and triggers defense responses in N. benthamiana, cotton, and tomato (27).
Virulence effector VdXyn4 functions in the nuclei and chloroplasts of plant cells, depends
on endocytosis mediated by immune receptors BAK1 and SOBIR1 to avoid or delay
VdXyn4 entry into the salicylic and jasmonic acid-mediated defense pathways, and ulti-
mately leads to cell necrosis in plants vein tissue (28). These studies demonstrated that the
V. dahliae effectors have evolved to target host regulatory proteins and disrupt host
defense signaling networks to promote fungal pathogenicity.

Studies of V. dahliae effectors have provided valuable tools to aid in Verticillium wilt
research and its management (13). Further elucidation of the role of effectors in V. dah-
liae-plant interactions holds promise for development of additional tools. In this study,
we identified the Verticillium dahliae candidate effector (VACE11) and thus primarily
aimed to functionally characterized its role in V. dahliae-plant interactions. We demon-
strate that VACE11 causes cell death and activates defense responses in N. benthami-
ana leaves and contributing to the virulence of V. dahliae in cotton by promoting the
accumulation and enzymatic activity of the cotton protease GhAP1 (Gossypium hirsu-
tum aspartic protease 1), a negative regulator of plant immunity.

RESULTS

Identification of a V. dahliae effector that induces plant cell death. We had pre-
viously sequenced the whole genome of V. dahliae XJ592 and identified predicted 793
secreted proteins (29). From these 793 proteins, 67 candidate effectors were predicted
in this study by bioinformatics analyses, based on the general features of classical
effectors (see Table S1 in the supplemental material). These candidate effectors were
transiently expressed in N. benthamiana leaves to screen for those that induce cell
death (see Fig. S1). The Bcl-2-associated X (BAX) and the green fluorescent protein
(GFP) controls resulted in cell death or no cell death, respectively. The candidate
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FIG 1 VACE11 from V. dahliae induces plant immunity responses in N. benthamiana. (A) VACE11 induces cell death in N.
benthamiana. Four-week-old plants were infiltrated with A. tumefaciens carrying GFP, VAdCE11-GFP, or BAX from pBin vectors for
transient expression. Photographs were taken at 7 days after Agrobacterium infiltration. (B) Western blot (WB) analysis of transient
expression of VACE11 fused to the GFP tag in N. benthamiana leaves at 48 h after infiltration. (C) H,O, contents of VACE11
transiently expressed N. benthamiana leaves at 48 h after infiltration. (D) Relative expression of hypersensitive-response-specific
and defense-related marker genes in N. benthamiana infiltrated with A. tumefaciens carrying the pBin-GFP, pBin-VdCE11-GFP, or
pBin-BAX vectors. Total RNA was extracted at 48 h postinfiltration, and transcript levels were detected by RT-qPCR. The NbEF-Ta
gene was used as the internal reference gene for relative expression analyses. The data shown represent the means across three
independent experiments. Different letters represent significant differences (P < 0.05), according to a Student t test. Bars indicate
the standard error (SE).

effector VACE11 induced cell death when expressed in N. benthamiana leaves (Fig. 1A
and B). VACE11 contains a predicted signal peptide (SP) at its N terminus. To assess the
function of this SP in VdCE11, we conducted a secretion assay in yeast. The invertase
mutant yeast strain YTK12 transformed with pSUC2-VACE11SP construct could grow
on the YPRAA medium, indicating the invertase is secreted (see Fig. S2A). The secretion
of invertase was further confirmed using an enzymatic activity assay based on invert-
ase-mediated conversion of the colorless dye 2,3,5-triphenyltetrazolium chloride (TTC)
into the insoluble red colored triphenylformazan (TTF) (see Fig. S2B). These results
demonstrated that the signal peptide of VACE11 can mediate the secretor of VACE11.
In addition to a signal peptide at the N terminus, VACE11 also contains conserved
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FIG 2 VdCE11 enhances the resistance of N. benthamiana to S. sclerotiorum and B. cinerea. N. benthamiana leaves were infiltrated with A. tumefaciens for
transient expression of the indicated genes using pBin vectors. GFP was used as the negative control. (A) Symptoms of N. benthamiana leaves at 24 h
postinoculation (hpi) with S. sclerotiorum. (B) Lesion diameter on N. benthamiana leaves following inoculation with S. sclerotiorum. (C) Symptoms of
N. benthamiana leaves at 72 hpi with Botrytis cinerea. (D) Lesion diameter of N. benthamiana leaves after inoculation with B. cinerea. (E) Symptoms of
N. benthamiana leaves at 24 hpi with S. sclerotiorum. (F) Lesion diameter of S. sclerotiorum-infected N. benthamiana leaves. (G) Symptoms of N. benthamiana
leaves at 72 hpi. (H) Lesion diameter on N. benthamiana leaves following inoculation with B. cinerea. The data shown represent the means across three
independent experiments. Different letters represent significant differences (P < 0.05), according to a Student t test. Bars indicate the SE.

homologs of Cladopsorium fulvum Ecp2 effector (Hce2) domain present in many fungi
(see Fig. S3A and B) (19). BLAST analysis was performed on the V. dahliae XJ592 ge-
nome, revealing four Hce2 domain-containing proteins in V. dahliae XJ592 in addition
to VACE11 (see Fig. S3A and B and Table S2). To identify whether Hce2 domain-con-
taining proteins contribute to a hypersensitive response (HR), each was expressed in N.
benthamiana. None of the other proteins caused cell death when expressed in N. ben-
thamiana (see Fig. S3C), suggesting that VACE11 plays a important role in the regula-
tion of the plant immune response.

VdCE11 triggers plant immunity responses. To determine whether VdCE11-acti-
vated cell death was associated with plant immune responses, we examined ROS accumula-
tion, together with the expression of two HR-specific marker genes, NbHINT and NbHSR203
(30, 31), in N. benthamiana. The accumulation of H,O, was significantly higher when VACE11
was expressed than that in the GFP control (Fig. 1C). In addition, the expressions of NbHINT
and NbHSR203J were upregulated by VACE11 expression (Fig. 1D). These results suggested
that VACE11 can activate HR-associated immune responses.

To clarify whether VACE11-activated immunity was accompanied by alteration of hormone
signaling pathways, the expression level of four defense-related marker genes were examined.
These genes include (i) NbPR1a, NbPR2, and NbGLNb, marker genes of SA-dependent immu-
nity pathway (32, 33), and (i) NbLOX, marker gene of jasmonic acid (JA)-dependent immunity
pathway (34). As shown in Fig. 1D, the expression levels of all four were significantly higher in
VdCE11-expressed samples compared to the GFP control. These findings indicated that
VdCE11 triggers immunity by activation of the SA- and JA-mediated defense pathways.

To study whether VACE11 enhances plant resistance against phytopathogenic fungi,
Botrytis cinerea and Sclerotinia sclerotiorum were inoculated onto areas of N. benthamiana
leaves where VACE11 and VACE112% was expressed and the diameters of the lesions were
measured (Fig. 2A, G, E, and G). As shown in Fig. 2B, D, F, and H, the lesion diameters caused
by S. sclerotiorum or B. cinerea were significantly decreased in both VACE11- or VACE1145P-
expressing leaves compared to the GFP control. These results strongly indicated that
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FIG 3 Detection of the pathogenesis functional diversification of VACE11 during cotton, Arabidopsis, and N. benthamiana infection. (A) Disease symptoms
of cotton infected by the indicated strains of V. dahliae at 14 days postinoculation (dpi). The cotton cultivar Junmian 1 was inoculated with the wild-type
strain XJ592 or the mutant strains AVdCET1 and ECVACET1. (B) Disease index of cotton plants at 14 dpi. (C) The relative fungal biomass of cotton infected
with indicated strains were determined by qPCR. VAEF-T« (V. dahliae Elongation Factor-1«) was used as a target gene, and GhSSU (Gossypium hirsutum
small subunit ribosomal rRNA) was used as an internal control. (D) Disease symptoms of Arabidopsis infected by the indicated strains of V. dahliae at
14 dpi. (E) Disease index of Arabidopsis plants at 14 dpi. (F) The relative fungal biomass of the V. dahliae strains in Arabidopsis were determined by qPCR.
VAEF1-a was used as target gene and AtUBC27 (Ubiquitin-Conjugating Enzyme 21) as the Arabidopsis internal control gene. (G) Disease symptoms of N.
benthamiana infected by the indicated strains of V. dahliae at 21 dpi. (H) The relative fungal biomasses of the V. dahliae strains in N. benthamiana were
determined by qPCR. VdEFT-a was used as the target gene and NbEFT1-a as the N. benthamiana internal control gene. Different letters represent significant
differences (P < 0.05), according to a Student t test. Bars indicate the SE.

VdCE11 activates plant immunity and enhances the resistance of N. benthamiana to S. scle-
rotiorum and B. cinerea and that this function is not dependent on the SP.

Pathogenic function diversification of VACE11. To gain insight on the expression
pattern of VACE11 in infection and colonization of cotton roots, the roots were inoculated
with conidia, collected at different time points, and the roots samples subjected RT-qPCR
analysis for VACET1 expression. Reverse transcription-quantitative PCR (RT-gPCR) analysis
indicated that expression of VACE11 was gradually induced during the early stage of infection
(see Fig. S4A). In addition, the expression of VACE11 was significantly induced by cotton root
extract (see Fig. S4B). These results suggested that VACE11 plays a role in plant infection.

To gain more in-depth insight into the function of VACE11, we knocked out the VdCET1
gene in V. dahliae and confirmed two mutant strains by three pairs of PCR primers (see Fig.
S5A and B and Table S4). Following inoculations with the AVACETT mutants, both cotton
and Arabidopsis plants displayed much weaker disease symptoms than the plants inoculated
with the wild-type XJ592 (Fig. 3A and D). The cotton and Arabidopsis plants inoculated with
AVdCET1 mutants also showed significantly reduced disease indices compared to those ino-
culated with the XJ592 strain (Fig. 3B and E). The reduced virulence of the AVdCET1 mutants
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FIG 4 Subcellular localization of VACE11 from V. dahliae in N. benthamiana epidermal cells. (A) Transient expression of GFP-tagged VACE11 and VdCE11
without the signal peptide (VACE114%) in N. benthamiana leaves was observed by laser scanning confocal microscopy. Pictures were taken 72 h after
agroinfiltration. Scale bars, 20 um. (B) Subcellular localization of GFP-tagged VACE11 and VACE11%*P in N. benthamiana leaves after plasmolysis. Scale bars,
20 um. The white arrows indicate extracellular areas.

was restored upon complementation with GFP-tagged VACE11 (ECVACETT) (Fig. 3; see also
Fig. S5B). The fungal biomass and disease indices in cotton and Arabidopsis were consistent
with the hypothesis that VACE11 plays an important role in virulence (Fig. 3C and F).
However, pathogenicity assays in N. benthamiana showed that deletion of VACET1 resulted
in enhanced virulence and fungal biomass development (Fig. 3G and H). These results indi-
cated that the virulence of V. dahliae in N. benthamiana is affected by the defense response
triggered by VACE11. There was no significant difference in growth rate or colony morphol-
ogy between the AVACETT mutants and XJ592 under normal or stressed conditions (see Fig.
S5C). These results indicated that VACE11 has a diversification function in virulence but does
not affect pathogen growth.

VdCE11 localizes in the intracellular space. The localization of VACE11 was ana-
lyzed after its expression in N. benthamiana leaves. While expression of VAdCE11 could
caused cell death in N. benthamiana leaves, as shown previously (Fig. 1A; see also Fig.
S1), we also demonstrated that this cell death was not contingent on the presence of
the SP as VACE114s could also cause cell death (see Fig. S6A). Moreover, laser scanning
confocal microscopy revealed that VACE11 was observed in both extracellular and in-
tracellular spaces after plasmolysis (Fig. 4). However, VACE114sP-GFP was only observed
in the intracellular space after plasmolysis (Fig. 4). Western blot analysis confirmed that
both VACE11-GFP and VdCE114*-GFP proteins were expressed in N. benthamiana
leaves (see Fig. S6B). Taken together, these results indicated that VACE11 performs its
function intracellularly.

VdCE11 interacts with the aspartic protease GhAP1 of cotton. To search for the
host targets of VACE11, we performed a yeast two-hybrid (Y2H) screen with VACE11 as the
bait against a cDNA library constructed from V. dahliae-infected cotton roots. A cotton as-
partic protease GhAP1 was identified as a candidate prey protein and the interaction
between VACE11 and GhAP1 was confirmed by Y2H (Fig. 5A; see also Fig. S7 and Table
S3). Bimolecular fluorescence complementation (BiFC) assays further confirmed their inter-
action (Fig. 5B). Meanwhile, the luciferase signal was only captured after coexpression of
VACE11-nLUC and GhAP1-cLUC in the split-luciferase complementation imaging assay
(Fig. 5Q). In further support of the physical interaction between VAdCE11 and GhAP1, coim-
munoprecipitation assays confirmed that the GhAP1-FLAG protein coimmunoprecipitated
with VACE11-GFP when expressed in N. benthamiana (Fig. 5D). These results clearly dem-
onstrated that VACE11 interacts with GhAP1, in vitro and in vivo.

We determined the subcellular localization of GhAP1 by infiltration of a 355:GhAP1-
RFP (with and without the signal peptide) construct in N. benthamiana leaves. Red
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FIG 5 VACE11 from V. dahliae interacts with GhAP1 from Gossypium hirsutum cv. Junmian 1. (A) Y2H analyses of the interaction between VdCE11 and
GhAP1. Double dropout (DDO; SD/-Trp/-Leu) was used as nonselective medium, while triple dropout (TDO; SD/-Trp/-Leu/-Ade) and quadruple dropout
(QDO; SD/-Trp/-Leu/-Ade/-His) as selective media. The pGBKT7-53/pGADT7-T interaction represents the positive control interaction, while pGBKT7-Lam/
pGADT7-T is the negative control interaction. (B) BiFC analysis of the interaction between VACE11 and GhAP1. VACE11-YFP¢ and GhAP1-YFPN were
transiently coexpressed in N. benthamiana. Scale bars, 30 um. (C) VACE11 interacts with GhAP1 in N. benthamiana. N. benthamiana leaves infiltrated with
Agrobacterium strain carrying indicated constructs were subjected to split-luciferase complementation imaging assay. (D) VACE11 interacts with GhAP1 in
planta. VACE11-GFP and GhAP1-FLAG were coexpressed in N. benthamiana leaves. Total proteins were isolated and bound by GFP-trap agarose, and the
coimmunoprecipitation of VACE11 and GhAP1 was verified by Western blotting.

fluorescence was observed in the nucleus and cytoplasm (see Fig. S8A). Coexpression
of VACE11-GFP and GhAP1-RFP (with or without the signal peptide) did not affect the
localization pattern of either protein. VACE11-GFP and GhAP1-RFP colocalized in the
nucleus and cytoplasm of N. benthamiana cells (see Fig. S8B).

AP1 acts as a negative regulator of resistance to V. dahliae in cotton and
Arabidopsis. To better understand the function of GhAP1 during the cotton-V. dahliae
interaction, we first assayed the expression profile of GhAP1 at different times after the inoc-
ulation of cotton with V. dahliae. Challenge with V. dahliae resulted in significant induction
of the transcript levels of GhAP1 at 24 h postinoculation (hpi) (see Fig. S9). Virus-induced
gene silencing (VIGS) was used to specifically silence GhAPT gene expression (denoted as
“TRV:GhAP1"), with TRV:00 as mock treatment and TRV:GhCLAT as a positive control. The cot-
ton leaves showed an obvious photobleaching phenotype at 2 weeks after agroinfiltration
with TRV:GhCLAT (see Fig. ST0A). Meanwhile, the expression of GhAPT was significantly
reduced in the TRV:GhAPT plants compared to the TRV:00 plants (see Fig. S10B). At 14 days
postinoculation (dpi) with the XJ592 strain, the cotton seedlings of the TRV:GhAPT plants
exhibited less etiolation, wilting, vascular discoloration, and leaf abscission than the TRV:00
plants (Fig. 6A). The disease index of GhAP1-silenced plants was significantly lower than on
TRV:00 plants (Fig. 6B). Quantitative PCR (qPCR) confirmed that the fungal biomass in GhAP1
silenced plants was also significantly lower than the mock plants (Fig. 6C). Furthermore,
pathogenesis-related (PR) genes including GhPR1, GhPR2, GhPR3, GhPR4, GhPR5, GhPR6, and
GhPR10 were significantly upregulated in the GhAP1-silenced plants (Fig. 6D). These results
indicate that GhAPT acts as a negative regulator of resistance to V. dahliae in cotton.

Since VACE11 acts as an effector in V. dahliae-Arabidopsis interaction, we tested the
interaction between AtAP1 (homolog of cotton GhAP1 in Arabidopsis) and VACE11 by
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FIG 6 AP1 acts as a negative regulator of plant defense against V. dahliae. (A) Disease symptoms of TRV:00 and TRV:GhAPT plants inoculated with V.
dahliae at 14 days postinoculation (dpi). (B) The disease index of the TRV:00 and TRV:GhAPT plants. (C) Biomass of V. dahlige in infected cotton plants
determined by qPCR. VdEF-Ta was used as a target gene and GhSSU as an internal control gene for gPCR. (D) Expression of PR genes in TRV:00 and TRV:
GhAP1 plants at 24 hpi. GhSSU was used as an internal control. (E) Symptoms of V. dahliae-infected ap1 mutants of A. thaliana at 14 dpi. (F) Disease index
values of WT and ap1 plants. (G) Biomass of V. dahliae in infected Arabidopsis plants determined by qPCR. VAdEFT-a was used as a target gene and AtUBC21
as an internal control gene. (H) RT-gPCR analysis of the expression of PR genes in WT Arabidopsis and ap1 plants at 24 hpi. AtUBC21 was used as internal
control. The data shown represent the means across three independent experiments. Different letters represent significant differences (P < 0.05), according
to a Student t test. Bars indicate the SE.

Y2H and BiFC assays (see Table S3). The results showed that AtAP1 also interacts with
VdCE11 (see Fig. S7 and Fig. S11A and B). To study whether AtAP1 plays a role in V.
dabhliae resistance, the wild-type Arabidopsis Col-0 and the ap1 T-DNA insertion mutant
were inoculated with strain XJ592 for the assessment of disease symptoms. As shown
in Fig. 6E, the apl mutant displayed higher resistance than the wild-type plants.
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different time points were used for Western blotting. Protein loading is indicated by Ponceau stain (Ponceau S). (C) The cell lysis expressed GST-VdCE11
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test. Bars indicate the SE.

Accordingly, the disease index and fungal biomass of ap7 mutant plants was much
lower than those of the wild-type plants at 14 dpi (Fig. 6F and G). Meanwhile, PR genes
including AtPR1, AtPR2, and AtPR5 were significantly upregulated in the apl plants
(Fig. 6H). These results indicated that the Arabidopsis AtAP1 plays a role similar to its
ortholog GhAPT in negatively regulating the resistance to V. dahliae.

VdCE11 promotes the accumulation and enzyme activity of GhAP1. To study the
mechanism of interaction between VdCE11 and GhAP1, VACE11-GFP was coexpressed with
GhAP1-FLAG protein in N. benthamiana leaves. At 48 h postinfiltration, accumulation of
GhAP1-FLAG was increased when coexpressed with VACE11-GFP but the same accumulation
of GhAP1-FLAG was not observed when it was coexpressed with the GFP control. However,
the level of GhAP1-FLAG was similar when coexpressed with another Hce2 domain-contain-
ing protein (VD592_4464-GFP) which is secreted (Fig. 7A; see also Fig. S3A). VACE11 protein
also effectively inhibited the degradation of GhAP1 in vitro. When the cell lysis expressed glu-
tathione S-transferase (GST) were coincubated with His-GhAP1 or GhAP1-FLAG, His-GhAP1 or
GhAP1-FLAG proteins showed obvious degradation at 4 h of coincubation. However, it was
not showed obvious degradation that the cell lysis expressed GST-VACE11 were coincubated
with His-GhAP1 or GhAP1-FLAG at 4 h (Fig. 7B and Q). These results suggested that VdCE11
has a unique function in promoting the accumulation of GhAP1 in planta.

Since GhAP1 was annotated as a hydrolytic enzyme but lacked experimental evidence
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FIG 8 Model showing the predicted functional mechanism of VACE11 in N. benthamiana, G. hirsutum, and A.
thaliana during host-pathogen interactions. (A) In N. benthamiana leaves, VACE11 may be recognized by a
receptor on the cell membranes, thus stimulating the downstream HR, SA, and JA signaling pathways and
promoting disease resistance of the host. (B) However, when the secreted effector VACE11 enters cotton and
Arabidopsis host cells, it recruits and promotes the accumulation of AP1 to make the host more susceptible to
disease.

to support its activity, we tested the enzyme activity of GhAP1, revealing that it has similar
activity as pepsin in hydrolyzing the bovine serum albumin (BSA) (Fig. 7D). VACE11
increased the hydrolytic capacity of GhAP1. These results indicated that VACE11 could
enhance the hydrolytic capacity of GhAP1.

DISCUSSION

To modulate host physiology or suppress plant defense, pathogens deliver hundreds of
effectors through specialized intracellular structures, such as haustoria or infection hyphae,
directly into plant cells or the host apoplastic space (12). Verticillium dahliae secretes numerous
proteins that aid in infection and collude with plant defense responses to destroy the conduc-
tivity of xylem vessels resulting in wilt symptoms (3). In this study, we identified the V. dahliae
effector VACE11 that induces cell death in N. benthamiana leaves (Fig. 1A). The yeast signal
trap assay system and the subcellular localization assays revealed that VACE11 was secreted
from V. dahliae (see Fig. S2) and delivered into host cells. Transient expression of VACE11 lack-
ing the signal peptide, VACE112%, also induced cell death in N. benthamiana (see Fig. S6A),
suggesting that VACE11 can function inside N. benthamiana leaves cells. Transient expression
of VACE11 in N. benthamiana leaf cells led to the accumulation of hydrogen peroxide and
increased expression of marker genes of the HR, SA, and JA signaling pathways (Fig. 1C and
D). Cotton or Arabidopsis infected by the AVACETT mutants showed significantly reduced
symptoms, but significantly enhanced symptoms in N. benthamiana, indicating that VdCE11
has a diversification function in virulence (Fig. 3). The molecular mechanism underlying
VACE11’s functions may be different depending on the host, as in N. benthamiana, cotton,
and Arabidopsis (Fig. 8). The literature indicates similar findings in the analyses of some other
secreted proteins from V. dahliae. The V. dahliae VAEGT and VAEG3 proteins do not induce a
cotton immune response, but function as virulence factors to promote pathogen infection.
However, in N. benthamiana leaves, VAEG1 and VdEG3 can serve as typical PAMPs whose
activation depends on BAK1-mediated immune response (35). Similarly, V. dahliae secreted
protein Vd424Y targets the nucleus of plant cells to modulate plant immunity and pro-
mote virulence but also causes cell death in N. benthamiana leaves (36).

Hce2, an ancient and conserved domain in the fungal kingdom, plays a central role
in several effector proteins in a diverse set of hosts, and its name was derived from

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.03547-22 10


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03547-22

Effector VACE11 Regulates Plant Immunity

homologs of Cladosporium fulvum Ecp2 effector protein (19). The intrinsic function of
Hce2 domain-containing proteins remains unknown, but for plant-pathogenic fungi C.
fulvum and Mycosphaerella fijiensis, they may function as effectors either to promote
virulence or induce R-gene-mediated resistance in susceptible or resistant hosts,
respectively (17, 37), and these functions may be conserved (19). Five Hce2 domain-
containing effectors were identified in Valsa mali, and VmHEP1 was identified as a cell
death inducer through its transient expression in N. benthamiana. The deletion of each
single VmHEP gene did not lead to a reduction in virulence, but the double-deletion of
VmHEP1 and VmHEP2 notably attenuated V. mali virulence in both apple leaves and
twigs (38). In this study, five Hce2 domain-containing proteins were also identified in V.
dahliae (see Fig. S3A and B). Among these, only VACE11 could cause cell death in N.
benthamiana leaves (see Fig. S3C). VACE11 has an important contribution to the viru-
lence when cotton and Arabidopsis were infected by V. dahliae, but the role is reversed
in N. benthamiana (Fig. 3). These results provided the first evidence of the functions of
Hce2 domain-containing proteins in V. dahliae.

The effectors secreted by plant pathogens regulate host immunity and promote patho-
gen infection and colonization through myriad host targets. The Phytophthora sojae effector
Avh241 targets non-race-specific disease resistance 1 (NDR1)-like proteins, critical compo-
nents of plant ETI responses and thereby inhibits ETI responses (39). The Valsa mali effector
VmMEP1 suppresses host immune responses by targeting MdPR10-mediated resistance (40).
These results suggest that effectors may inhibit host basal immune responses or otherwise
target the products of disease resistance genes to promote successful infection. Effectors
may regulate host gene expression or protein stability to manipulate plant immunity. For
example, PvRXLR111 suppresses host immunity by stabilizing VWWRKY40, which functions as
a negative regulator in plant immunity (41). Two nucleus-localized effectors of the rice blast
fungus modulate host immunity via transcriptional reprogramming (42). Effectors can also
regulate immunity by interfering with the subcellular localization of plant proteins, regulating
host physiological and biochemical reactions or regulating kinase activities (43-47). The di-
versity of strategies that have evolved to manipulate plant immunity via effectors likely
explains the widespread occurrence of plant diseases.

Screening of a yeast two hybrid library and coimmunoprecipitation in this study revealed
aspartic protease 1 (AP1) orthologs from Arabidopsis and cotton interact with VACE11.
Aspartic proteases, which are widely distributed in various tissues and organs of plants and
animals, are involved in protein processing or degradation, senescence, stress response, pro-
grammed cell death, and reproduction (48, 49). Some studies revealed the involvement of as-
partic protease in plant immunity. Prasad et al. (50) found that the heterologous expression of
the aspartic protease OsCDR1T from rice in Arabidopsis increased resistance to Pseudomonas
syringae and oomyces. However, the transgenic Arabidopsis became more sensitive to fungus
Alternaria brassicola, while transgenic rice showed increased resistance to Xanomonas and
Magnaporthe oryzae. The enhanced disease resistance observed in transgenic plants was cor-
related with the expression induction of pathogenesis-related genes and enhancement of
enzyme activity. Guo et al. (51) found that VgAP13 overexpressed Arabidopsis showed some
resistance to powdery mildew and P. syringae but decreased resistance to B. cinerea. VqAP13
promotes the SA-dependent signal transduction but suppresses the JA signal transduction
pathway. Guo et al. (52) found that Phytophthora sojae effector PsAvh240 interacted with the
soybean aspartic protease GmAP1 and reduced host resistance by suppressing GmAP1 secre-
tion. Yang et al. (53) found an aspartic protease TiAP1 interacting with Blumeria graminis f. sp.
tritici chitin deacetylase (BgtCDAT1). TiAP1 in wheat may inactivate the deacetylation function
of BgtCDAT1, exposing chitin oligomers to wheat chitin receptors, thus triggering a wheat
immune response to enhance resistance. In this study, AP1 negatively regulated the resistance
of cotton or Arabidopsis to V. dahliae. Thus, we propose a new model for the mechanistic
action of VACE11 and its interaction with AP1, whereby VACE11 promotes the accumulation
and activity of AP1 and increases susceptibility of plants to V. dahliae (Fig. 8B).

In summary, our study indicated that VACE11 is a cytoplasmic effector which efficiently acti-
vates plant immunity. VACE11 also contributes to virulence by promoting the accumulation
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and activity of AP1 in the host. However, further studies on how AP1 regulates plant immunity
are necessary to resolve its role in promoting plant susceptibility.

MATERIALS AND METHODS

Strains and plant growth conditions. The V. dahliae strain XJ592 (29) was cultured on potato dextrose
agar at 25°C in the dark. Escherichia coli DH5« (Shanghai Weidi Biotechnology Co., Ltd., China) was used for
plasmid construction, and Agrobacterium tumefaciens GV3101(pSoup-p19) (Shanghai Weidi Biotechnology
Co,, Ltd., China) was used for the agroinfiltration of plants. Yeast strain YTK12 (Shanghai Weidi Biotechnology
Co., Ltd., China) was used for validation of secretion and was cultured in YPRAA or CMD-W medium under
dark conditions at 30°C. Yeast strain Y2H (Shanghai Weidi Biotechnology Co., Ltd., China) was used for Y2H
test and was cultured in different minimal synthetically defined (SD) agar base with dropout supplements
medium under dark conditions at 30°C. A. thaliana and N. benthamiana were grown in a greenhouse under a
16-h light/8-h dark cycle at 22 = 1°C. Susceptible cultivar Gossypium hirsutum cv. Junmian 1 was grown in a
greenhouse under a 16-h light/8-h dark cycle at 25 + 1°C.

Bioinformatics analysis. Candidate effectors were screened by bioinformatics analysis based on the
features of classic effectors (=300 amino acids, the N-terminal contains a signal peptide, no transmembrane
structure, at least one disulfide bond, and no GPl-anchored domain) (54, 55). The candidate effectors were
also examined using EffectorP-fungi 3.0 (https:/effectorp.csiro.au/). Signal peptides were predicted using the
SignalP-5.0 Server (https:/services.healthtech.dtu.dk/service.php?SignalP-5.0). The transmembrane domains
were predicted using Phobius (https://phobius.sbc.su.se/). GPl-anchored domains were predicted using the
PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm). Disulfide bonds were predicted using DIANNA
(https://bio.tools/dianna). Phylogenetic dendrograms were constructed using MEGA 7 with the neighbor-join-
ing method (56).

Plasmids construction. Coding sequences of V. dahliae candidate effectors were amplified from a XJ592
cDNA library with gene-specific primers using PrimeSTAR DNA polymerase (TaKaRa, Japan). These fragments
were cloned into the pBin-GFP vector by using a ClonExpress OneStep cloning kit (Vazyme Biotech, China). The
coding sequence of VdCET1 without the signal peptide-encoding region was also cloned into pBin-GFP. The
resulting plasmids were used for transient expression of N. benthamiana. For subcellular localization, VACET1
and GhAP1 (without signal peptide) were cloned into the plant expression vector pCambia1302-GFP and
pCambia1302-RFP, respectively. For VIGS assays, a 252-bp specific fragment of GhAPT and a fragment of
GhCLAT (Cloroplastos alterados1) were cloned into pTRV2, respectively.

Agrobacterium-mediated infiltration assays. Agrobacterium-mediated infiltration assays were per-
formed according to the methods previously described (57). For transient expression in N. benthamiana,
the A. tumefaciens GV3101 strain carrying the corresponding construct was resuspended in MES buffer
(10 mM MgCl,, 10 mM MES, 10 uM acetosyringone [pH 5.7]) and kept in dark for ca. 2 to 3 h before infil-
tration. The suspended A. tumefaciens cells were then injected into 4-week-old N. benthamiana leaves at
an optical density at 600 nm (ODy,,) of 0.5 to 0.6. Cell death was examined at 3 to 7 days postinjection.

Protein extraction and Western blotting. For transient expression analysis, total protein was
extracted from the leaves of 4-week-old N. benthamiana plants after Agrobacterium infiltration. The infiltrated
leaves were collected after 48 h, ground in liquid nitrogen, and mixed with an equal volume of cold protein
isolation buffer (1 mM EDTA [pH 8.0], 20 mM Tris-HCl [pH 7.5], 5 mM dithiothreitol, 150 mM NaCl, 0.1% so-
dium dodecyl sulfate [SDS], 10% glycerol, and 1x protease inhibitor cocktail [Roche, Swiss Confederation]).
The mixture was centrifuged at 4°C for 10 min at 13,000 x g, and then the supernatant was transferred into
a new tube and boiled in protein sample buffer for 5 min. Proteins were analyzed by SDS-PAGE and electro-
blotted onto polyvinylidene fluoride (PVDF) membranes. PVDF membranes were blocked in Tris buffered sa-
line 0.1% Tween 20 (TBST) containing 10% (wt/vol) nonfat dry milk at room temperature for 1 h. The primary
antibody was anti-GFP (1:3,000; Abmart, China) or anti-FLAG (1:3,000; Abmart) antibody. PVDF membranes
were incubated with primary antibodies in TBST with 10% (wt/vol) nonfat dry milk at room temperature for
2 h with shaking and then washed three times (5 min each) with TBST. PVDF membranes were incubated
with goat anti-mouse (1:10,000; Abmart) secondary antibody in TBST at room temperature for 1 h with shak-
ing. PVDF membranes were washed three times (5 min each) with TBST, and the signal was detected by
Western blotting with chemiluminescent HRP substrate (Millipore, USA) in a ChemiDoc XRS+ system (Bio-
Rad, USA).

RT-qPCR analysis. Total RNA was isolated with an RNAprep Pure Plant Plus kit (Tiangen Biotech, China)
and used as the template for reverse transcription with a PrimeScript RT reagent kit (TaKaRa, Japan). The RT-
gPCR assays were performed using the UltraSYBR Mixture (Cwbio, China). The cotton GhSSU (small subunit ribo-
somal rRNA) gene, the Arabidopsis AtUBC21 (Ubiquitin-Conjugating Enzyme 21) gene, and the N. benthamiana
and V. dahliae EF-1« (Elongation Factor-1a) genes were used as internal controls. The setting of thermal cycler
was: predenaturation at 95°C for 10 min, followed by 40 cycles of denaturing at 95°C for 15 s, annealing at 58°C
for 30 s, and extension at 72°C for 30 s. A final reaction at 72°C for 10 min was applied. Melt curves were ana-
lyzed to ensure there was not nonspecific amplification. Relative transcript levels among various samples were
determined using the 244" method, with three independent determinations (58). The sequences of primers
used in this study are listed in Table S4.

Determination of H,0, Content. Fresh tissue samples of ca. 0.1 to 0.2 g were powdered in a mortar
tube together with 1 mL of acetone and quartz sand. The homogenate was centrifuged at 8,000 x g for
10 min at 4°C. The supernatant was placed on ice prior to testing. The content of H,0, was determined
according to the protocol of the Micro Hydrogen Peroxide assay kit (Solarbio, China).

Yeast signal sequence trap assay. A yeast secretion system assay was performed to validate the
function of the predicted signal peptide (59). The region encoding the predicted signal of VACE11 was
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cloned into the pSUC2T7M13ori (pSUC2) vector using specific primers (see Table S4), and the resulting
plasmid was transformed into an invertase mutant yeast strain YTK12 (60). The positive colonies were
screened on a CMD-W medium (0.67% yeast N base without amino acids, 0.075% W dropout supple-
ment, 2% sucrose, 0.1% glucose, 2% agar), followed by incubation on YPRAA medium (1% yeast extract,
2% peptone, 2% raffinose, 2 mg/mL antimycin A) to assay invertase secretion. The empty pSUC2 and
pSUC2-Avr1b®P vectors were used as negative and positive controls, respectively. Moreover, the invert-
ase enzymatic activity was verified by the reduction of 2,3,5-triphenyltetrazolium chloride (TTC; Solarbio,
China) to insoluble red triphenylformazan. Briefly, the yeast strains were incubated in 5 mL of sucrose
medium for 24 h at 30°C, and the pellet was collected by brief centrifugation and then incubated with
0.1% of the colorless dye TTC at 35°C for 35 min. The invertase enzymatic activity was assayed by colori-
metric changes at 5 min after incubation at room temperature.

Generation of VACE11 deletion and complemented strains. The upstream and downstream flank-
ing sequences of VACET1 were PCR amplified from strain XJ592 genomic DNA and cloned into a pGKO-HPT
vector (61). The resulting construct was transformed into Agrobacterium tumefaciens strain EHA105 (Shanghai
Weidi Biotechnology Co., Ltd., China) and used for A. tumefaciens-mediated transformation (ATMT) to gener-
ate the AVACETT mutant strain (61). The genomic region of VACE11, including 1.5 kb upstream from the start
codon, was amplified and cloned into a pNat-Tef-TrpC vector (62) to generate the construct for complemen-
tation. The resulting construct was transformed into A. tumefaciens EHA105 and used in ATMT to generate
the AVACE11/VdCET1-GFP strain. The primers used in this study are listed in Table S4.

Pathogenicity assays. Cotton or Arabidopsis plants were inoculated by the root-dip method (63). A
conidial suspension of 107 conidia/mL from the indicated strain was used as the inoculum. The disease
grade was classified as follows: grade 0 (no symptoms), grade 1 (0 to 25% wilted leaves), grade 2 (25 to
50%), grade 3 (50 to 75%), or grade 4 (75 to 100%). The disease index was calculated as follows: 100 x
(sum [number of plants x disease grade])/([total number of plants] x [maximal disease grade]) (64).

For analyses of disease caused by S. sclerotiorum and B. cinerea, fresh mycelial plugs 5 mm in diame-
ter were inoculated in agroinfiltrated areas of N. benthamiana leaves, 24 h after agroinfiltration with
Agrobacterium carrying the indicated vectors. Inoculated plants were put in a transparent box to retain
the humidity. The lesion diameters caused by S. sclerotiorum were calculated at 24 hpi. The lesion diame-
ters caused by B. cinerea were calculated at 72 hpi.

Quantification of fungal biomass. For fungal biomass quantification, the stems of five plants were har-
vested at 14 or 21 days after inoculation for genomic DNA extraction. The fungal biomass was quantified by
gPCR as described by Santhanam et al. (65). Elongation factor-1« (EF-1a) gene was used to quantify fungal
colonization, and GhSSU, AtUBC21, NbEF-1a genes served as endogenous plant control. Relative fungal bio-
mass among various samples were determined using the 222" method (58).

Yeast two-hybrid screen and validation. A Y2H screen system (Shanghai OE Biotech Co.,, Ltd., China)
was used for screens to identify candidate proteins interacting with VACE11. For validating protein interactions,
prey and bait vectors containing indicated genes were cotransformed into Y2HGold chemically competent cells
(Shanghai Weidi Biotechnology Co., Ltd., China). Positive yeast clones expressing the bait-prey interacting pro-
teins were selected from SD/-Trp-Leu medium and were replated on SD/-Trp-Leu, SD/-Trp-Leu-His and SD/-
Trp-Leu-His-Ade media (Coolaber, China) for more stringent tests of bait-prey interactions.

Subcellular localization and BiFC assays. Recombinant plasmids were transformed into A. tumefaciens
GV3101 (Shanghai Weidi Biotechnology Co., Ltd., China). The resulting strains were then infiltrated in 4-week-old
N. benthamiana leaves according to a previously described protocol (66). At 48 h after Agrobacterium infiltration,
the GFP, RFP, or YFP fluorescence signals within the infiltrated areas were examined using a confocal laser scan-
ning microscope (FV3000, Japan).

Luciferase complementation assay. Plant expression vector pCambia1300-cLuc and pCambia1300-nLuc
containing the fusion protein was transformed into A. tumefaciens GV3101 (Shanghai Weidi Biotechnology) and
injected into N. benthamiana leaves. The reaction substrate luciferin was added at 48 h after Agrobacterium infil-
tration; then, after 5 min in the dark, the fluorescent signals were recorded for 3 min using a PlantView100 plant
in vivo imaging system (Photon Technology, China).

Coimmunoprecipitation assays. The coding sequences of VdCE11 and GhAP1 were cloned into the
plant expression vectors pCambia1302-GFP and pCambia1302-FLAG, respectively. The resulting con-
structs pCambia1302-VdCE11-GFP and pCambia1302-GhAP1-FLAG were introduced into Agrobacterium
strain GV3101. Agrobacterium cultures carrying each construct was mixed and resuspended in MES
buffer (10 mM MgCl,, 10 mM MES, 10 M acetosyringone [pH 5.7]) to a final ODy,, of 1.0 and infiltrated
into N. benthamiana leaves. Total proteins were isolated from N. benthamiana leaves 2 days after infiltra-
tion, followed by incubation with GFP-trap agarose (Chromotek, USA). The eluted proteins were ana-
lyzed by immunoblotting with anti-GFP (Abmart) or anti-FLAG (Abmart) antibodies.

Enzyme activity assay. The coding region of VdCE11 without the signal peptide was amplified and cloned
into pGEX-4T-1 while the coding region of GhAP1 without signal peptide was amplified and cloned into pET28a.
GST-VdCE11 and His-GhAP1 recombinant protein were expressed in E. coli strain BL21(DE3) cells (Shanghai Weidi
Biotechnology). Expression of GST-VACE11 was induced by adding 0.1 mM isopropyl-3-p-thiogalactopyrandoside
(IPTG; Solabio, China) for 16 h at 16°C. Expression of His-GhAP1 was induced by adding 0.1 mM IPTG for 16 h at
25°C. Cells were collected by centrifugation at 8,000 x g for 10 min. Cells were lysed by an ultrasonic crusher
(XM-650T, China) and sterilized by using a 0.22-mm Millex-GP filter unit (Millipore, USA). The specific method of
recombinant protein purification was carried out according to the GST tag (Beyotime, China) and the His tag
(Beyotime, China) protein purification kits. FITC-BSA (fluorescein isothiocyanate-bovine serum albumin; Solarbio,
China) was used as the substrate for enzyme activity determination, with 20 uL per reaction. For a single target
protein, 20 uL of phosphate-buffered saline (PBS) and 10 uL of purified protein were added. For two target pro-
teins, 10 uL of PBS and 10 uL of purified protein were added for each target protein. All reactions were added
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to 96-well plates. After reaction at 37°C for 0.5 h, the fluorescence was determined by using a microplate reader
(Thermo Fisher Scientific, USA). For these assays, the excitation spectrum was 495 nm, and emission spectrum
was 525 nm. Pepsin (Solarbio, China) was used as a positive control, and water was used as a negative control.

Data availability. Sequence data from this article can be found in the GenBank data libraries under the
following accession numbers VDAG07772 (XP_009650833.1), D7B24003318 (XP_028490733.1), HYQ45013034
(KAG7125636.1), VDBG01472 (XP_003009789.1), VDAG08108 (XP_009655780.1), HYQ44020109 (KAG7100757.1),
D7B24003145 (XP_028490798.1), VDBG08443 (XP_003001398.1), HYQ44011551 (KAG7109567.1), VDAG05725
(XP_009653417.1), D7B24003795 (XP_028497133.1), HYQ45001382 (KAG7142310.1), VDAG08248 (XP_009655920.1),
D7B24005238 (XP_028496251.1), VDBG08578 (XP_003001533.1), HYQ44 020320 (KAG7109914.1), VDAG_09483
(XP_009656739.1), and D7B24_000774 (XP_028492408.1).
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