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ABSTRACT Verticillium dahliae Kleb is a typical soilborne pathogen that can cause
vascular wilt disease on more than 400 plants. Functional analysis of genes related to
the growth and virulence is crucial to revealing the molecular mechanism of the path-
ogenicity of V. dahliae. Glycosidase hydrolases can hydrolyze the glycosidic bond, and
some can cause host plant immune response to V. dahliae. Here, we reported a func-
tional validation of VdGAL4 as an a-galactosidase that belongs to glycoside hydrolase
family 27. VdGAL4 could cause plant cell death, and its signal peptide plays an impor-
tant role in cellular immune response. VdGAL4-triggered cell death depends on BAK1
and SOBIR1 in Nicotiana benthamiana. In V. dahliae, the function of VdGAL4 in mycelial
growth, conidia, microsclerotium, and pathogenicity was studied by constructing
VdGAL4 deletion and complementation mutants. Results showed that the deletion of
VdGAL4 reduced the conidial yield and conidial germination rate of V. dahliae and
changed the microscopic morphology of conidia; the mycelia were arranged more dis-
orderly and were unable to produce microsclerotium. The VdGAL4 deletion mutants
exhibited reduced utilization of different carbon sources, such as raffinose and sucrose.
The VdGAL4 deletion mutants were also more sensitive to abiotic stress agents of SDS,
sorbitol, low-temperature stress of 16°C, and high-temperature stress of 45°C. In addi-
tion, the VdGAL4 deletion mutants lost the ability to penetrate cellophane and its myce-
lium were disorderly arranged. Remarkably, VdGAL4 deletion mutants exhibited reduced
pathogenicity of V. dahliae. These results showed that VdGAL4 played a critical role in
the pathogenicity of V. dahliae by regulating mycelial growth, conidial morphology, and
the formation of microsclerotium.

IMPORTANCE This study showed that a-galactosidase VdGAL4 of V. dahliae could
activate plant immune response and plays an important role in conidial morphology
and yield, formation of microsclerotia, and mycelial penetration. VdGAL4 deletion
mutants significantly reduced the pathogenicity of V. dahliae. These findings deep-
ened the understanding of pathogenic virulence factors and how the mechanism of
pathogenic fungi infected the host, which may help to seek new strategies for effec-
tive control of plant diseases caused by pathogenic fungi.

KEYWORDS Verticillium dahliae, glycoside hydrolases, conidia, microsclerotia,
pathogenicity, glycosidase hydrolases

V erticillium dahliae Kleb is a soilborne plant-pathogenic fungus that can cause vas-
cular wilt disease in more than 400 plants, including important economic crops

and ornamental plants worldwide (1, 2). V. dahliaemainly exists in the forms of conidia,
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hyphae, and microsclerotia. Microsclerotia, the dormant survival structures of V. dah-
liae, can survive up to 14 years in the soil (3) and can resist extreme temperatures, des-
iccation, and other environmental stresses (4). The initial infection is usually caused by
the germinated microsclerotia, which forms swelling hyphae and appressorium that
directly penetrate the root and then colonize and grow in the xylem for a period of
time, eventually leading to a series of typical symptoms of Verticillium wilt, such as
wilting and yellowing of cotton leaves, browning of vascular bundle, and slow growth
or even death of plants (5–7). Therefore, elucidating the growth and development and
molecular mechanism of pathogenicity of V. dahliae is an important step to seeking
new control strategies.

During the infestation of cotton by V. dahliae, a long-term battle pattern was formed
between plants and pathogens. Plants employ defense systems to respond to pathogen
attack. The first system is PAMP-triggered immunity (PTI), which is a basic defense that
begins when plant cells recognize conserved pathogen-associated molecular patterns
(PAMPs) through pattern recognition receptors (PRRs) (8). PRRs are membrane-localized
leucine-rich proteins or kinases, such as brassinosteroid-insensitive 1-associated kinase
(BAK1) and suppressor of BAK1-interacting receptor kinase 1 (SOBIR1) (9, 10). PTI mainly
includes accumulation of reactive oxygen species and callose, electrolyte leakage, activa-
tion of mitogen-activated protein kinase (MAPK) pathway, and expression of plant
defense genes (11). Pathogens’ cell wall-degrading enzymes act as virulence factors that
induce plant immune responses, such as PAMPs (12, 13). However, the effector proteins
secreted by pathogens can interfere with the recognition of PAMPs by host PRRs, thus
blocking PTI immune response. The effector proteins are specifically recognized by the
plant R protein and activate effector-triggered immunity (ETI). Fusarium oxysporum f. sp.
lycopersici secreted the AvrII effector protein, which was a virulence factor recognized
intracellularly by the tomato resistance protein, and induced host defense responses
(12). Similarly, V. dahliae could use intracellular effector proteins to resist plant immune
defense and successfully colonize the host plants (13).

In recent years, some of the critical genes in V. dahliae related to virulence have
been characterized. V. dahliae VdSsk1 was homologous to the Saccharomyces cerevisiae
and was a response regulator of the two-component system; deletion of VdSsk1
severely reduced the fungal virulence on tobacco seedlings, and VdSsk1 was required
for full virulence (14). A ubiquitin ligase (E3) enzyme, VdBre1, regulated mycelial
growth, conidia production, lipid metabolism, and secondary metabolism of V. dahliae,
and it played a key role in the process of cotton infection (15). VdPR1 and VdPR3 were
involved in regulating the growth development and pathogenicity of V. dahliae (16,
17). Some genes not only regulate the vegetative growth of V. dahliae but also play im-
portant roles under a variety of abiotic stress conditions. The deletion mutant of RNA
binding protein (RBP) VdNop12 was more sensitive to low-temperature stress at 15°C,
and VdNop12 was essential for hyphal morphology, cold adaptation, and pathogenicity
of V. dahliae (18). Deletion of the thiamine biosynthesis-related gene VdTHI20 led to
phenotypic defects and virulence damage in V. dahliae and increased tolerance to UV
damage (19).

Microsclerotia and melanin are essential in the Verticillium wilt disease cycle. In
recent years, several important genes related to the formation and development of
microsclerotia and melanin have been identified. V. dahliae mitogen-activated protein,
VMK1, played an important role in the development of microsclerotia, cell wall integ-
rity, and Ca21-signaling transduction (20). The fungal-specific transcription factor-
encoding gene Vdpf played an important role in the formation of melanized micro-
sclerotium and conidial production and pathogenicity, and the deletion mutants did
not form microsclerotium and melanin, but they could make the mycelium transparent
and inflate its end (21). V. dahliae Vayg1, a homolog of Exophiala dermatitidis (Wayg1)
and Aspergillus fumigatus (Aayg1), was involved in production of microsclerotia and
melanin biosynthesis and may catalyze two different precursors, one related to
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melanin synthesis (such as YWA1 and At4HN), and the other was a key factor in the net-
work pathway of microsclerotium formation (4).

Recent studies showed that a glycoside hydrolase family 12 (GH12) protein, XEG1,
of Phytophthora sojae was involved in cellulose degradation and also acted as a PAMP
to trigger cell death in several plant species, which, in turn, can be suppressed by effec-
tors with an Arg-x-Leu-Arg motif (RXLR effectors) (22, 23). FoEG1, a secreted GH12 pro-
tein, contributed to the virulence of F. oxysporum according to its enzyme activity and
acted as a PAMP to induce plant defense response (24). V. dahliae GH12 proteins EG1
and EG3 acted as PAMPs to trigger cell death and manipulated host immune responses
(13). GH11 protein Vd424Y was a vital effector protein targeting the host nucleus, and
it could regulate and activate immunity in plants (25). Although glycoside hydrolases
had been studied in the immune effect of V. dahliae, there were few studies on GH27
proteins as virulence factors or effector proteins of V. dahliae (26).

Recently, VdGAL4 (VDAG_04757) in V. dahliae was identified as a pathogenicity-
related protein by RNA-Seq analysis; its expression level in a high-virulent isolate was
22-fold higher than in a low-virulent isolate in quantitative reverse transcription PCR
(RT-qPCR) analysis (S. Liu, R. Liu, Y. Wen, J. Zhou, H. Feng, Z. Feng, Y. Zhang, L. Zhao, H.
Zhu, F. Wei, unpublished data). VdGAL4 was an alpha-galactosidase that belongs to
GH27. VdGAL4 could cause plant cell death, which depended on the secretary function
of signal peptide. VdGA4-triggered cell death depended on BAK1 and SOBIR1 in N. ben-
thamiana. The deletion of VdGAL4 led to changes in the morphology of conidia and
mycelia of V. dahliae, inhibited the production of microsclerotia, and enhanced the re-
sistance to abiotic stress. In addition, we obtained data that suggested that the
VdGAL4 deletion mutant also had reduced virulence of V. dahliae. Collectively, VdGAL4
played a critical role in the fungal development and pathogenicity of V. dahliae as a vir-
ulence factor.

RESULTS
Identification of VdGAL4 in V. dahliae. An alpha-galactosidase gene (VDAG_04757)

was identified in V. dahliae strain VdLs.17 (https://www.ncbi.nlm.nih.gov/genome/832),
and it had a conserved glycosyl hydrolase family 27 (GH27) domain and was named
VdGAL4. The full-length cDNA of VdGAL4 was cloned from the strong pathogenic defo-
liating strain Vd080, which contained 1,215 bp and encoded a protein of 404 amino
acids.

From the bioinformatics analysis, five proteins (VdGAL1 to VdGAL5) with GH27 do-
main-containing proteins were identified in V. dahliae. Through prediction, it was found
that each of these VdGAL proteins contains an N-terminal signal peptide, a GH27 do-
main, and a typical a-galactosidase C-terminal beta-sandwich domain (Melibiase_C), but
only VdGAL4 had a transmembrane domain (Fig. 1A; see Fig. S1 in the supplemental
material).

VdGAL4 induced cell death in Nicotiana benthamiana depending on the secreted
function of SP. Agrobacterium tumefaciens-mediated transformation was used to tran-
siently express each of the five proteins of GH27 in V. dahliae on N. benthamiana leaves.
The sequences carrying VdGAL1, VdGAL2, VdGAL3, VdGAL4, and VdGAL5 were cloned indi-
vidually into the PVX vector pGR107. Interestingly, transient expression of these five
genes showed that only VdGAL4 triggered typical cell death in N. benthamiana leaves
7 days after infiltration (Fig. 1B). Western blot analysis of the total protein extract from
the agroinfiltrated area of the N. benthamiana leaves confirmed effective protein produc-
tion by VdGAL1 to VdGAL5 (Fig. 1C). The results indicated that VdGAL4 can trigger cell
death in N. benthamiana and may be involved in immunity manipulation in host-V. dah-
liae interactions.

To confirm the secreted characteristics of VdGAL4, signal peptide-mediated protein
secretion was detected using the yeast signal trap system. SignalP5.0 prediction
showed that the signal peptide (SP) of VdGAL4 was composed of 31 amino acids at the
N terminus. The SPs of VdGAL4 were fused to the vector pSUC2 and generated pSUC2-
VdGAL4SP. The recombined plasmid was transformed into the yeast YTK12. YTK12::
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pSUC2-VdGAL4SP grew well in the YPRAA medium (2% raffinose) with raffinose as the
sole carbon source, and the insoluble 2,3,5-triphenyltetrazolium chloride (TTC) could
be reduced to insoluble red 1,3,5-triphenylformazan (TPF) (Fig. 1D). These results sug-
gested that the SP of VdGAL4 had secretary characteristics and may be secreted into
extracellular space under the guidance of its SP.

In addition, VdGAL4 may play a role in the pathogenesis of V. dahliae as a virulence
factor. We found that VdGAL4DSP could not induce cell death in N. benthamiana, which
indicated that SP was required for VdGAL4 to induce cell death and VdGAL4 must tar-
get the extracellular space to induce cell death (Fig. 1E). Western blot analysis of the
total protein extract from the agroinfiltrated area of the N. benthamiana leaves con-
firmed effective protein production by VdGAL4DSP (Fig. 1F).

FIG 1 VdGAL4 can induce cell death, and the signal peptide (SP) is required for VdGAL4-induced cell death. (A) Schematics of the five
GH27 proteins in V. dahliae and their domain structures. SP, signal peptide; Melibiase_C, Alpha galactosidase C-terminal beta-sandwich
domain. (B) The cell death-inducing ability of GH27 proteins of V. dahliae and VdGAL4 induced cell death in Nicotiana benthamiana. The
leaves of 4-week-old N. benthamiana were infiltrated with the indicated proteins. BAX and GFP were used as positive and negative
controls, and the buffer was blank control (infected fluid). The photographs were taken 7 days postagroinfiltration (dpa). (C) Western
blot analysis of transient expression proteins of GFP and VdGAL1-5. Proteins were stained with Coomassie brilliant blue (CBB) to
determine equal loading. (D) Yeast signal trap system to verify the SP functions of VdGAL4. The known functional SPs of Avr1b and
Mg87 were used as positive and negative controls, respectively. (E) The removed SP of VdGAL4 (VdGAL4DSP) could not cause cell death
in N. benthamiana. (F) Western blot analysis of transient expression proteins of GFP, VdGAL4, and VdGAL4DSP.
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To further detect the subcellular location of VdGAL4 in host cells, the VdGAL4 sequen-
ces were fused with red fluorescent protein (RFP) (PBI121-VdGAL4-RFP) and transiently
expressed in N. benthamiana leaves. The result showed that VdGAL4 was located on the
cell membrane and nucleus of N. benthamiana (Fig. S2).

NbBAK1 and NbSOBIR1 were required for VdGAL4-induced cell death in N. ben-
thamiana. VdGAL4-induced cell death was SP dependent, so we hypothesized that
this induction might be BAK1/SOBIR1 dependent. We performed virus-induced gene
silencing (VIGS) to silence NbBAK1 and NbSOBIR1 in N. benthamiana leaves and con-
firmed the silencing of NbBAK1 and NbSOBIR1 3 weeks after virus inoculation, and the
expression of two genes was significantly decreased (Fig. 2B). In addition, the plants
were agroinfiltrated with pGR107-VdGAL4, pGR107-Bcl-2-associated X protein (BAX),
and pGR107-green fluorescent protein (GFP) vectors for transient expression. These
results showed that the BAX induced cell death in BAK1, SOBIR1, and GFP-silenced
N. benthamiana leaves at 7 dpi, while VdGAL4 did not trigger cell death on the same
leaves of BAK1- and SOBIR1-silenced N. benthamiana (Fig. 2A). Immunoblotting con-
firmed that VdGAL4 was successfully expressed in N. benthamiana silenced with TRV2-
NbBAK1, TRV2-NbSOBIR1, and TRV2-GFP (Fig. 2C). Thus, these results indicated that the
plant cell death induced by VdGAL4 from V. dahliae was dependent on the receptor-
associated kinases BAK1 and SOBIR1.

Generation of VdGAL4mutants. In order to study the function of VdGAL4, deletion
mutants were constructed by replacing the coding sequence of VdGAL4 in the wild-type
(WT) strain Vd080 with a hygromycin resistance cassette via homologous recombination.
After PCR verification, two independent deletion transformants were obtained, and

FIG 2 NbBAK1 and NbSOBIR1 were required for VdGAL4-induced cell death. (A) Virus-induced gene silencing (VIGS) assay was used to
silence NbBAK1 and NbSOBIR1 by inoculation with TRV vectors (pTRV2-GFP, pTRV2-NbBAK1, pTRV2-NbSOBIR1) in N. benthamiana. Three
weeks after inoculation, pGR107-VdGAL4, pGR107-BAX, and pGR107-GFP were transiently expressed in NbBAK1- and NbSOBIR1-silenced N.
benthamiana leaves. The photographs were taken 7 dpa. (B) Expression levels of NbBAK1 and NbSOBIR1 after VIGS treatment by RT-qPCR.
NbActin was used as the internal reference gene. (C) Western blot analysis of transient expression proteins of VdGAL4. Proteins were stained
with Coomassie brilliant blue (CBB) to determine equal loading. **, P , 0.01.
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Southern hybridization was used to verify that Hyg was a single copy in the two deletion
mutants (Fig. S3). Then, the genome sequence and promoter region of VdGAL4 were
reintroduced into the deletion mutants, and the corresponding complementary mutant
strains were obtained by PCR verification (Fig. S3).

Enzyme activity and hydrolytic activity of VdGAL4. To analyze a-galactosidase ac-
tivity of VdGAL4, the a-galactosidase activity of the WT strain reached 1,175.48 6 93.56
U/g. However, the a-galactosidase activity levels of DVdGAL4 strains (DVdGAL4-1 and
DVdGAL4-2 deletion mutant strains) were only 57.046 21.46 U/g and 87.606 18.67 U/g,
respectively, and were only 4.85% to 7.40% of that of the WT strain (Fig. 3A).

Since isomaltose and melibiose contain a-1,6 glycosidic bonds (Fig. 3B), we deter-
mined the ability of VdGAL4 to hydrolyze a-1,6 glycosidic bonds by measuring the hy-
drolysis ability of different mutants to these two disaccharides. The transparent circle
produced by DVdGAL4 strains was significantly smaller than the WT and C-DVdGAL4
strains in the water agar medium containing isomaltose and melibiose, respectively
(Fig. 3C and D). The diameters of DVdGAL4 strains in the water agar medium amended
with isomaltose were 11.38 6 0.29 mm (DVdGAL4-1) and 10.94 6 0.20 mm (DVdGAL4-1),
which were significantly lower than WT and C-DVdGAL4 strains; the same was true in the
water agar medium amended with melibiose with the corresponding values of 10.47 6

0.34 mm and 10.626 0.40 mm (Fig. 3E and F). These results showed that deletion mutants
reduced the hydrolysis activity of isomaltose and melibiose, further indicating that VdGAL4
could efficiently hydrolyze a-1,6 glycosidic bonds.

VdGAL4 was indispensable for normal vegetative growth of mycelium and con-
idia. After being cultured on potato-dextrose agar (PDA) medium at 25°C for 14 days,
the phenotypes of the DVdGAL4 strains (DVdGAL4-1 and DVdGAL4-2) were similar to

FIG 3 Enzyme activity and hydrolytic activity of VdGAL4. (A) a-Galactosidase activity of wild-type (WT) Verticillium dahliae strain Vd080, the
two VdGAL4 deletion mutant strains (DVdGAL4-1 and DVdGAL4-2 strains), and the two VdGAL4 complement mutant strains (C-DVdGAL4-1 and
C-DVdGAL4-2 deletion mutant strains). (B) Structural formulas of isomaltose and melibiose and the cleavage sites of a-1,6 glycosidic bonds of
VdGAL4. (C, D) VdGAL4 hydrolyses isomaltose (C) and melibiose (D); the transparent circles of all tested strains were observed by iodine-KI
staining solution. (E, F) Diameter of transparent circles on water agar medium amended with isomaltose (E) and melibiose (F). The error bar
represents standard error of the mean. *, P , 0.05; **, P , 0.01.
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that of the WT and C-DVdGAL4 strains (C-DVdGAL4-1 and C-DVdGAL4-2), and there was
no significant difference in radial growth diameter (Fig. 4A and C).

The conidia of the WT and C-DVdGAL4 strains were plump and smooth, while the
conidia of the DVdGAL4 strain showed shrinkage with dents and irregular shapes on

FIG 4 Assays of the role of VdGAL4 in the normal vegetative growth and conidial production of V. dahliae. (A) Colony morphology of WT,
DVdGAL4, and C-DVdGAL4 strains in PDA at 25°C for 14 days. (B) Morphology of the conidia of all tested strains under scanning electron
microscope. Bar, 5 mm. (C) Growth diameter of all tested strains shown in panel A. (D) The conidial production of all tested strains after
5 days on Czapek-Dox medium. (E) Conidial germination rate of all tested strains. (F) Mycelium morphology of all tested strains under light
microscope. Bar, 200 mm. The error bar represents standard error of the mean. *, P , 0.05; **, P , 0.01.
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the surface (Fig. 4B). By comparing conidial production, the DVdGAL4 strain was signifi-
cantly lower than WT and C-DVdGAL4 strains (Fig. 4D). Under normal culture conditions,
the germination rate of WT conidia reached 70.21%, which was similar to that of the
C-DVdGAL4 strain, while the germination rate of the DVdGAL4 strain was only 40.35% to
43.45%, showing significant differences (Fig. 4E; Fig. S4A). In addition, the relative expres-
sion levels of some genes related to the conidial production, including VdNLP1, VdPLP,
and Vdpf, were markedly downregulated in DVdGAL4 strains compared with the WT and
C-DVdGAL4 strains (Fig. S4B). It is further explained that there is an important role of
VdGAL4 in the conidial production of V. dahliae.

The microscopic morphology of mycelium was observed by microscope, and the
hyphal growth of WT and C-DVdGAL4 strains was relatively regular, while the hyphal
growth of DVdGAL4 strains had more branches (Fig. 4F). These results showed that
VdGAL4 was necessary for normal vegetative growth of mycelium.

VdGAL4 affected the production of microsclerotium and melanin. After incuba-
tion on basal modified medium (BMM) medium for 40 days, cultures of WT and VdGAL4
deletion and complementary strains were assessed under a microscope to monitor
microsclerotium development. No microsclerotia were observed for the DVdGAL4 strains
at 40 days. However, there were abundant, darkly pigmented microsclerotia in the WT
and C-DVdGAL4 strains (Fig. 5A), and the numbers of microsclerotium reached 314,270
and 286 per cm2, respectively.

The relative expressions of six genes related to the melanin, including Vayg1,
VT4HR, VaflM, VdSCD, VDH1, and VdLAC, were significantly lower than the WT and
C-DVdGAL4 strains (Fig. 5B). Thus, VdGAL4 was apparently involved in the production
of melanin and microsclerotium in V. dahliae.

The utilization efficiency of VdGAL4 for different carbon sources was different.
To analyze the function of VdGAL4 on mycelial growth and carbon utilization, the myce-
lial growth of the WT and mutant strains was measured in Czapek-Dox medium
amended with different carbon sources (pectin, xylan, glucomannan, cellulose, raffinose,
starch, and sucrose) (Fig. 6A). After incubation in Czapek-Dox agar medium for 14 days,

FIG 5 Assays of the role of VdGAL4 in the formation of microsclerotium and melanin. (A) Microsclerotium formation of WT, DVdGAL4, and C-DVdGAL4
strains cultured in BMM medium for 40 days. The microsclerotium in the right bottom corner is shown by microscopy. Bar, 1 mm. (B) Assays of the
relative expression of melanin-related genes by RT-qPCR. The error bar represents standard error of the mean. **, P , 0.01.
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DVdGAL4 strains displayed a significant inhibition of colony growth in medium amended
with different carbon sources except for glucomannan and cellulose. Especially in the
presence of raffinose and sucrose, the relative growth of DVdGAL4 strains was reduced
from 26.90% to 30.76% and 16.91% to 18.80% compared with WT strains (Fig. 6B). These
results indicated that VdGAL4 was important for vegetative growth of V. dahliae and car-
bon source utilization ability of raffinose and sucrose.

Resistance of DVdGAL4 strains to different stresses. There was no significant dif-
ference among the diameters of WT, DVdGAL4, and C-DVdGAL4 strains in PDA for
14 days (Fig. 7A), while the relative growth inhibition rate (RGI) of DVdGAL4 strains was

FIG 6 Assays of the role of VdGAL4 in the utilization of different carbon sources. (A) WT, DVdGAL4, and C-DVdGAL4 strains were cultured in
Czapek-Dox medium amended with different carbon sources, pectin, xylan, glucomannan, cellulose, raffinose, starch, and sucrose at 25°C for
14 days. (B) Growth diameter of all tested strains shown in panel A. Error bar represents standard error of the mean. *, P , 0.05; **,
P , 0.01.
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FIG 7 Assays of the role of VdGAL4 in resistance to abiotic stresses. (A) WT, DVdGAL4, and C-DVdGAL4 strains
were cultured at 25°C for 14 days in PDA medium supplemented with 0.002% SDS, 0.02% Congo red, 1 M
sorbitol, 1 M KCl, and 1 M NaCl. (B) Relative growth inhibition rate of colony growth. (C) The colony morphology
of the tested strains was cultured in PDA medium treated at 4°C, 16°C, 25°C, 28°C, 30°C, 33°C, or with 10 s UV for
14 days. (D) Conidia of the tested strains germinated at 45°C for an hour. Bar, 200 mm. (E to G) Relative growth
inhibition rate of colony growth at 16°C (E), 28°C (F), and 30°C (G). (H) Relative growth inhibition rate of colony
growth under UV irradiation. (I) Relative inhibition rate of conidial germination rate of the tested strains at 45°C.
The error bar represents standard error of the mean. *, P , 0.05; **, P , 0.01.
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significantly higher than WT and C-DVdGAL4 strains under all stress conditions
(Fig. 7B). Especially under stress conditions of SDS and sorbitol, the RGIs of DVdGAL4
strains were increased from 129.39% to 134.15% and 49.84% to 56.04% compared to
WT strains. These results suggested that VdGAL4 was more sensitive to abiotic stress
agents of SDS and sorbitol, indicating that VdGAL4 had a more obvious response to
the cell membrane and cell wall.

In addition, we determined the sensitivity of VdGAL4 to cold, heat, and UV stress.
There was no significant change in the RGI of all strains at 25°C, 28°C, and UV (Fig. 7F
and H). At 4°C and 33°C, almost all the tested strains could not grow. However, under
low-temperature stress of 16°C, the RGIs of the DVdGAL4-1 and DVdGAL4-2 strains
reached 48.54% and 49.42%, respectively, which were significantly higher than WT and
C-DVdGAL4 strains (Fig. 7E). Under heat temperature stress of 30°C, the RGIs of the
DVdGAL4-1 and DVdGAL4-2 strains reached 72.94% and 72.10%, respectively, which were
significantly different from WT and C-DVdGAL4 strains (Fig. 7G). Also, we measured the
thermal stability of VdGAL4 at 45°C and found that the relative inhibition rate of the coni-
dia germination rate of DVdGAL4 strains was significantly lower than WT and C-DVdGAL4
strains (Fig. 7D and I). These results suggested that VdGAL4 was more sensitive to low-
temperature stress of 16°C and high-temperature stress of 30°C, and the conidia germi-
nation of the DVdGAL4 strain is more sensitive to high temperature of 45°C.

VdGAL4 was essential for mycelium penetration of V. dahliae. The effect of
VdGAL4 on the penetration ability of mycelium was tested by cellophane penetration
test. Three days after the cellophane was removed, the mycelia of WT and C-DVdGAL4
strains could penetrate the cellophane and continue to grow in the PDA medium,
while the DVdGAL4 strains could not penetrate the cellophane (Fig. 8A).

The microscopic morphology of mycelium on cellophane was observed by scanning
electron microscope; the hyphal growth of WT and C-DVdGAL4 strains was relatively
normal and regular, while the mycelium growth of DVdGAL4 strains was disordered
and branched (Fig. 8B). These results showed that VdGAL4 was necessary to penetrate
the host plant root.

In addition, there was no significant change in the expression of infection peg de-
velopment related genes VdNoxB and VdPls1 in DVdGAL4, WT, and C-DVdGAL4 strains.
However, the relative expression of some genes related to the infection peg develop-
ment, appressorium formation, penetration, and colonization in plant roots, including
VdCrz1, VdSep5, VdCSIN1, Som1, and Vta3, was significantly downregulated in DVdGAL4
strains compared with the WT and C-DVdGAL4 strains (Fig. 8C).

VdGAL4 was essential for full virulence in V. dahliae on cotton. At 26 days post-
inoculation (dpi), mock-inoculated cotton seedlings were growing well without any
disease symptoms, while cotton seedlings inoculated with the WT and C-DVdGAL4
strains showed typical Verticillium wilt symptoms, including wilting, necrosis, and vas-
cular bundle browning (Fig. 9A to C). The disease index of plants inoculated with
DVdGAL4 strains was significantly less than plants inoculated with the WT and C-
DVdGAL4 strains (Fig. 9D). The disease index of cotton seedlings inoculated with the
WT strain reached 64.58 6 5.64, while DVdGAL4-1 and DVdGAL4-2 strains were
41.25 6 4.51 and 37.92 6 4.02, respectively, and the browning degree of vascular bun-
dles was also significantly reduced (Fig. 9C and D). Furthermore, fewer fungal colonies
grew from excised stem sections of seedlings inoculated with the DVdGAL4 strains
than with WT and C-DVdGAL4 strains (Fig. 9B). Quantification of fungal biomass by
qPCR confirmed that the fungal biomass of cotton stems inoculated with WT and
C-DVdGAL4 strains was about twice as much as that the DVdGAL4 strains (Fig. 9E).
Therefore, the DVdGAL4 strains significantly weakened the infection of V. dahliae to
cotton and indicated that VdGAL4 was crucial to the virulence of V. dahliae.

DISCUSSION

a-Galactosidase (a-Gal; EC 3.2.1.22) is widely present in plants, animals, and micro-
organisms, including F. oxysporum, Trichoderma reesei, Pichia pastoris, and Aspergillus
niger (27). In this study, a glycoside hydrolase family 27 a-galactosidase was identified
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from V. dahliae. Glycoside hydrolases (GH, EC 3.2.1) are enzymes that hydrolyze glyco-
sidic bonds and play an important role in the hydrolysis and synthesis of sugars and
glycoconjugates in organisms. Previous studies have shown that the different GH fam-
ily members (FoEG1, PsXEG1, VdXyn4, Vd424Y, VdEG1, and VdEG3) in different plant
pathogens can cause plant cell necrosis through different ways, stimulate plant
defense response, and have different effects on pathogenicity (13, 22, 24, 25, 28). In
the present study, we found VdGAL4 had the ability to trigger cell death and plant im-
munity, and the protein played a critical role in fungal pathogenicity as a virulence fac-
tor during infection and colonization.

Fungal pathogens can regulate plant immune response by secreting effector proteins
(27). There are many effector proteins in V. dahliae that have been identified, such as the
hydrophobin VdHP1, that can cause plant cell death and act as an effector to induce plant
immunity (29). The CFEM members VdSCP76 and VdSCP77 played a key role in immune
regulation and had a broad-spectrum ability to inhibit cell death (30). Recently, the secretary
proteins of GH12 family FoEG1 of F. oxysporum and PsXEG1 of Phytophthora sojae acted as
a pathogen-related molecular pattern (PAMP) on the extracellular matrix of plants to induce
cell death (23, 24, 31). Xyloglucan-specific endoglucanase (XEG1) could induce plant defense

FIG 8 Assays of the role of VdGAL4 in penetration of mycelium. (A) Cellophane membranes were plated onto PDA and inoculated with
conidia suspension from WT, DVdGAL4, and C-DVdGAL4 strains and grown on cellophane for 3 days. (A, Bottom) Indicated cellophane was
removed for 3 days. (B) Micromorphology of mycelium of all tested strains observed on cellophane by scanning electron microscope. Bar,
200 mm. (C) Assays of the relative expression of conidia-related genes in all tested strains by RT-qPCR. The error bar represents standard
error of the mean. **, P , 0.01.
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responses in a BAK1-dependent manner, and the ability of FoEG1 to induce cell death was
mediated by BAK1 and SOBIR1; this ability was independent of its hydrolase activity (23).
Similarly, GH12 proteins VdEG1 and VdEG3 in V. dahliae triggered immunity through two
different mechanisms and cooperated with novel effectors to manipulate immunity during
N. benthamiana infection; BAK1 is required for VdEG1- and VdEG3-triggered immunity, while
SOBIR1 is specifically required for VdEG1-triggered immunity in N. benthamiana (13, 22).
Vd424Y also can induce cell death in many plant species. The transient expression of GH11
family protein Vd424Y in N. benthamiana induced BAK1- and SOBIR1-dependent cell death
(25). In this study, unlike the other four proteins in the GH27 family of V. dahliae, VdGAL4
can induce cell death and hypersensitive response (HR) in N. benthamiana, and VdGAL4 SP

FIG 9 Verticillium dahliae VdGAL4 was a virulence factor in cotton. (A) Cotton seedlings (Gossypium hirsutum cv. Jimian11) were mock
inoculated (Mock) or inoculated with WT, DVdGAL4, and C-DVdGAL4 strains and photographed at 26 days postinoculation. (B) V. dahliae from
the cotton stem was reisolated on PDA medium at 25°C for 5 days. (C) Observation of browning of vascular bundle in the longitudinal
section of stem of cotton seedlings. (D) Disease index of cotton seedlings inoculated with all tested strains at 14, 20, and 26 days
postinoculation. (E) Colonization, by RT-qPCR, of V. dahliae in cotton stem after 26 days of infection. The error bar represents standard error
of the mean. *, P , 0.05; **, P , 0.01.
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can secrete invertase in yeast and transfer VdGAL4 into the extracellular space (Fig. 1 and 2).
Also, VdGA4-triggered cell death was dependent on BAK1 and SOBIR1 in N. benthamiana,
which indicated that VdGAL4 can act as a secreted protein to activate the immune response
of plants.

a-Galactosidase is an exoglycosidase that catalyzes the hydrolysis of a-galactosidase
bonds and can specifically catalyze the hydrolysis of a-1,6 glycosidic bonds (32, 33).
a-Galactosidase is mainly involved in the degradation of raffinose, stachyose, melibiose,
and galactomannan (34, 35). In this study, the content of a-galactosidase in V. dahliae
decreased significantly after deletion of VdGAL4. In the VdGAL4 deletion mutants, the
content of a-galactosidase was reduced, and the ability of VdGAL4 to hydrolyze a-1,6
glycosidic bonds was also decreased significantly. Therefore, the degree of hydrolyzing
isomaltose and melibiose by the DVdGAL4 strain was also weakened significantly (Fig. 3).
In addition, galactosidase can catalyze the production of D-galactose and rapidly convert
and consume it through the glycolysis pathway (36), providing the initial energy source
for plant seed germination and participating in the hydrolysis of polysaccharides stored
in the cell wall (37).

Conidia and mycelium played an important role in the infection process and patho-
genic cycle of V. dahliae (38, 39). In recent years, some genes involved in vegetative
growth and/or pathogenicity of V. dahliae have been identified, as well as some resist-
ance genes, including induction of defense signaling pathways and resistance to
V. dahliae infection (39). VDH1 encoded a hydrophobic protein, which regulates the de-
velopment of conidia and hyphae, enhances the dehydration tolerance of conidia, and
plays an important role in the formation of microsclerotium (40, 41). The correspond-
ing knockout strains of VdNLP1 and VdNLP2 produced fewer conidia but more vigorous
aerial mycelium (42). However, VdGRP1 inhibited mycelial growth and promoted micro-
sclerotium formation under normal conditions (43). In the present study, the deletion
of VdGAL4 reduced the conidia yield and conidia germination of V. dahliae and affected
the microscopic morphology of conidia. In PDA medium, there were no significant
changes in the aerial mycelium and radial growth diameter between the VdGAL4 dele-
tion mutants and WT strain; however, under the microscope, it was found that the
mycelia of VdGAL4 deletion mutants were disordered and branched, and their growth
was inhibited (Fig. 4).

Some fungi, including V. dahliae, can produce 1,8-dihydroxynaphthalene (DHN)-melanin
during microsclerotium formation and maturation, which helps them resist various environ-
mental stresses and is important for the long-term survival of the pathogen (26, 44, 45).
Vayg1 was required for microsclerotium formation and melanin production in V. dahliae (4).
VdPKS9 and VdMRTF1 were negative transcription regulators for melanin biosynthesis,
microsclerotium formation, and virulence in V. dahliae (46, 47). In contrast, we found that
the VdGAL4 deletion mutants could not produce microsclerotium in BMM medium, and the
expression of genes related to melanin production was significantly downregulated (Fig. 5).
Thus, we may conclude that VdGAL4 is required for microsclerotium and melanin formation.
However, further investigation is needed to elucidate the exact roles VdGAL4 played in
microsclerotium and melanin formation.

Many studies have shown that some genes in V. dahliae played a role in stress re-
sistance and tolerance and participated in regulating the growth and development of
V. dahliae, thus affecting the infection and pathogenicity of V. dahliae in plants (14, 29,
48, 49). Plant cell walls have the function of resisting the infection and stress of patho-
gens. The infection and colonization of pathogenic fungi are usually related to the deg-
radation of host cell walls (50). The initial stage of decomposition is usually dominated
by the colonization of pathogen-expressing enzymes that can attack the easily accessi-
ble cell wall components, such as hemicelluloses and pectins (51). The inner surface of
the cell wall deposits into the secondary cell wall, including cellulose, lignin, and xylan
(52). The study on the effect and utilization of cell wall components is helpful to under-
stand the mechanism of plant cell wall damage caused by pathogens (53, 54). Pyricularia
oryzae glycerol-3-phosphate dehydrogenase PoGpd, a cellular oxidoreductase, played an
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important role in carbon source utilization, mycelial growth, and virulence (55). The
a-oxoglutarate dehydrogenase VdOGDH deletion mutants grew slowly in the medium
with sucrose, pectin, xylan, starch, and galactose as the sole carbon source, indicating
that VdOGDH was important for vegetative growth and carbon utilization of V. dahliae
(56). Knockout of Cu-Zn superoxide dismutase VdSOD1 did not alter vegetative growth
and conidia production under normal growth conditions, but it weakened cellulose utili-
zation (57). In this study, a-galactosidase had hydrolytic activity to hydrolyze raffinose;
VdGAL4 deletion affected the utilization of different carbon sources, such as raffinose
and sucrose (Fig. 6). The V. dahliae VdSsk1 and VdSsk2 deletion mutant showed more
sensitivity to NaCl and sorbitol, while resistance to CR was significantly enhanced. VdSsk1
and VdSsk2 were involved in the response to various stresses, including high osmotic
stress (14, 49). Cold is an adverse temperature condition that fungi often encounter in
nature (58). VdNop12 affected the sensitivity of V. dahliae to low-temperature stress, the
conidia of Beauveria bassiana hyd1 deletion mutant were more heat resistant, and the
VdThit deletion mutant was more sensitive to UV stress (18, 59, 60). In this study, VdGAL4
deletion mutants were more sensitive to abiotic stress agents of SDS, sorbitol, low-tem-
perature stress of 16°C, and high-temperature stress of 33°C and 45°C (Fig. 7). These
results indicated that V. dahliae VdGAL4may be involved in the process of plant infection
by damaging the cell membrane and cell wall of hosts, and its resistance to stress is also
indirect evidence of its virulence.

VdHP1 did not affect mycelium penetration but also contributed to mycelium
growth in the process of initial colonization of V. dahliae (29). However, the deletion of
VdGAL4 in V. dahliae led to loss of the ability to penetrate cellophane, and its mycelium
arrangement was more disordered (Fig. 8). VdNoxB/VdPls1 mediated ROS production
and regulated the formation of penetration peg in the initial colonization of cotton
roots (61). However, in this study, the deletion of VdGAL4 did not affect the expression
of the VdNoxB and VdPls1, indicating that VdGAL4 may not affect the penetration peg
structure of V. dahliae. Both nuclear transcription factors Som1 and Vta3 regulated de-
velopmental genetic networks required for formation of conidia and microsclerotium
of V. dahliae (11). VdCrz1 plays important roles in Ca21 signaling, cell wall integrity, reg-
ulating infection peg development, and microsclerotia development and is also impor-
tant for full virulence of V. dahliae (20). The expression of VdCrz1, VdSep5, VdCSIN1,
Som1, and Vta3 was significantly downregulated in DVdGAL4 strains (Fig. 8). We specu-
lated that although VdGAL4 did not directly affect the formation of penetration pegs, it
may indirectly affect the infection of V. dahliae to cotton by affecting the mycelium
neck ring structure, penetration infection structure, and appressorium formation.

Results in this study also showed VdGAL4 deficiency could significantly reduce the
pathogenicity of V. dahliae to cotton, and the fungal colonization in the host is signifi-
cantly reduced (Fig. 9). Previous research found the link between melanin, microsclero-
tia, and fungal virulence. DHN-melanin is essential for the penetration of Magnaporthe
grisea to host plants and affects the ability of appressorium to penetrate plant leaves
(62). VdOCH1 encoded a-1,6-mannosyltransferase, manipulating the colony morphol-
ogy and conidia, microsclerotium formation, and pathogenic ability of V. dahliae in
sunflower (63). The mycelial growth and conidial formation of the Vayg1 deletion mu-
tant were reduced, while the resistance to oxidative stress was enhanced, and Vayg1
was necessary for melanin and micronucleus formation, which may be the reason for
its reduced virulence (4). Similarly, VdGAL4 affects the pathogenicity of V. dahliae by
regulating mycelial growth, conidial morphology, and the formation of microsclero-
tium. In addition, a-galactosidase can hydrolyze the glycosidic bond and then destroy
the cell wall structure in the process of V. dahliae infecting plants, thus accelerating the
infection and making the plants more seriously infected by pathogens.

In summary, the transient expression of VdGAL4 in N. benthamiana could induce
BAK1- and SOBIR1-dependent cell death, which was dependent on the secretion of
SPs. VdGAL4 is essential for conidial production and morphology, mycelium, micro-
sclerotium, and melanin formation in V. dahliae. In addition, VdGAL4 regulated the
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pathogenicity of V. dahliae to cotton by regulating the infection structure of mycelium
and the hydrolysis to the cell wall of the host. Collectively, VdGAL4 played a critical role
in fungal development and pathogenicity of V. dahliae as a virulence factor.

MATERIALS ANDMETHODS
Fungal strain, plant material, and culture conditions. The highly virulent, defoliating V. dahliae

strain Vd080 was used as a recipient to generate the different mutant strains in this study. The fungal
strains were cultured in potato-dextrose agar (PDA), potato-dextrose broth (PDB), or Czapek-Dox me-
dium unless otherwise specified. The upland cotton (Gossypium hirsutum) cultivar Jimian11, susceptive
to V. dahliae, was grown in a greenhouse at 25°C (8 h/16 h dark/light cycle). The culture condition of N.
benthamiana is the same as the Jimian11.

Gene cloning and bioinformatics analysis. The VdGAL4 gene was amplified from cDNA or gDNA
samples of Vd080 based on the VdGAL4 sequence in the V. dahliae genome database. The specific pri-
mers were designed using Primer5.0 and multiple-sequence alignment using DNAMAN. The signal pep-
tide analysis was implemented using SignalP5.0 (https://services.healthtech.dtu.dk/service.php?SignalP
-5.0). The transmembrane domain of VdGAL4 protein was predicted with TMHMM-2.0 (https://services
.healthtech.dtu.dk/service.php?TMHMM-2.0). SMART was used to predict the conserved domain of
VdGAL4 protein (http://smart.embl.de/smart/set_mode.cgi?NORMAL=1). The primers used are listed in
Table S1 in the supplemental material.

Yeast signal sequence trap system. Functional verification of predicted signal peptides of VdGAL4
was prepared as described previously (30, 64). The predicted SP sequence of VdGAL4 was amplified with
specific primers and fused in-frame to the secretion-defective invertase gene in the pSUC2 vector. The
obtained plasmid was transformed into the yeast strain YTK12, and the positive clones were screened
on CMD-W medium (deletion of tryptophan). The YTK12 was transformed with pSUC2::Avr1bSP and
pSUC2::Mg87SP, which were used as positive and negative controls, respectively, and were then incu-
bated in YPRAA medium (2% raffinose) to observe their growth. In addition, the sucrose convertase ac-
tivity of SP was detected by the reduction of 2,3,5-triphenyltetrazolium chloride (TTC) to an insoluble,
red-colored 1,3,5-triphenylformazan (TPF). These transformed yeast strains were cultured in CMD-W me-
dium (30°C, 24 h) and then collected and stained with 2% TTC (30°C, 30 min). Finally, invertase activity
was determined by observing and comparing TTC color changes. The primers used are listed in Table S1
in the supplemental material.

Transient gene expression assays. The tested genes were amplified from cDNA of Vd080 using the
indicated primers, including VdGAL1, VdGAL2, VdGAL3, VdGAL4, VdGAL5, and the VdGAL4 without signal
peptide (VdGAL4DSP). All of these sequences were cloned severally into the PVX vector pGR107 and trans-
formed into the Agrobacterium tumefaciens strain GV3101. Transient gene expression assays were per-
formed on N. benthamiana plants; Bcl-2-associated X protein (BAX) and green fluorescent protein (GFP)
were used as positive and negative controls, respectively (30). All Agrobacterium strains were cultured at
28°C for 2 days, resuspended and washed three times, adjusted to an optical density (OD) of 0.8 with
infection solution, and then injected into 4-week-old N. benthamiana leaves. Symptom development
was monitored from 3 to 7 days postinfiltration. Each assay was performed on 3 leaves from 3 individual
plants and repeated 3 times. The primers used are listed in Table S1.

To detect protein expression in N. benthamiana leaves, the total proteins were extracted from the
leaves of N. benthamiana plants after Agrobacterium infiltration for 48 h. The infiltrated leaves were lysed
with radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime; catalog no. P0013C) at 4°C for
30 min. The lysed samples were centrifuged at 4°C for 10 min, and the supernatants were extracted as
the crude protein samples. The protein samples were mixed with protein loading buffer and inactivated
at high temperatures for 10 min. The proteins were analyzed by SDS-PAGE and electroporated onto pol-
yvinylidene fluoride (PVDF) membranes (30). Transient protein expression in N. benthamiana was
assessed using GFP-tagged polyclonal antibody (Proteintech, China).

VIGS in N. benthamiana. For TRV-mediated gene-silencing assays, the plasmid constructs pTRV1,
pTRV2-NbBAK1, and pTRV2-NbSOBIR1 were introduced into A. tumefaciens GV3101. The A. tumefaciens
strains pTRV1 and pTRV2 were mixed at a ratio of 1: 1, and the final OD600 was adjusted to 0.8, which
was injected into 3-week-old N. benthamiana leaves (65, 66). pTRV2-PDS was used to evaluate VIGS effi-
ciency, and the pTRV2-GFP was used as control. The RNA extracted from injected leaves was used to val-
idate the efficiency of NbBAK1 or NbSOBIR1 silencing by RT-qPCR. Each assay was performed on 3 leaves
from 3 individual plants and repeated 3 times. The primers used are listed in Table S1.

Subcellular localization assays. The VdGAL4 sequence was cloned into the vector pBI121 (pBI121::
VdGAL4-RFP) and transformed into the A. tumefaciens strain GV3101. Subsequently, the suspension
(OD = 1.0) was injected into N. benthamiana leaves using a previously reported method (67). A. tumefa-
ciens GV3101 carrying pBI121-35S-RFP was used as control. The RFP fluorescence was observed by laser
scanning confocal microscope after 36 h. The primers used are listed in Table S1.

Deletion and complementation of VdGAL4 in V. dahliae. Gene deletion and complementation
transformants were generated by the A. tumefaciens-mediated transformation (ATMT) method. The VdGAL4
deletion mutant was constructed using B303 vector. The 1.2-kb upstream fragment and 1.2-kb downstream
fragment of VdGAL4 were separately amplified via PCR with the primer pairs B303-VdGAL4-UP-F/R and B303-
VdGAL4-DOWN-F/R (Table S1). The hygromycin-resistant fragment was amplified from the B303 vector with
B303-VdGAL4-Hyg-F/R (Table S1). Then, those fragments were connected and introduced into B303 vector
by the method of homologous recombination. The positive recombinant vector (B303-VdGAL4-UP/Hyg/
DOWN) was transferred into A. tumefaciens strain AGL-1 for fungal transformation (68). The positive
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transformants were screened and isolated in PDA medium containing 50mg/mL hygromycin for gene dele-
tion and were verified by PCR with the specific primers.

The obtained deletion mutants were further verified by Southern blotting. Southern blot analysis
was performed using digoxigenin (DIG) high prime DNA labeling and detection starter kit I (Roche,
Germany). Genomic DNA of the WT strain and deletion mutants (DVdGAL4-1 and DVdGAL4-2 strains) was
digested by HindIII. A 698-bp Hyg fragment (selective marker gene) was used as probe.

The VdGAL4 complementation mutant was constructed using pSULPH-mut-RG#PB vector. The 1.2-kb
upstream fragment and VdGAL4 genomic DNA were amplified with the primer pairs pSULPH-VdGAL4-F/R
(Table S1). The positive recombinant vector (pSULPH-VdGAL4) was transferred into AGL-1. Subsequently,
the obtained deletion mutants were used for fungal transformation of complementation (68). PDA me-
dium containing 100 mg/mL chlorimuron-ethyl was used for complementation mutants screening.

Enzyme activity and hydrolytic activity of VdGAL4 assays. For analysis of a-galactosidase activity
of VdGAL4, WT, DVdGAL4, and C-VdGAL4 strains were incubated in PDB at 25°C for 5 days, and the myce-
lium was filtered with four layers of gauze and tested with a-galactosidase (a-GAL) activity assay kit
(Beijing Boxbio Science & Technology Co., Ltd.). a-Galactosidase can decompose p-nitrophenyl-a-D-gal-
actopyranoside into p-nitrophenol, so the production of 1 nmol p-nitrophenol per gram mycelia per
hour is defined as an enzyme activity unit. Experiments were triple replicated.

To analyze the hydrolytic activity of VdGAL4, the conidial suspensions of WT, DVdGAL4, and
C-VdGAL4 strains were cultured on water agar medium amended with isomaltose or melibiose. After
16 h at 25°C, the dishes were stained with iodine (0.2%)-KI (2%) (volume of 1:1) solution. Experiments
were triple replicated.

Production and phenotype of mycelium and conidia. For the radial growth rate assay, 5 mL of
conidial suspension with a concentration of 5 � 106 conidia/mL of the WT, DVdGAL4, and C-VdGAL4
strains was placed in the center of PDA plates and incubated at 25°C for 14 days. Experiments were triple
replicated.

To study conidial production of the WT, DVdGAL4, and C-VdGAL4 strains, agar plugs were collected
using an 8-mm-diameter borer from the edge of mycelium on PDA plates that were cultured for 7 days.
Then, the plug was shaken in 1 mL of sterile water, and the number of conidia was quantified under
microscope (57). Twenty microliters of the conidial suspension (2 � 103 conidia/mL) was added as a
hanging drop to the glass slide and cultured at 25°C for 5 h. The germination rate of conidia was meas-
ured with the optical microscope (69). Experiments were triple replicated.

The sterile coverslips were inserted obliquely at the edge of mycelium growth on the PDA plate after
7 days of culture and continued to culture for 2 days. The morphology of mycelium on the coverslips
was observed under microscope. The suspensions of high-concentration conidia were collected, and the
microscopic morphology of conidia was observed by scanning electron microscope. Experiments were
triple replicated.

Evaluation of microsclerotium formation. The conidial suspensions (5 � basal modified medium
[BMM]; 106 conidia/mL) of the respective strains were evenly spread on a plate of BMM (0.2 g/L NaNO3,
0.52 g/L KCl, 0.52 g/L MgSO4�7H2O, 1.52 g/L KH2PO4, 3mmol/L thiamine, 0.1mmol/L biotin, 5 g/L glucose,
and 15 g/L agar, pH 11.5) (70). The plates were incubated at 25°C in the dark for 40 days. Each experi-
ment was triple replicated. The number of microsclerotium was counted by ImageJ.

Carbon source utilization assays. For analysis of carbon source utilization, WT, DVdGAL4, and
C-VdGAL4 strains were cultured in Czapek-Dox medium (without sucrose) amended with different car-
bon sources (10 g/L pectin, 10 g/L xylan, 10 g/L glucomannan, 10 g/L cellulose, 10 g/L raffinose, 17 g/L
starch, and 30 g/L sucrose) (60). Colony morphology was photographed, and diameters were measured
after 14 days. Experiments were triple replicated.

Growth of strains on stress treatments. The sensitivity of mutants to abiotic stress agents was
detected using PDA containing 0.002% SDS, 0.02% Congo red, 1 M sorbitol, 1 M KCl, and 1 M NaCl (49).
The relative growth inhibition rate (RGI) was calculated as follows: RGI = (control colony diameter2 treatment
colony diameter)/control colony diameter � 100% (71). The mycelial growth of WT strains at 25°C without any
stress agents was used as the control. In parallel, the sensitivity of mutants to cold, heat, and UV stress was
examined. WT, deletion, and complementation strains were cultured with PDA at various temperatures (4°C,
16°C, 25°C, 28°C, 30°C, 33°C) or treated with a 10-s pulse of 302-nm UV light (71). The untreated strains were
used as a control. Experiments were triple replicated.

For the thermostability assay, the conidial suspensions (2 � 103 conidia/mL) were heated at 45°C for
1 h and then added as a hanging drop to the glass slide and cultured at 25°C for 5 h (59). The conidial
germination efficiency was observed and recorded under microscope. The relative inhibition rate was
calculated, and the conidial germination rate of WT strains at 25°C without any stress agents was used
as the control. Each experiment was triple replicated.

Assays for penetration. The difference in hyphal permeability of WT, DVdGAL4, and C-VdGAL4
strains was observed by spreading conidial suspensions (5 � 106 conidia/mL) onto the center of steri-
lized cellophane membrane covering PDA medium at 25°C for 3 days (57). Then, we removed the cello-
phane membrane and continue to culture for 3 days. The micromorphology of hyphae on cellophane
membrane was observed by scanning electron microscope. Each experiment was triple replicated.

Assays for pathogenicity and colonization. Pathogenicity assays were performed on the suscepti-
ble cultivar Jimian11 cotton seedlings that were inoculated at the two true leaf stages. The conidial sus-
pensions (5 � 106 conidia/mL) of WT, deletion, and complementation strains were inoculated using a
root dip inoculation method (69). Disease severity was recorded at 14, 20, and 26 days postinoculation
(dpi) in five categories, and the disease index was calculated as an indicator of the severity of the disease
(72). After 26 dpi, the phenotype of cotton plants was recorded, and the vascular discoloration was
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observed by stereo light microscope. The assay was repeated three times for each strain. At each time
for each strain, there were six pots, each with five seedlings.

To qualitatively evaluate the difference in virulence among the WT and mutant strains, the degree of
discoloration of vascular tissue was recorded visually on the root and stem that were longitudinally cut.
Meanwhile, the stems of the cotton seedlings were cut off, and we placed a stem piece onto PDA plates
to isolate any hyphae from vascular bundles (61).

Cotton tissue samples from the stem of inoculated plants were collected at 26 dpi for in planta quan-
tification of fungal biomass. The total genomic DNA was extracted with E.Z.N.A. high-performance (HP)
fungal DNA kit (Omega Bio-tek) and quantified by NanoDrop 2000, and for each sample, 100 ng of DNA
was employed for quantitative real-time PCR (qPCR) reaction. The qPCR was performed using the
ChamQ universal SYBR qPCR master mix (Vazyme) with the primers listed in Table S1. V. dahliae b-tubu-
lin (GenBank accession no. DQ266153) was used to quantify fungal colonization. The cotton UBQ7 gene
was used as endogenous plant control. Three independent biological and technical repeats were
performed.

Analysis of gene expression. Three pathogenic genes related to conidial production, VdNLP1
(VDAG_04701.1), VdPLP (VDAG_00942), and Vdpf (VDAG_08521.1), were used for RT-qPCR analysis. For fur-
ther analyses the effect of VdGAL4 deficiency on V. dahliae infection structure, such as the infection peg-
related genes VdNoxB (VDAG_09930) and VdPls1 (VDAG_01769); regulating infection peg development of
transcription activator VdCrz1 (VDAG_03208); assembling mycelium neck ring-related secretary protein
VdSep5 (VDAG_04382); regulating appressorium formation-related gene VdCSIN1 (VDAG_05652); and
plant root adhesion, penetration, and colonization of V. dahliae-related transcription factors Som1
(VDAG_JR2_Chr1g09120a) and Vta3 (VDAG_Chr1g07600a). To further investigate melanin, microsclero-
tium formation, and cell wall biogenesis, six genes, including Vayg1 (VDAG_04954), VT4HR (VDAG_03665),
VaflM (VDAG_00183), VdSCD (VDAG_03393), VDH1 (VDAG_02273), and VdLAC (VDAG_00189), were used for
RT-qPCR analysis (70).

All of the strains, including WT, deletion, and complementation mutant strains, were cultured in PDA
at 25°C for 7 days, and the mycelia were collected after filtering with a 4-layer sponge. Total RNA was
extracted with fungal total RNA isolation kit (Sangon Biotech), and cDNA was synthesized with the
HiScript II Q RT supermix for qPCR (1genomic DNA [gDNA] wiper) (Vazyme) following the manufac-
turer’s procedure. The RT-qPCR of the above-described genes (Table S1) was performed with the
b-tubulin gene (Table S1) of V. dahliae as an internal reference. The relative expression levels were calcu-
lated using the threshold cycle (22DDCT) method. The mean and standard error of gene expressions were
estimated from three biological replicates.

Statistical analysis. Statistical analyses were performed using SPSS statistical software package
(v22.0). One-way analysis of variance (ANOVA) was applied and followed by the Student-Newman-Keuls
(SNK) test to determine significant differences between treatments at P values of 0.05 or 0.01.
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