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SUMMARY

Verticillium dahliae is a soil-borne, hemibiotrophic phytopatho-
genic fungus that causes wilting in crop plants. Here, we con-
structed a random insertional mutant library using
Agrobacterium tumefaciens-mediated transformation to study
the pathogenicity and regulatory mechanisms of V. dahliae. The
fungal-specific transcription factor-encoding gene Vdpf was
shown to be associated with vegetative growth and virulence,
with the highest transcript expression occurring during conidia
formation in the V991 strain. The deletion mutants (A Vdpf) and
insertion mutants (IMAVdpf) produced fewer conidia than did
the wild-type (WT) fungi, which contributed to the reduced viru-
lence. Unlike the WT, the complemented strains and IMA Vdpf,
AVdpf formed swollen, thick-walled and hyaline mycelium rather
than melanized microsclerotia. The AVdpf mutants were melanin
deficient, with undetectable expression of melanin biosynthesis-
related genes (Brn1, Brn2 and Scd1). The melanin deficiency was
related to cyclic adenosine monophosphate (cAMP) and the
G-protein-coupled signalling pathways in this study. Similar to
the WT and complemented strains, the AVdpf and IMAVdpf
mutants could also successfully penetrate into cotton and
tobacco roots, but displayed reduced virulence because of lower
biomass in the plant roots and significantly reduced expression
of pathogenicity-related genes in V. dahliae. In conclusion, these
results provide insights into the role of Vdpfin melanized micro-
sclerotia formation, conidia production and pathogenicity.

Keywords: conidiation, fungal-specific transcription factor,
melanized microsclerotia, pathogenicity, Verticillium dahliae.

INTRODUCTION

Verticillium dahliae is the causal agent of Verticillium wilt, which
is the most destructive disease of cotton worldwide in temperate
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regions. It invades over 200 dicotyledonous plant species, includ-
ing annual herbaceous plants, perennials and woody species (Bell,
2001; Bhat et al, 2003; Fradin and Thomma, 2006; Klosterman
et al, 2009). Therefore, V. dahliae, as an asexual and soil-borne
phytopathogen, is one of the most important species for the study
of plant—pathogen interactions.

Verticillium dahliae produces melanized and multicellular micro-
sclerotia that spread via wind, water or plant material. Because of
their critical role as long-term remnants in soil, survival structures
represent a significant developmental event in the life cycle of
V. dahliae (Wilhelm, 1955). After stimulation by root exudates
(Fradin and Thomma, 2006; Schnatho and Mathre, 1966) released
in the rhizosphere of host and non-host plants (Huisman, 1982),
microsclerotia germinate and produce one to several hyphae that
extend towards the host roots, subsequently entering the parasitic
stage by infecting susceptible plants, either at the root tip or at the
sites of lateral root formation (Fradin and Thomma, 2006; Schna-
tho and Mathre, 1966). One-celled, ovoid/elongate and short-lived
colourless conidia are produced in the vascular tissues and initiate
new infection cycles (Schnatho and Mathre, 1966).

Many genes in V. dahliae regulate fungal vegetative growth
and pathogenicity (Luo et al,, 2014). VDHT (Klimes and Dobinson,
2003, 2006; Klimes et al,, 2008), VdGARP1 (Gao et al., 2010) and
VANLP (Santhanam et al,, 2013; Zhou et al, 2012) are required
for vegetative growth, whereas Vta2 (Tran et al, 2014), VdSSP1
(Liu et al, 2013), EG-1 (Maruthachalam et al,, 2011; Novo et al,,
2006; Valaskova and Baldrian, 2006) and VASNF1 (Tzima et al.,
2011) are necessary for successful penetration of host plants.
They function in the initial phase of Verticillium infection by
encoding putative adhesion-like cell wall proteins, degrading the
cell wall, colonizing xylem vessels and regulating cell wall-
degrading enzyme (CWDE) synthesis (Luo et al, 2014). CPC1
(Timpner et al., 2013) and VdThi4 (Hoppenau et al., 2014) func-
tion in adapting to the host's intracellular environment. VMKT
(Rauyaree et al, 2005), VAPKACI (Tzima et al, 2010), VdMFS
(Kapoor et al, 2009; Maruthachalam et al, 2011; Prasad and
Kapoor, 2004) and VdSgeT (Santhanam and Thomma, 2013) play
roles in the penetration and necrotrophic phases. All of these
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cellular growth and differentiation genes that are important for
virulence or pathogenicity in V. dahliae are tightly regulated by
transcription factors (TFs) through interaction with other TFs or
molecular chaperones. Based on the conserved DNA-binding
domains, TFs are generally classified into six types: basic leucine
zipper (bZIP) proteins, MYB-like proteins, MADS-box proteins,
helix—loop—helix proteins, zinc finger proteins and homeobox pro-
teins (Meshi and Iwabuchi, 1995; Pabo and Sauer, 1992). These
TFs primarily affect three functional aspects in parasitic fungi.
First, they regulate conidiation or appressorium development. For
example, C;H, zinc fingers, which are homeobox TFs (MoHOX1-
MoHOX8) in the rice blast fungus Magnaporthe oryzae, are neces-
sary for conidiation and appressorium development, and act via
cyclic adenosine monophosphate (cAMP) and Ca’* signalling
and/or mitogen-activated protein kinase (MAPK) signalling path-
ways (Kim et al,, 2009). Second, TFs regulate melanin biosynthesis
in fungi, such as in the maize pathogen Cochliobolus heterostro-
phus, wherein TF Cmr1 regulates melanin biosynthesis through
MAPKs, Chk1 and Mps1 (Eliahu et al, 2007). Third, TFs control
fungal pathogenicity. For example, in Alternaria brassicicola, the
MAPK encoding gene Amk1 is required for initial colonization and
regulates melanin biosynthesis (Cho et al, 2007, 2012), whereas
the fungal-specific TF AbPf2 activates early pathogenesis (Cho
et al., 2013). Thus, TFs play a variety of regulatory roles in fungi.
Amongst TFs, Zn(l),Cyse C4 and C,H, are three major classes
of zinc finger proteins that have been identified in eukaryotes. The
cysteine or histidine residues chelate one or more zinc atoms to
mediate sequence-specific DNA binding. These proteins play
diverse roles in sugar metabolism, gluconeogenesis, respiration,
amino acid metabolism, vitamin synthesis, mitosis, meiosis, chro-
matin remodelling, nitrogen utilization, peroxisome proliferation,
the stress response and pleiotropic drug resistance (MacPherson
et al, 2006). In the V. dahliae genome, 937 zinc finger TF-
encoding genes have been annotated; however, only Via, a C;H,
zinc finger transcription activator, has been shown to regulate the
expression of genes encoding putative adhesion-like cell wall pro-
teins (Tran et al, 2014). Amongst the zinc finger TFs, 16 are
Zn(11),Cyse fungal-specific TF domain-containing proteins. How-
ever, the functions of fungal-specific TFs are unclear, and reports
about these TFs are few. In this study, based on Agrobacterium
tumefaciens-mediated transformation (ATMT), which is a powerful
methodology for targeted and random mutagenesis (de Groot
et al, 1998; Mullins et al, 2001), we identified a gene encoding
the Zn(l),Cyss fungal-specific TF (VDAG_08521, Vdpf), and
showed that Vdpf was essential for melanized microsclerotia for-
mation and conidia production in V. dahliae. The Vdpf deletion
and insertion mutants (A Vdpf and IMA Vdpf) showed reduced vir-
ulence in cotton. Further, we characterized Vdpf by examining the
expression patterns of Vdpf, the mechanisms of how Vdpf regu-
lates melanized microsclerotia formation, the effects of melanin
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deficiency on sensitivity to abiotic stressors, and the importance
of the Zn(11),Cysg binuclear cluster domain of Vdpf in binding the
promoter regions of genes involved in melanin synthesis. Our data
provide important insights into fungal-specific TFs.

RESULTS

Screening and identification of T-DNA random
insertional mutants

Through ATMT, 600 primary hygromycin-resistant mutants were
harvested. Most of the mutant phenotypes, including the growth
rate, conidiation, microsclerotial development and pigment altera-
tion, were distinct from the wild-type (WT) phenotype (Fig. S1,
see Supporting Information). Of the mutants, the insertion sites of
41 mutants were successfully identified, and they all caused a
phenotype (Table S1, see Supporting Information). Based on the
colony phenotypes and primary pathogenicity assays, Vd.M.525,
which showed reduced virulence, was used for the remaining
studies through homologous recombination. Using high-efficiency
thermal asymmetric interlaced polymerase chain reaction (hiTAIL-
PCR), Vd.M.525 was identified to disrupt the VDAG_08521.1
locus, which carried the Vdpf (poly-functional factor) gene.
Sequencing of the right-border flanking sequences demonstrated
that the HygB resistance cassette disrupted the fungal-specific TF
domain of Vdpf (Fig. 1); this mutant was named IMA Vdpf.

Vdpf encodes Zn(ll),Cysg-type TF

In the V. dahliae genome, 22 genes encode fungal-specific TF
domain-containing proteins, including 16 genes that encode
Zn(I1),Cyse-type fungal-specific TFs (Fig. S2, see Supporting Infor-
mation). Vdpf is one of the genes that encodes the Zn(ll),Cyse-
type TF. A functional domain analysis of the protein indicated that
Vdpf (EGY18187.1) contains two conserved domains (Fig. S3A, see
Supporting Information). One domain was a typical Zn(ll),Cyse
binuclear cluster domain (Pfam00172: 72-110 residues), in which
two zinc atoms are bound to six cysteine residues. This domain
showed significant similarity to the Gal4-like DNA-binding domain.
The other conserved domain, which is known as the fungal-specific
TF domain (Pfam04082: 320-561 residues), functions to assist the
Zn(I1),Cysg cluster in DNA target discrimination. The gene of inter-
est was predicted to encode 833 amino acids, with nuclear localiza-
tion signal motifs at five locations, i.e. KRRR at 61, RKKK at 78,
RRKR at 740, RKRK at 741 and KRKP at 742, as predicted by
PSORT (Horton et al, 2007). The gene displayed more than
60% identity with the following fungal-specific TFs: FGSG_06810
(Fusarium graminearum), FOMG_05053, FOPG_08402, FOXG_
02014 (F. oxysporum), ANID_04558 (Aspergillus nidulans),
A0090026000614 (A. oryzae), Afu2g02690 (A. fumigatus), ATEG_
06908 (A. terreus), ACLA 092100 (A. clavatus), AFL2G_06685
(A. flavus), MGG_07450 (Magnaporthe grisea) and SS1G_00552

©2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2016) 17(9), 1364-1381



1366 X. LUO et al.

e RB border ----------- 4

i
i
i

..... T-DNA,,..EGAAGAGGCCCGCACCGATCGCCCTTE
1PIIIIIIiioEIGioPIiioiiiioiiii
i
i

5'./GAAGAGGCCCGCACCGATCGCCCTT)... GCGACCTCTTCCGCCGCCCGATTTTCCG. ...... 3! |

]
=
%
5
Q
u
%
[
=
Q
[1]

————————— RB flanking sequence

L= — CGAGAAAAAGCGTE ..... TTCR.,,,,.'BCGACCTCTTCCGCCGCCCGATTTTCCG ...... ACCTACTGACAG....3' -——-———-———- VDAG_08521.1

395ibp 1095 bp

Zn(II),Cys; binuclear cluster domaih

1415 bp
| —
Fungal-specific TF domain

Fig. 1 Insertion site of T-DNA in Vd.M.525 (IMA VdpA. The T-DNA cassette was inserted at 1095 bp of the Vdpf (VDAG_08521.1) open reading frame (ORF). The
Zn(I1),Cyse binuclear cluster domain covered the range from 279 to 395 bp, and the fungal-specific transcription factor (TF) domain covered the range from 1415 to

1715 bp.

(Sclerotinia sclerotiorum) (Fig. S3B). These genes encode proteins
that contain a Zn(ll),Cysg cluster domain and the fungal-specific TF
domain, but the functions and characteristics of these genes have
not been studied.

Deletion mutants of the Vdpf gene

To further study Vadpf, deletion mutants (A Vdpf) were constructed
by replacing the coding region of the gene with a hygromycin B
(HygB) resistance cassette (Fig. 2A). All of the deletion mutants
were confirmed by polymerase chain reaction (PCR), quantitative
real-time reverse transcription-PCR (QRT-PCR) and a Southern blot-
ting analysis using gene-specific probes and sets of PCR primers.
Three melanin-deficient transformants, i.e. AVdpf—11, AVdpf—12
and AVdpf—13, were identified to lack the Vdpf gene. However,
the Zn(ll),Cyse binuclear cluster domain of the Vdpf gene still
existed in the five ectopic insertion melanin-producing mutants
and in IMAVdpf (Fig. 2B), and the fungal-specific TF domain was
absent in both AVadpf and IMA Vapf (Fig. 2C). Outer primers dem-
onstrated the successful deletion of the target gene (Fig. 2D).
Southern blot analysis confirmed the insertion of a single copy of
the HygB resistance cassette in the AVdpf—11, AVdpf—13 and
IMA Vdpf strains, and the insertion of two copies in the AVdpf—12
strain (Fig. 2E). Furthermore, the AVdpf—11 mutant was comple-
mented with the WT Vdpf allele with a phleomycin resistance cas-
sette for constitutive expression of the WT Vdpf gene. qRT-PCR
analysis showed that Vdpfwas not expressed in AVdpf, but exhib-
ited weak expression in IMAVdpf and was expressed at normal
levels in the complemented strain (Fig. 2F). Southern blot analysis
using Vdpf probes (Fig. 2E) further confirmed the successful
replacement of the Vdpf coding region by the HygB resistance cas-
sette in AVdpf. The HygB resistance cassette in AVdpf was
replaced by the Vdpf allele gene, and normal Vdpf expression
showed successful complementation.

Features of phenotype changes

The knockout mutants (AVdpf—11, AVdpf—12 and AVdpf—13),
the random insertion mutant (IMAVdpf) and the complemented
mutant (A Vdpf:Vdpf-phleo, Com) were examined for phenotypic

changes in growth rate, conidiation, conidia germination, micro-
sclerotia formation and melanin synthesis. The colony morphology
of the deletion mutants differed from that of the WT and Com
strains (Fig. 3A). For all six strains, the growth rates on potato
dextrose agar (PDA) medium were the same (Fig. 3B). However,
AVdpf—11, AVdpf—12 and AVdpf—13 produced melanin-
deficient colonies, whereas IMAVdpf, Com and WT synthesized
melanin, and the melanin synthesis of IMA Vdpf was slower and
less dense than that of the WT and Com strains. Microscopic
observations found that melanized microsclerotia were absent in
the AVdpf mutants, as observed by the growth of the mutants in
both liquid and solid cultures; instead, they formed swollen, thick
and hyaline mycelia (Fig. 3C). In addition, the AVdpf mutants and
IMA Vdpf produced significantly fewer conidia than did the WT
strain (P< 0.05; Fig. 3D). The WT allele of the Vdpf gene, under
the control of its own promoter, reversed the reduced production
of conidia in AVdpf mutants. In the WT strain, after 12 h of incu-
bation in potato dextrose broth (PDB), the conidia began to germi-
nate, and the germ tubes formed; at 24 h, hyphal extensions were
observed (Fig. S4, see Supporting Information). Measurements of
the hyphal extensions at 24 h showed that the hyphal length of
the deletion mutants was significantly longer than that of the WT
strain (P< 0.05; Fig. 3E,F), whereas their germination rates were
not significantly different (P<0.05; Fig. 3F). Taken together,
these results show that Vdpf functions in melanin synthesis, coni-
diation and microsclerotia formation.

AVdpf mutants are responsive to abiotic stressors
as WT V. dahliae

In response to pathogen infection, plants can change the internal
environment of the apoplast and the vascular system of cells,
including the production of various types of reactive oxygen spe-
cies (ROS) and phytoalexins, and the alteration of cell pH, on
which some cell wall peroxidases are dependent (Bhattacharjee,
2005; Steinberg, 2012). Melanin confers protection against these
cellular stress signals in V. dahliae (Kuo and Alexander, 1967).
Therefore, to indirectly evaluate the importance of AVdpf and
IMAVdpf in managing stressors, we measured the effects of
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Fig. 2 Verification of mutants. (A) The Vdpf (VDAG_08521.1) coding region was replaced with the HygB cassette. (B) Gel electrophoresis of Vdpfand HygB. HygB
and the Zn(I1),Cyse binuclear cluster domain region of Vdpf (VDAG_08521.1) were amplified from all of the mutants with the F-hph/R-hph and P7/P8 primers
individually. (C) The fungal-specific transcription factor (TF) domain region amplified with the P9/P10 primer. (D) The mutants were confirmed using nest primers.

(E) Southern blotting was performed using the hph, ORF and D2 probes. Four biological replicates (n = 4) were used for this study. (F) Quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR) analysis of Vapf (VDAG_08521.1) expression in the wild-type (WT), AVdpf, IMA Vdpfand complemented strains.
Three biological replicates (n = 3) were used for this study. The dots () in (B) indicate the lanes of mutants used in this study. M, 2000-bp marker in (B) and (C);
M, 15 000-bp marker in (D); T1, AVdpf-11; T2, AVdpf-12; T3, AVdpf-13; IM, insertion mutant; Com, complemented strain; E, EcA Vdpf.

osmolites, acid, alkali and oxygen stress on the vegetative growth conditions. Interestingly, alkaline conditions stimulated melanin
of these mutants. When grown on PDA containing 0.7 m KCl, 1.0 biosynthesis.

m sorbitol or 1.5 mm H,0,, the colony size of AVdpfand IMA Vdpf
did not vary significantly from those of Com or the WT strains
(Fig. S5, see Supporting Information). The colony sizes of the dele-
tion mutants were also comparable with those of the Com strains Cotton (Gossypium hirsutum L.) and tobacco (Nicotiana benthami-
and the WT fungus under acidic (pH 4.0) and alkaline (pH 12.0) ana) plants were used to test the pathogenicity of V. dahliae. In

Reduced virulence in the AVdpf mutants
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Fig. 3 Representative phenotypes of AVdpf deletion mutants and the IMA Vdpfinsertion mutant. (A) Colony morphology of each strain. (B) Colony diameter
comparisons between the mutants and wild-type (WT) at 20 days post-inoculation (dpi) on potato dextrose agar (PDA) medium. (C) Morphology of microsclerotia.
MM, melanized microsclerotia; SM, specialized mycelium. Scale bars, 20 um. (D) Conidia produced by each strain. (E, F) Extended hyphae and conidia germination
rate/length of WT, AVdpf, IMA Vdpf and AVdpf:Vdpf-phleo at 24 h after incubation in potato dextrose broth (PDB). Vdpf, VDAG_08521.1. A one-way analysis of
variance (ANOVA) and Student's t-test were performed. Different letters indicate a significant difference (P< 0.05). The error bars represent the standard deviation of

three replicates.

6-week-old intact cotton plants, after inoculation for 20 days,
infection with the WT V. dahliae caused wilting of leaves. In addi-
tion, necrotic leaves fell, whole plants died and the disease index
reached 100%. However, in 6-week-old intact cotton plants that
were infected with the deletion mutants (AVdpf and IMA Vdpf),
the disease severity was reduced compared with that in the plants
which were infected by the WT fungus and the Com strains
(Fig. 4A), with a significant decrease in the disease index
(P<0.01) (Table S2, see Supporting Information). Interestingly,
AVdpf was not as virulent in tobacco as it was in cotton plants,

whereas wilting symptoms caused by IMA Vdpf in intact tobacco
were comparable with those caused by WT and Com strains (Fig.
4B); however, the occurrence of wilting symptoms caused by
IMAVdpf was slower than those caused by the Com and WT
strains. We stained roots to demonstrate whether the AVdpf
dependent reduction in disease severity on cotton was caused by
impaired infectivity, including the ability to degrade plant cell walls,
infect cortical cells and infect the vascular bundle. The results
showed that the AVdpf mutants and IMA Vdpf could successfully
degrade plant cell walls, infect cortical cells and even infect the
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Fig. 4 Reduced pathogenicity in AVdpf. (A) Necrosis and defoliation in intact cotton plants (Gossypium hirsutum L.) at 20 days post-inoculation with 4 x 107
conidia of WT, AVdpf mutants, IMA Vadpf mutants and complemented strains. (B) Virulence measurements on tobacco plants (Nicotiana benthamiana). (C) Infection
of WT, AVdpf mutants, IMA Vdpf mutants, complemented strains and CK in root cortical cells and the vascular bundle. (D) Detection of fungal biomass in infected
plant roots. WT, wild-type Verticillium dahlia; AVapf, deletion mutant; IMA Vdpf, insertion mutant; Com, A Vdpf:Vdpf-phleo mutant; CK, plant roots inoculated with

sterile water. Scale bars, 50 um. Vdpf, VDAG_08521.1.

vascular bundle, similar to WT V. dahliae (Fig. 4C). To examine
whether the reduced virulence was correlated with reduced bio-
mass of the mutant in the plant, the fungal biomass in the roots of
the infected plants was determined by PCR and quantitative analy-
sis using Quantity One software. Adj.Vol.INT*mm? (the quantitative
values after the deduction of the background) of WT, Com, control
(CK), knockout mutant (KO) and insertion mutant (IM) strains were
61545.74, 60849.64, 0, 29748.77 and 30784.36, respectively, indi-
cating that the biomasses of A Vdpfand IMA Vdpf were nearly two-
fold less in the roots compared with the biomasses of the WT and
Com strains (Fig. 4D). Thus, this suggests that the virulence of V.
dahliae may depend on the degree of colonization.

Differential expression of vegetative growth-
and/or pathogenicity-related genes

To determine whether Vdpf stimulated/inhibited the expression of
genes involved in conidial production, microsclerotia formation

and pathogenicity in V. dahliae, known vegetative growth- and/or
pathogenicity-related genes were assessed by qRT-PCR. First, we
examined the expression of VDHT (a class Il hydrophobin) (Klimes
and Dobinson, 2006; Klimes et al., 2008) and Vdgrp? (glutamic
acid-rich protein 1) (Gao et al., 2010), which have been shown to
play important roles in microsclerotia formation. Compared with
the WT strain, VDH1 was not expressed in AVdpf, and the expres-
sion of Vdgrp! was reduced by 250-fold (P < 0.05) and 10-fold in
AVdpf and IMAVdpf, respectively (Fig. 5). In contrast, in the
IMA Vdpf mutant, the expression of VDHI was not significantly
different from that in the WT strain. Thus, these results explain
why the AVdpf mutants exhibit the disruption of normal micro-
sclerotia formation.

Furthermore, we examined the expression of genes that are
directly or indirectly related to pathogenicity in V. dahliae, i.e.
VAPKACT, VASNF1, VdSgel, VMK1, VANLPT and VANLP2, which
have been demonstrated to be the major virulence factors of
V. dahliae. Among these genes, VANLPT and VdNLP2 have been
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demonstrated to be the major virulence factors in cotton (Santha-
nam et al,, 2013; Zhou et al., 2012). With the exception of VMK1
expression, which remained unchanged, the expression levels of
VAPKACT, VASNF1, VdSge1, VANLPT and VANLP2 were decreased
by five-, three-, four-, eight- and 40-fold, respectively, in AVdpf,
and this reduced expression was reversed in the Com strain
(Fig. 5). Interestingly, in IMAVdpf, the expression of the
Zn(11),Cysg binuclear cluster domain in Vdpf was down-regulated
by seven-fold compared with the WT strain (Fig. 2), suggesting
that the fungal-specific TF domain strengthens Vdpf transcrip-
tional regulation. Moreover, VASNF1, which is positively corre-
lated with CWDE synthesis and facilitates penetration in host
plants, was up-regulated by two-fold; VAPKACT [a C subunit of
protein kinase A (PKA)], which plays a role in virulence, micro-
sclerotia formation, conidiation and ethylene (ET) production via
cAMP-dependent signalling pathways, was up-regulated by
1.5-fold; VMKT and VdSgel, which promote pathogenicity, were
decreased by 27- and 25-fold, respectively; and VdNLPT and
VdNLP2 were down-regulated by four- and eight-fold, respectively
(Fig. 5). These data strongly suggest that Vdpf differentially affects
the expression of some vegetative growth- and/or pathogenicity-
related genes in V. dahliae and that the fungal-specific TF domain
strengthens this regulatory mechanism. The down-regulation of
these pathogenicity-related genes in deletion mutants suggests

that the reduced pathogenicity caused by deletion mutants is
partly correlated with toxicity.

Vdpf gene expression pattern

After culture for 6 h in PDB medium, the conidia of V. dahliae
began to form germ tubes. After 12 h of cultivation, the conidia
germinated, and hyphae grew after 24 h of cultivation. Verticil-
lium dahliae began to form conidia after 48 h of cultivation. We
monitored Vapf expression at the different stages (Fig. 6A) and
found that it was highest at the conidial stage, lowest when the
germ tube began to form, and gradually increased during germi-
nation and hyphal growth. At the conidium formation stage, Vdpf
expression gradually reached nearly the same level as in the coni-
dial phase. This expression pattern could explain why AVdpf
mutants display reduced numbers of conidia, and cause impaired
pathogenicity compared with the WT and Com strains.
Electrophoretic mobility shift assays (EMSAs) confirmed that
Vdpf could bind to its own promoter region. The DNA-binding
domain (Zn(ll),Cyse) of Vdpfwas overexpressed in Pichia pastoris
GS115 and was purified as a His-tagged protein (Fig. 6B). As
shown in Fig. 6C, clear shift bands were observed when the Vdpf
promoter was co-incubated with increasing amounts of the Vdpf
protein. Negative control assays showed that no specific shift
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bands. Three biological replicates (n = 3) were used for this study.

bands appeared, suggesting that the interaction between Vdpf
and its own promoter was involved in Vdpf expression. Through
the prediction of TF binding sites using JASPAR, four high-
potential motifs, SUT1 (CGCGGGG), RDS2 (CTCGGGG), CAT8
(CCGGA) and ARG81 (TTGACTCT), to which the GAL4 domain-
containing TFs bind, were discovered.

Effect of Vdpf on the expression of genes involved
in melanin synthesis

(+)-Scytalone, as an indispensable intermediate, has been shown
to be produced and converted to melanin by microsclerotia, but
not by conidia or hyphae, in V. dahliae; moreover, scytalone dehy-
dratase (SCD1) functions in this process (Bell et al, 1976).
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Polyketide synthase 1 (PKS1) has been confirmed to be a key
enzyme yielding DHN-melanin in V. dahliae (Wang et al.,, 2013).
Later, PKS18, SCD1, BRN1 and BRN2 were confirmed to be
involved in the melanin synthesis pathway in other fungi (Eliahu
et al, 2007; Moriwaki et al., 2004; Thompson et al, 2000; Tsai
et al, 1999). Through a transcriptome sequencing analysis of
melanized and non-melanized V. dahliae, we showed that the
expression of these four genes was up-regulated in melanized
V. dahliae. Two tetrahydroxynaphthalene reductase-encoding
genes, Bm1 and Brn2, which showed significant homology in
encoding T3HN reductase and T4HN reductase, respectively, were
up-regulated by nine- and 4.8-fold, respectively (Luo et al., unpub-
lished data). In addition, Scd? and Pks1, which are the homo-
logues of SCDT in C. heterostrophus and PKS in Bipolaris oryzae
(Eliahu et al., 2007; Moriwaki et al, 2004), were also up-regulated
by 6.6- and 1.9-fold, respectively (Luo et al., unpublished data). In
this research, we examined the expression of these four genes
(Bm1, Bm2, Pks1 and Scd7) at four time points (0, 18, 48 and
120 h). Bm1, Bm2 and Scd! were undetectable in the AVdpf
mutants, whereas Pks1 expression was normal compared with the
WT and Com strains (Fig. 7A). Unlike AVdpf, the expression of
Bm1, Bm2 and Scd1 could be detected in IMAVdpf, this may be
why IMAVdpf could synthesis melanin, but AVdpf could not.
These results imply that Vdpf regulates melanin biosynthesis
through the direct and indirect regulation of Brn1, B2 and Scd.

Subsequently, we used EMSA to determine whether Vdpf reg-
ulates melanin biosynthesis directly by binding to the promoters
of Brn1, B2, Pks1 and Scd1, or indirectly through signalling
pathways, such as the MAPK, cAMP or G-protein-coupled signal-
ling pathways. Interestingly, Vdpf could bind to the promoter of
Pks1. Apart from this, Vdpf could also bind to the promoter of
Scd1, but not to the promoters of Bm1 or Brn2 (Fig. 7B), indicat-
ing that unknown signalling pathway(s) may be involved in the
regulation of melanin biosynthesis in V. dahliae.

Genes involved in the MAPK, cAMP and G-protein-coupled sig-
nalling pathways were isolated using a siast search of the Verticil-
lium database (http://www.broadinstitute.org/annotation/genome/
verticillium_dahliae/MultiHome.html). VDAG_04508 (A¢) is the
sole adenylate cyclase gene, and VDAG_06474 (Pka) is the only
cAMP-dependent PKA gene in V. dahliae. VDAG_09823 (MkkT1)
and VDAG_00874 (Mkh1) encode the MAP kinase kinase MKK1/
SSP32 and the MAP kinase kinase kinase, respectively, whereas
VDAG_04611 (Gp7), VDAG_02846 (Gp2) and VDAG_09140
(Gp3) encode the same G-protein-coupled receptor. Compared
with non-melanized V. dahliae, these genes were differentially
expressed in melanized V. dahliae (Luo et al., unpublished data).
EMSA showed that Vdpf could bind to the promoters of Ac, Pka,
Gpl1, Gp2 and Gp3, but not to Mkk7 and Mkh1 (Fig. 8A). RT-PCR
and quantitative analysis revealed that GpT was down-regulated,
and the expression of Ac and Mkh1 was undetectable (Fig. 8B).

Compared with the WT strain, the expression levels of the other
genes were normal in the mutant. These results imply that Vadpf
directly regulates cAMP and the G-protein-coupled signalling path-
ways, whereas Mkk1 and Mkh1 are not regulated by this pathway
in this assay (Fig. 8C). All of these pathways play roles in the regu-
lation of melanin biosynthesis and may be involved in other proc-
esses, such as conidial production and microsclerotial formation.

Furthermore, we predicted potential TF binding sites of the
promoter region of each gene that could bind with Vdpf using the
high-quality TF binding profile database JASPAR. All of the predic-
tions were performed based on JASPAR CORE fungi. The fungal
Zn cluster family of Saccharomyces cerevisiae was selected as the
matrix model and the relative profile score threshold was >99%.
The probable binding sites and sequence motifs are displayed in
Fig. S6 (see Supporting Information). All of the predicted motifs
were GAL4 domain-containing TF binding sites (Badis et al,
2008).

DISCUSSION

In our research, all of the deletion mutant strains of the Vdpf gene
consistently displayed a melanin deficiency, a reduction in conidia
production, a disability of microsclerotia formation and weakened
virulence compared with the WT V. dahliae. Compared with the
Com strains, all of these obvious differences also existed, which
showed that they were all a result of the loss of Vdpf function.
However, the insertion mutant (IMAVdpf), which destroyed the
fungal-specific TF domain, synthesized melanin and microsclerotia,
as did the WT V. dahliae and Com strains. The results illustrate
that Vdpf is a polyfunctional factor.

In fungi, Zn(l),Cyse-type zinc finger TF proteins are closely
linked to various developmental and physiological processes.
In Sordaria macrospora, Pro1 plays a role in sexual fruiting body
development (Masloff et al, 1999, 2002). In A. flavus, the
Zn(I1),Cysg zinc cluster-encoding gene family is involved in asexual
conidiation, sexual homothallic development and secondary metab-
olites (Chang and Ehrlich, 2013). In A. nidulans, TamA interacts
with LeuB and regulates leucine biosynthesis, NADP-glutamate
dehydrogenase activity and nitrogen metabolism through the regu-
lation of the gdhA gene encoding NADP-glutamate dehydrogenase
(Downes et al, 2013, 2014). In A. oryzae, ManR, a novel
Zn(1),Cysg transcriptional activator, controls the B-mannan utiliza-
tion system (Ogawa et al, 2012). In Bipolaris oryzae, Bmr1, which
has two Cys,His, zinc finger domains and a Zn(ll),Cysg binuclear
cluster domain at the N-terminal region, is essential for melanin
biosynthesis (Kihara et al, 2008). In the rice blast fungus M. ory-
zae, two Zn(ll),Cysg TFs, MoCOD1 and MoCOD2, play important
roles in conidiation and pathogenicity, and MoCOD1 is also
involved in conidial germination and appressorium formation
(Chung et al, 2013). Here, our data have shown that one of the
Zn(l),Cysg TFs of V. dahliae, Vdpf, has important regulatory
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Fig. 7 Real-time reverse transcription-polymerase chain reaction (RT-PCR) and electrophoretic mobility shift assay (EMSA) of fungal DHN-melanin biosynthesis-
related genes. (A) RT-PCR analysed the expression of Pks?, Brn1, Brn2 and Scd1 at 0, 18, 48 and 120 h. WT, wild-type; KO, knockout mutants; IM, insertion
mutants; Com, complemented strains. (B) EMSA for Vdpf (EGY18187.1) and the promoters of melanin synthesis-related genes. The promoters of Brn1, Brn2, Pks1
and Scd1 were used for the binding assays with 0, 3, 4 or 5 pL of purified Vdpf. The concentration of purified Vdpf was 513.636 pg/mL. The red arrows point to the

shift bands. Four biological replicates (n = 4) were used for this study.

functions in governing various developmental processes of the fun-
gus. Our studies demonstrate that Vdpf regulates the formation of
melanized microsclerotia, which are important for pathogenicity. In
addition, Vdpf plays an important role in conidiation and virulence.

For V. dahliae, the disease cycle begins with dormant micro-
sclerotia, which are distributed in the soil or embedded within

plant debris and can remain viable for up to 14 years in the
absence of a host (Wilhelm, 1955). Melanized microsclerotia play
an important role in the disease cycle because they are major
sources of inoculum and are the primary long-term survival struc-
tures. Melanin is a dark pigment tissue composed of polymerized
phenolic and/or indolic compounds (Nosanchuk and Casadevall,
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Fig. 8 Electrophoretic mobility shift assay (EMSA) and the predicted model for the process of melanin biosynthesis. (A) EMSA for Vdpf (EGY18187.1) and the
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reaction (RT-PCR) analysis of the signalling genes. The expression level was measured by Quantity One software. (C) Deducible signalling pathways in melanin
synthesis. Chk 1 and MpsT are two MAP kinase genes involved in the MAP kinase signalling pathway. They have been demonstrated to be involved in melanin
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MOLECULAR PLANT PATHOLOGY (2016) 17(9), 1364-1381 © 2016 BSPP AND JOHN WILEY & SONS LTD



2003). A wide variety of fungi synthesize DHN-melanin via the
PKS pathway (Bell and Wheeler, 1986). Briefly, the end product,
melanin 1,8-DHN (Tanaka et al,, 1991), is synthesized from tetra-
hydroxynaphthalene (THN) through enzymatic reactions involving
BRN1, BRN2, SCD1, and PKS18/PKS1 (Eliahu et al., 2007; Green-
blatt and Wheeler, 1986; Moriwaki et al., 2004). All but one of 20
dark brown and black ascomycetous and imperfect fungi appear
to make melanin from 1,8-DHN via this pentaketide pathway.
Aspergillus niger and six basidiomycetes do not synthesize DHN
and apparently make a different type of melanin. Many studies
have examined the pentaketide pathway of melanin synthesis in
V. dahliae; these studies have shown that this pathway is sub-
strate specific and occurs during a certain developmental morphol-
ogy (melanized microsclerotia) associated with the life cycle of the
fungus (Bell et al, 1976; Stipanovic and Bell, 1976, 1977; Ten
et al, 1977; Tokousbalides and Sisler, 1979; Wheeler et al,
1978). Microsclerotia are the resting structures of V. dahliae and
can endure desiccation and cold, thus facilitating the long-term
survival of V. dahliae without its host plant. The dormant micro-
sclerotia germinate after they are stimulated by root exudates
(Schnatho and Mathre, 1966). The fungus V. dahliae accumulates
dense black melanin granules in the outer wall and surrounding
matrix of its microsclerotial cells, but has hyaline hyphae and coni-
dia (Brown and Wyllie, 1970). In V. dahliae, non-melanized micro-
sclerotia quickly lose their persistence; thus, melanin contributes
to the long-term survival of resting structures in natural soils
(Hawke and Lazarovits, 1995; Lockwood, 1960). However, similar
to several other fungi (Bolton et al., 2006; Fitzgerald et al., 2004;
Thomma, 2003), the role of melanin in Verticillium pathogenicity
has not been established (Fradin and Thomma, 2006). Protection
by melanin is at least partially a result of the inactivation of the
-1,3-glucanase and chitinase enzymes secreted by associated
soil microorganisms (Kuo and Alexander, 1967; Potgieter and
Alexander, 1966). The TF Cmr1 (C. heterostrophus) (Eliahu et al.,
2007) and its homologues Bmr1 (B. oryzae) (Kihara et al., 2008)
and Amr1 (Al brassicicola) (Cho et al., 2012) have been shown to
contribute to melanin biosynthesis. In our research, Vdpf, which is
not a homologue of Cmr1, was confirmed to play a role in melanin
biosynthesis. AVdpf mutants were melanin deficient, and this
deficiency was a result of the down-regulation of Brn1, Bm2 and
Scd1 (Eliahu et al., 2007). This mutant did not form microsclerotia,
but instead exhibited swollen, thick-walled and hyaline mycelium.
However, IMAVdpf, whose fungal-specific TF domain was dis-
turbed, was able to synthesize melanized microsclerotia, but at a
decreased quantity compared with WT and Com strains. The dif-
ferent phenotypes of AVdpf and IMAVdpf occur because the
insertion mutant does not completely silence Vdpf expression.
Compared with WT, IMAVdpf and Com strains, AVdpf mutants
display reduced pathogenicity in cotton and tobacco, which is
contrary to the increased virulence caused by AAmr1 mutants of
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Al. brassicicola (Cho et al,, 2012). Because of the successful pene-
tration into the cortical cells and vascular bundle of host plants,
melanin deficiency does not affect the infective ability of the
mutants.

Pathogenic fungi must evolve a series of strategies to success-
fully infect their host plants, including overcoming plant defence
mechanisms, adapting to the complicated intracellular environ-
ments of hosts and conquering adverse environmental changes.
ROS are one of the most prominent plant defences (Guo et al,
2011; Molina and Kahmann, 2007). Some factors and genes, such
as oxalic acid (Cessna et al, 2000), the YAP1 homologue (Lin
et al., 2009; Molina and Kahmann, 2007) and the bZIP TF MoAP1
(Guo et al, 2011), are involved in the mediation of oxidative
stress tolerance and suppression of the oxidative burst of the host
plant in various phytopathogens. In our studies, oxidative stres-
sors, such as H,0, and sorbitol, had similar effects on the vegeta-
tive growth of AVdpfmutants and on the IMA Vdpf, WT and Com
strains. No differences were observed in the mutants or the WT
strain when exposed to KCl, acidic conditions or alkaline condi-
tions. These results suggest that Vdpfis dispensable for the detox-
ification of ROS and osmoregulation. In other words, the
reduction of virulence in mutants was not regulated through ROS
suppression, osmotic pressure or alkalinity or acidity of the inner
environment of host plants.

The MAPK and cAMP signalling pathways are two of the pri-
mary regulatory pathways in fungi. For example, knockout of the
MAPK gene VMKT demonstrated that MAPK signalling is impor-
tant for vegetative growth and pathogenicity in V. dahliae
(Rauyaree et al.,, 2005). Moreover, deletion of the PKA subunit C
gene, VAPKACT, results in reduced virulence, conidiation and ET
production, but increased development of microsclerotia (Tzima
et al,, 2010), revealing that the cCAMP-dependent signalling path-
way is required for both fungal development and pathogenicity. In
our study, we found that cAMP and the G-protein-coupled signal-
ling pathways were involved in Vdpfregulation, particularly mela-
nin formation. In C. heterostrophus and Al. brassicicola, melanin
biosynthesis is regulated by the MAPK signalling pathway (Cho
etal, 2012; Eliahu et al,, 2007). Because cAMP and the G-protein
crosslink many signalling pathways, the phenotype of AVdpf is
highly pleiotropic, which indirectly demonstrates that Vdpf is a
polyfunctional factor. However, these findings are not systemic
and comprehensive, and a genome-wide assessment of the roles
of signal-requlated genes and virulence factors may be more valu-
able for the investigation of the cell growth control mechanisms
and pathogenicity of the fungus (Zhang et al., 2008).

In the field, the disease cycle begins with dormant microsclero-
tia in V. dahliae (Wilhelm, 1955). On germination, microsclerotia
produce hyphae that extend towards host roots and infect the sus-
ceptible plants either at the root tip or at sites of lateral root for-
mation (Huisman, 1982). After crossing the endodermis, the
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fungus enters the vascular tissues where it can form conidia
(Fradin and Thomma, 2006). These conidia are carried with the
sap stream and trapped in pit cavities or at vessel end walls
(so-called trapping sites), where they germinate and penetrate
adjacent vessel elements to continue colonization (Fradin and
Thomma, 2006). Successful penetration into the cortical cells and
vascular bundle of the host plants is the prerequisite for virulence.
Root-staining assays demonstrated that all of the mutants and WT
V. dahliae could penetrate into and colonize the hosts, although
the fungal biomass of the mutants was lower than that of the WT
and Com strains, which illustrated that the reduced virulence of
the mutants partly contributed to the reduced conidiation. The
reduction in expression of pathogenicity-related genes in V. dah-
liae was another contribution to the reduced virulence caused by
the deletion mutants in cotton and tobacco plants. VAPKACT and
VASNF1 have been demonstrated to be virulence factors in toma-
toes and eggplant (Tzima et al, 2010, 2011), VdSge1 is a viru-
lence factor in tomatoes (Santhanam and Thomma, 2013), VMK1
is a virulence factor in cotton and tomatoes (Rauyaree et al,
2005), and VANLP1 and VANLP2 are virulence factors in tobacco,
Arabidopsis and cotton (Santhanam et al, 2013; Zhou et al,
2012). The loss of Vdpfinfluenced pathogenicity through reduced
conidiation and reduced expression of genes encoding virulence
factors, and the fungal-specific TF domain strengthened the influ-
ence. Proteins containing fungal-specific TF domains are wide-
spread in the phytopathogens Aspergillus, Fusarium, Verticillium
and M. oryzae and can be classified into two types: (i) those con-
taining a fungal-specific TF domain and a DNA-binding domain;
and (i) those containing only a fungal-specific TF domain. To
date, few studies have investigated the detailed functions of the
fungal-specific TF domain.

In conclusion, Vdpf, which has two conserved domains, the
Zn(I),Cysg binuclear cluster domain and the fungal-specific TF
domain, is important in the regulation of conidia production,
melanized microsclerotia formation and pathogenicity, and the
Zn(),Cysg binuclear cluster domain is important in binding the
promoter regions of Vdpf and the genes involved in melanin syn-
thesis. These results provide insights into the role of Vdpf in
V. dahliae. In future studies, we will endeavour to understand the
function of other fungal-specific TFs in V. dahliae and to investi-
gate the detailed functions of the fungal-specific TF domain.

EXPERIMENTAL PROCEDURES

Strains and culture conditions

The defoliating type virulent V. dahliae strain, V991 (preserved in our lab-
oratory), was isolated from cotton that originated in Xinjiang, China and
was used as a WT strain for transformation in this study; this strain is sen-
sitive to HygB when used at concentrations greater than 30 mg/mL. The
strain and its transformants were stored at —80°C in the form of a coni-

dial suspension in 30% glycerol and were reactivated on PDA medium at
25°C. PDB liquid medium was used to prepare the conidia and mycelia.
Agrobacterium tumefaciens strain AGL-1 (preserved in our laboratory)
was used to transform the conidia of V. dahliae. Agrobacterium tumefa-
ciens was grown in YEB (0.5% sucrose, 0.1% yeast extract, 1% tryptone,
0.05% MgS0,4.7H,0, pH 7.0) agar/liquid medium supplemented with
50 mg/mL of streptomycin. Pichia pastoris GS115 was preserved in our
laboratory.

ATMT

ATMT was manipulated as described previously (Maruthachalam et al,
2011) with some modifications. The Ag. tumefaciens strain AGL-1 contain-
ing pPK; or recombinant vectors was grown at 28°C in PDB medium until
the optical density at 660 nm (ODggp) reached 0.5. Prior to mixing with an
equal volume of a conidial suspension of V991 (107 conidia/mL), the cul-
ture was diluted to ODggo = 0.15 in the induction medium (IM) with
200 pm acetosyringone (AS) and cultured for an additional 6 h at 28°C,
200 rpm on an orbital shaker. Then, 250 uL of the mixture were placed
onto nitrocellulose filters (pore size, 0.45 pum; diameter, 80 mm; Whatman,
Tokyo, Japan) on co-cultivation medium (CM) for 48 h. Thereafter, the fil-
ters were transferred to selective medium containing HygB (50 pg/mL),
which acts as a selective agent for V. dahliae transformants, and cefotox-
ime (500 pg/mL), which eliminates Ag. tumefaciens cells. After 7 days,
randomly selected transformants were transferred to fresh PDA medium
with 50 pg/mL of HygB.

Identification of positive randomly inserted
transformants

The genomic DNA of each transformant was extracted from conidia and
mycelia according to the method of Stewart and Via (1993). To ensure
that the T-DNA was inserted in V. dahliae, the transformants were identi-
fied by PCR with an hph-specific primer pair: F-hph (5'-ATGCCTGAACT
CACCGCGAC-3’) and R-hph (5’-CTATTCCTTTGCCCTCGGAC-3'). PCR was
performed in a 15-ulL mixture containing 5 ng of genomic DNA, 2 X rTaq
premix (Takara, Shiga, Japan), 5 pmol of each primer and double-distilled
H,0. The reaction program included 5 min at 95°C; 35 cycles of 1 min at
95°C, 1 min at 60°C and 1.5 min at 72°C; and 10 min at 72°C for the final
extension. The hph fragment of the PCR product was 1.02 kb. A hiT
AIL-PCR protocol (Liu and Chen, 2007) was used for the amplification of
the sequences flanking the inserted T-DNA from the positive transform-
ants. The right border (RB) and left border (LB) primers used in this study
are shown in Table S3 (see Supporting Information). The PCR products
were purified using an E.Z.N.A. Gel Extraction Kit (OMEGA, Shanghai,
China) and were sequenced. The T-DNA insertion sites were detected by
blasting with the genome of VdLs.17 (http://www.broadinstitute.org/anno-
tation/genome/verticillium_dahliae/Blast.htmL) (Klosterman et al, 2011).

Generation of V. dahliae Vdpf mutants (AVdpf)

The VdPf deletion construct was created using fusion PCR (Szewczyk
et al., 2006) (Fig. S7A, see Supporting Information). Vdpf deletion mutants
were generated by replacing the open reading frame (ORF) with the HygB
resistance cassette. First, a 915-bp Vdpf upstream fragment, a 2018-bp
HygB resistance cassette from the vector pSilent-1 and an 802-bp Vdpf
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downstream fragment were amplified by three sets of primers, i.e. P3/P4,
P1/P2 and P5/P6, respectively (Table S4, see Supporting Information).
Then, the three fragments were fused to U-Hph-D, and U-Hph-D was
digested by the restriction enzymes Hindlll and Xhol, followed by ligation
with the binary vector pPZPtk 8.10, which was digested with the same
enzymes. The pPZPtk 8.10 vector (donated by Barbara Howlett, Mel-
bourne University, Australia) contains a bidirectional negative selectable
marker HSVtk, which was used to select the positive transformants.
Finally, the resulting recombinant plasmid, pPZPtk-U-Hph-D, was trans-
formed into the WT as described previously (Maruthachalam et al,, 2011).
The transformants were screened on PDA supplemented with 50 pm Fodu
and 50 pg/mL of HygB. The positive transformants and random insertion
mutants (IMA Vdpf) were confirmed by PCR screening using P3/P6, F-hph/
R-hph, P7/P8 (products containing the Zn(ll),Cys¢ binuclear cluster
domain, D1) and P9/P10 (products containing the fungal-specific TF
domain, D2). qRT-PCR and Southern hybridization using ORF (includes D1
and D2) and D2 probes were used to identify the deletion mutants, fol-
lowed by PCR screening. To detect whether HygB was single copy inserted
into the mutants, we used F-hph/R-hph to create 1021-bp Southern
hybridization probes. Southern hybridization was performed according to
the protocol of the DIG High Prime DNA Labelling and Detection Starter
Kit I (Roche, Mannheim, Germany). Genomic DNA was digested by Hindlll
for detection of the hph cassette using Southern blotting, and Sacl was
used to digest the genomic DNA for detection of Vdpf by Southern blot-
ting. DNA probes were amplified by PCR using PrimeSTAR Max DNA poly-
merase (Takara), and their accuracies were ensured by sequencing.

Complementation of AVdPf mutant strains

The AVdpf mutant was complemented by the WT Vdpf allele with its
native promoters as described previously (Cho et al, 2012). The comple-
ment fragment, which contained the open reading fragment of the Vdpf
gene and its native promoter region, was amplified by PCR with primers
F-VdpfR-Vdpf (Fig. S7B). The complementation cassette was linked to the
binary vector pPK2 through Xbal and Kpnl restriction enzyme digestion.
Accordingly, Hindlll and EcoRI were used to obtain a 1471-bp phleomycin
resistance cassette as a selectable marker gene from the p480 vector, and
the cassette was linked to the same pPK2 as used above. The complement
construct was re-introduced into the A Vdpf knockout mutant. The comple-
mentation mutants (AVdpf. Vdpf-phleo), with a single copy of the Vdpf
allele, were confirmed by PCR, and then purified by two rounds of single-
spore isolation in the presence of 100 pg/mL of phleomycin.

Assays for radial growth, microsclerotial formation,
conidiation and germination

PDA and PDB media, each containing 50 pg/mL of HygB, were used to
study the radial growth, microsclerotial formation and conidiation of the
strains. Conidia were harvested from 10-day-old cultures, filtered through
two layers of lens paper and resuspended to a concentration of 1 X 107
spores/mL in sterile water. Each flask and plate were inoculated with 5 pL
of conidial suspension of AVdpf, IMAVdpf, AVdpf.Vdpf-phleo or the WT
strain. The PDA plates were incubated at 25°C; subsequently, the colony
diameter and colour of the strains were measured and observed every
day. For observation of the microsclerotia, sterile cover slips (hydrophobic)
were inserted into the PDA plate alongside the inoculation sites. Micro-
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sclerotium formation was observed for 20 days. The PDB flasks were incu-
bated at 25°C with continuous agitation at 150 rpm and, on the 10th day,
conidial production was calculated. For conidial germination, 10* conidia
were inoculated into 1 mL of PDB medium, grown with continuous agita-
tion at 150 rpm and observed for conidial germination at 6, 12, 18, 24, 36
and 48 h. At 24 h, the lengths of the germinated hyphae were measured.
The conidia germination rate was calculated using a blood counting cham-
berat 12 h.

Measurement of the response to stressors

To test the sensitivity of the strains to osmotic stress and oxygen radicals,
droplets (5 pL) of conidia suspensions of the WT and mutants were pipet-
ted onto PDA containing 0.7 m KCl, 1.0 m sorbitol or 1.5 mm H,0,. The
mutants and WT strains were also cultured at pH 4.0 or pH 12.0 to mea-
sure the effects of pH on their growth. Colony diameters were measured
at 10 days post-inoculation (dpi). All of the experiments were repeated
three times.

Pathogenicity assays

To prepare the inocula, fungal cultures grown for 7 days in PDB medium
were passed through two layers of lens paper to remove the mycelia, and
conidial suspensions were adjusted to concentrations of approximately
1 X 107 conidia/mL. Pathogenicity assays of AVdpf, IMAVdpf. the com-
plemented strain and the WT strain were performed in 6-week-old intact
cotton plants (Gossypium hirsutum L.) using root dip inoculation, as
described previously (Fradin et al, 2009), and in 6-week-old intact
tobacco plants (Nicotiana benthamiana) using soil inoculation. Plants of
similar height and with similar-sized leaves were selected for each treat-
ment. For the root dip inoculation, 4 mL of conidia suspension were added
to 200 mL of fresh Hoagland nutrient solution, and the plants were re-
cultivated in this solution for up to 20 dpi, when the disease symptoms
appeared. For the non-inoculation controls, the roots of five plants were
immersed in sterile water for 20 min and then re-cultured in Hoagland
nutrient solution. For soil inoculation, the stems close to the soil were first
scratched slightly using a sterile needle and then coated with cotton,
which absorbed 4 mL of the conidia suspension.

To detect fungal colonization in the infected cotton roots, we used the
procedure described by Koske and Gemma (1989), with modifications as
follows. Fresh roots were washed with tap water and fixed with FAA
(5 mL of formaldehyde, 5 mL of acetic acid and 90 mL of 50% ethanol) for
at least 48 h. The roots were then washed several times in running tap
water and cut into segments of approximately 1 cm. Subsequently, the
roots were incubated in 10% (w/v) KOH for 1 h at 90°C, bleached with
fresh alkaline H,0, solution for 30 min, acidified in 5% glycerol solution
for 8 min and stained with 5% Hero blue dark ink (containing 5 mL of
blue dark ink and 95 mL of white vinegar) for 3 min at room temperature
(approximately 20°C) (Vierheilig et al, 1998). After staining, the roots
were rinsed with tap water and preserved in glycerol-lacto at room tem-
perature (c. 20°C) (Zangaro et al., 2013). The root fragments were exam-
ined under a compound-light microscope (Zeiss Axioskop, Gerbershausen,
Germany). The virulence assays on the cotton plants were performed
twice.
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To more accurately investigate the colonization abilities of the Vdpf
mutant compared with the WT strain, the biomass of V. dahliae was esti-
mated by PCR quantification in cotton plants infected with AVdpf,
IMAVdpf, AVdpf:Vdpf-phleo and WT, according to Tzima et al. (2011)
with slight modifications. DNA was extracted from roots inoculated with
AVdpf, IMAVdpf, AVdpf.Vdpf-phleo and WT. In our study, for the detec-
tion of fungal strains in cotton plants, the primer pairs Vd-F (5'-ATCA
GTCTCTCTGTTTATAC-3') and Vd-R (5'-TAACTACTACGCAAGGAAG-3'),
which were designed based on the internal transcribed spacer ITS1 and
ITS2 regions of the 5.85 ribosomal RNA gene (Z29511) of V. dahliae,
were used. The cotton osmotin gene, which was amplified using the
primer pairs osmotin-F (5'-ATCAGTCTCTCTGTTTATAC-3’) and osmotin-R
(5'-TAACTACTACGCAAGGAAG-3’), was used to normalize differences
in DNA template amounts. The data were analysed using Quantity One
software.

qRT-PCR, RT-PCR and gene expression analysis

For RT-PCR and qRT-PCR, total RNA was extracted from the VdPf deletion
mutant AVdPf-11, IMAVdpf, AVdpf-Vdpf-phleo and WT V. dahliae using
RNAiso Plus reagent (Takara) according to the manufacturer's instructions.
Two micrograms of total RNA were used for RT-PCR with a mixture of
oligo (dT) primers and PrimeScript RTase (Takara). Each cDNA was diluted
to 100 ng/pL. Thirty cycles of RT-PCR were run on a Bio-Rad PTC0200
Peltier Thermal Cycler (Bio-Rad, Hercules, CA, USA). The 78srRNA gene
(Z29511), which contained the stable expression ITS1 and ITS2 regions of
the ribosomal RNA genes of V. dahliae, was amplified as an internal con-
trol, and its expression values were analysed using a grey-scale value
analysis. For qRT-PCR, PCR was performed using first-strand cDNAs as
template with iQ™ SYBR Green Supermix (Bio-Rad). The constitutively
expressed 78srRNA gene (Z29511) was used as an endogenous control,
and reactions were performed in triplicate. qRT-PCR was performed on a
CFX96™ thermocycler (Bio-Rad), and the PCR protocol was as follows:
initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for
10 s and annealing temperature for 30 s. The annealing temperature for
VAPKACI1, VMK1, VANLP1, VANLP2 and Vdgrp! was 61.7°C, and those
for VdSget and VASNFT were 63.5°C and 65°C, respectively. The house-
keeping genes were amplified at an annealing temperature of 64.5°C. The
resulting data were analysed with CFX Manager™ software. Normalized
expression was calculated as 272 using a threshold cycle (Ct), in
which ACt = (Ctgene — Ctigsmna). The relative normalized expression
between the mutants and WT was determined using the comparative
Ct method (2744, in which AACt = (Ctyene — Ctigsrrnadmutant — (Ctgene —
Ctygsrrna)wr. Each data point was the mean value of three experimental
replicate determinations. The gene-specific primers designed for qRT-PCR
and RT-PCR are listed in Tables S5 and S6 (see Supporting Information),
respectively. The experiment was conducted with three independent bio-
logical replicates.

Protein expression and purification

The vector used for the construction of the expression plasmid was
PpPICOk, which was digested with EcoRl and Notl. The DNA sequence
from the initiation codon to the Zn(1l),Cyse binuclear cluster domain was
cloned using the following primer pairs: F-Vdpfl (CCGGAATTCGATCG
CATGGGCTTTCAGA) and R-Vdpfl (ATTTGCGGCCGCCTACTAATGATGATG

ATGATGATGTTTGGGAGGGGTACGCTT). The pPIC9k-Vdpf recombinant
plasmid was transformed into P. pastoris GS115, and the subsequent
expression procedure was performed according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA, USA). Pichia pastoris GS115 con-
taining the unmodified plasmid pPIC9k served as a negative control. Pro-
tein expression was induced by the addition of 0.5% methanol (100%
purity) every 24 h at 30°C for 72 h. The resulting His-tagged Vdpf was
purified on Ni** affinity columns using high-affinity Ni-charged resin (Qia-
gen, Valencia, CA, USA) according to the manufacturer's instructions. The
elution was dialysed overnight and stored at —80°C. The concentration
was determined using a BCA protein determination kit, and the purified
protein was used for EMSA.

EMSA

DNA fragments (promoter) for the binding activity assays were amplified
by PCR from V. dahliae genomic DNA (Table S6). The 2000-bp upstream
fragment of each gene was analysed using online software, such as Pro-
moter 2.0 (Knudsen, 1999), PLACE (Higo et al, 1999; Prestridge, 1991)
and Plantcare, to predict the promoter region. Potential TF binding sites
were predicted using the online JASPAR database. DNA probes were
amplified by PCR using PrimeSTAR Max DNA polymerase (Takara) and
their accuracies were ensured by sequencing. EMSA was performed as
described previously (Hellman and Fried, 2007). The binding of Vdpf
(EGY18187.1) to the DNA probes was performed using 10 L of a reaction
mix containing 1 ng of DNA probes and increasing concentrations of the
protein (as indicated in the legend of the corresponding figure). Nuclease-
free water, EMSA buffer [100 mwm Tris-HCl, pH 8.0, 100 mm NaCl, 1 mm
dithiothreitol (DTT) and 10% glycerol] and Vdpf were added first. Then,
after 10 min of incubation at 30°C, the DNA probes were added, and the
samples were incubated at 30°C for another 20 min. The binding system
without Vdpf served as a negative control. The reaction mixtures were
then subjected to 5% native polyacrylamide gel electrophoresis (PAGE) at
80 V for 2 h in 0.5 X TBE (0.045mo1/L Tris-H3BO3, 0.001 mo1/L EDTA).
Images of the gels were acquired using Bio-Rad ChemiDoc MP (Bio-Rad).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 Representative phenotypes of T-DNA insertional
mutants of Verticillium dahliae based on colony growth rate,
melanized development, microsclerotial development and pig-
ment alteration on potato dextrose agar (PDA) medium.

Fig. S2 Structure and phylogenetic analysis of fungal-specific
transcription factor (TF) domain-containing proteins in Verticil-
lium dahliae. Based on protein sequences, the phylogenetic
tree was constructed using MEGA5.0 by the neighbour-joining
method and the conservative domains were analysed using
CrustaX. One thousand bootstrap replicates were used.

Fig. S3 Structure and phylogenetic analysis of Vdpf
(EGY18187) in fungi. (A) Based on the protein sequences of
Vdpf (EGY18187), the conservative domains, the Zn(ll),Cysg
binuclear cluster domain and the fungal-specific transcription
factor (TF) domain were analysed using CustalX. (B) The phylo-
genetic tree was constructed using MEGA6.0 by the neighbour-
joining method. One thousand bootstrap replicates were used.
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The sequences were collected from the following organisms:
FG, Fusarium graminearum; FO, Fusarium oxysporum; AN,
Aspergillus nidulans;, AO, Aspergillus oryzae; Afu, Aspergillus
fumigatus; AT, Aspergillus terreus; AC, Aspergillus clavatus; AF,
Aspergillus flavus; MG, Magnaporthe grisea; SS, Sclerotinia
sclerotiorum; UM, Ustilago maydis, SC, Sclerotinia cerevisiae;
VD, Verticillim dahliae. The protein IDs are labelled with vari-
ous colours for better classification.

Fig. S4 The procedure of conidia germination of the wild-type
(WT) at 6, 12, 18, 24, 36 and 48 h.

Fig. S5 Growth comparisons between the mutants and the wild-
type (WT) under pH 4.0/pH 12.0, or in the presence of 0.7 m
KCl, 1.0 m sorbitol and 1.5 mm H,0,. Three biological replicates
(n=3) were used for this study. PDA, potato dextrose agar.

Fig. S6 Predication of Vdpf binding sites. (A) Sequence logo of
high-potential binding motifs. (B) Array of potential binding
motifs on the promoter regions of genes that could bind with
Vdpf (VDAG_08521.1).

Fig. S7 Schematic diagram of the polymerase chain reaction
(PCR) strategy used to make each construct. (A) Construct for
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replacement of the Vdpf (VDAG_08521.1) gene with a hygrom-
ycin B transferase (HygB) resistance cassette. (B) Amplification
of the wild-type (WT) allele of the Vdpf (VDAG_08521.1) gene
for the construction of complemented strains.

Table S1 Sequence analysis of T-DNA flanking regions of Verti-
cillium dahliae transformants using the Verticillium group
genome database

Table S2 Disease index on individual cotton plants following
inoculation with wild-type Verticillium dahliae AVdpf mutants,
IMA Vdpf mutants and complemented strains. Plants inoculated
with sterile water were used as control.

Table S3 Primers used in high-efficiency thermal asymmetric
interlaced polymerase chain reaction (hiTAIL-PCR)

Table S4 Primers used for the construction of the replacement
cassette

Table S5 Primers used for quantitative real-time reverse
transcription-polymerase chain reaction (qQRT-PCR)

Table S6 Primers used for quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR) analysis of
melanin biosynthesis-related genes
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