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Abstract The fungal plant pathogen Verticillium dahl-
iae is the causal agent of vascular wilt, a disease that can
seriously diminish cotton fiber yield. The pathogenicity
mechanism and the identity of the genes that interact with
cotton during the infection process still remain unclear. In
this study, we investigated the low-pathogenic, non-micro-
sclerotium-producing mutant vdpr3 obtained in a previous
study from the screening of a T-DNA insertional library of
the highly virulent isolate Vd080; the pathogenicity-related
gene (VdPR3) in wild-type strain VdO80 was cloned.
Knockout mutants (AVdPR3) showed lower mycelium
growth and obvious reduction in sporulation ability without
microsclerotium formation. An evaluation of carbon utiliza-
tion in mutants and wild-type isolate VdO80 demonstrated
that mutants-lacking VdPR3 exhibited decreased cellulase
and amylase activities, which was restored in the comple-
mentary mutants (AVdPR3-C) to levels similar to those
of Vd080. AVdPR3 postponed infectious events in cotton
and showed a significant reduction in pathogenicity. Rein-
troduction of a functional VdPR3 copy into AVdPR3-C
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restored the ability to infect cotton plants. These results
suggest that VdPR3 is a multifunctional gene involved in
growth development, extracellular enzyme activity, and vir-
ulence of V. dahliae on cotton.
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Introduction

As the primary natural fiber crop, cotton (Gossypium hir-
sutum L.) is of great importance to the global agricultural
economy. Verticillium wilt disease, caused by the phytopath-
ogenic fungus Verticillium dahliae Kleb, is a major threat
to cotton production, especially in China (Xia et al. 1998;
James 2002). This widespread and destructive soil-borne
fungal pathogen has more than 200 plant hosts besides cot-
ton and causes enormous economic losses (Pegg and Brady
2002; Fradin and Thomma 2006; Klosterman et al. 2009).
Microsclerotia are stable melanized dormant structures of V.
dahliae required for successive infection; they can endure
multiple adversities and survive for more than 10 years in
plant debris and soil (Schnathorst 1981). After germination
of microsclerotia or conidia around roots, the infectious
hyphae penetrate root tips, root wounds, or lateral roots. The
hyphae then spread through cortical and vascular tissues to
disrupt water transport and cause characteristic plant wilt
symptoms accompanied by vascular discoloration (Tsror
and Levin 2003; Vallad and Subbarao 2008).

To help elucidate the complex virulent signaling pathways
in V. dahliae and to promote the development of effective
targeted control strategies, several technological methods,
including both forward and reverse genetics measures, have
been used for functional analysis of pathogenicity-related
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genes. One such approach involves the screening of an
expressed sequence tag (EST) library. For example, two
cDNA libraries constructed from different inducing cul-
tures of V. dahliae have provided useful model systems for
pathogenesis and microsclerotium development analysis
(Neumann and Dobinson 2003). Based on the results of EST
library screening, VANEP (necrosis- and ethylene-inducing
protein) has been shown to have specific importance for vas-
cular wilt symptoms of cotton leaves and to be critical for
virulence (Wang et al. 2004). Another important strategy
is exploration of the function of crucial genes or families
involved in virulence pathways. For instance, a functional
analysis was conducted on the VANLP (necrosis- and ethyl-
ene-inducing-like protein) family comprising nine members
in V. dahliae. Among these genes, VANLP1 and VdNLP2
were found to induce necrotic lesions and trigger defense
responses in several plant species (Zhou et al. 2012a). The
virulence-inducing function of NLP genes varies among
plant hosts. In two studies, targeted deletion mutants signifi-
cantly compromised virulence on tomato as well as Arabi-
dopsis plants, but did not affect the infectious ability of V.
dahliae against cotton (Santhanam et al. 2013; Zhou et al.
2012b). VGB (G protein P subunit) has been demonstrated to
play an important role in virulence, hormone production, and
the developmental signaling pathway in V. dahliae (Tzima
et al. 2012). Multi-faceted VDHI (class-II hydrophobin) is
critical for microsclerotium production and nutrient avail-
ability, but is not needed for disease development in tomato
(Klimes and Dobinson 2006; Klimes et al. 2008). Verticil-
lium dahliae mutants-lacking VMK (a mitogen-activated
protein kinase gene) have been observed to significantly
reduce microsclerotium formation and decreased patho-
genicity on diverse hosts (Rauyaree et al. 2005). The sucrose
non-fermenting one gene (VASNFI), which regulates cata-
bolic repression, is required for virulence and expression of
genes involved in cell-wall degradation (Tzima et al. 2011).
A third useful approach is the screening of T-DNA inser-
tional mutant libraries and the exploitation of pathogenicity-
related candidates. Large-scale pathogenicity tests on lettuce
have facilitated the selection of mutants with distinctly lower
virulence for targeted gene function analysis (Maruthacha-
lam et al. 2011). In one study, the Vdgarpl mutant obtained
from a V. dahliae V952 insertional library showed vigor-
ous mycelium growth with a significant delay in melanized
microsclerotial formation and weak virulence to cotton seed-
lings (Gao et al. 2010). Finally, comparative genomic analy-
ses have revealed the pathogenicity-specific sequence of V.
dahliae. Compared on the genomic level with other patho-
genic fungi, the glucosyltransferase homolog VDAG_02071
specific to V. dahliae was selected and identified as one of
the main virulence factors. Through the use of compara-
tive genomics between low- and high-virulence isolates, the
specific secreted protein gene (VASSPI) of a highly virulent

@ Springer

defoliating V. dahliae pathotype associated with plant cell-
wall degradation and virulence to cotton was located in the
specific sequence SCF73 (Liu et al. 2013).

In a previous study, we constructed an Agrobacterium
tumefaciens-mediated transformation (ATMT) insertional
mutant library of highly virulent V. dahliae Vd080 that
included over 2,000 mutants with diverse biological char-
acteristics (Zhou et al. 2012a). We screened 800 mutants
for changes in virulence through two rounds of testing.
Compared with the wild-type isolate Vd080, vdpr3 showed
significantly lower virulence against cotton seedlings and
produced no microsclerotia. In this study, we cloned the
pathogenicity-related gene VdPR3 by thermal asymmet-
ric interlaced PCR (TAIL-PCR). We evaluated the role of
VdPR3 in the virulence of the highly virulent isolate Vd080
on Verticillium wilt susceptible cotton variety Jimianll.
Functions associated with microsclerotium development
and extracellular enzyme activity were also investigated.

Materials and methods

Fungal isolates, media, cotton plants, and culture
conditions

In this study, we used the virulent defoliating V. dahliae
isolate Vd080 from cotton collected in Xinji, Hebei, China.
VdO080 and its transformants were single-spore isolated and
stored in 20 % glycerol at —80 °C. The low-pathogenic
mutant vdpr3 was selected from the T-DNA insertional
library of V. dahliae strain Vd080. Potato dextrose agar
(PDA) medium was used for isolate reactivation, amplifica-
tion, and observation of biological characteristics. Conidia
were prepared for pathogenicity assays, and the homogene-
ous inoculum was cultured in liquid Czapek-Dox medium
(30 g/L Sucrose, 2 g/LL NaNO;, 0.5 g/L MgSO,-7H,0,
0.5 g/L KCI, 0.02 g/L FeSO,-7H,0, and 1 g/L K,HPO,)
at 25 °C in a shaker incubator at 150 rpm. Escherichia coli
transl-o and Agrobacterium tumefaciens strain AGL-1
were routinely grown in Luria—Bertani medium (Sambrook
et al. 2001) with appropriate antibiotics and incubated at
37 and 28 °C, respectively. Transformations of bacterial
plasmid DNA were performed using a standard chemical
protocol (Sambrook and Russell 2001). Plants of the cot-
ton cultivar Jimian 11, a highly Verticillium wilt suscep-
tible variety, were cultivated in a standard greenhouse at
25-30 °C under a 16-h/8-h light—dark photoperiod.

Isolation of VdPR3, gene cloning, and analysis
Bidirectional flanking sequences of the T-DNA insert in the

vdpr3 mutant were identified by TAIL-PCR. Right (R-SP;,
R-SP,, and R-SP;) and left (L-SP,, L-SP,, and L-SP5)
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Table 1 Primers used in this
study

Underlined regions are the
complementary sequence to
HPH-F/R and P3/P4, respec-
tively; wavy lines refer to attB1
and attB2 for the Gateway

BP reaction, and dashed lines
indicate restriction enzyme
recognition sites

Primer names

Primer sequence (5°-3")

VdPR3 cloing

ORF-F

ORF-R

ATGCAGCTTCCAGGGCAAG

TTAAACGATTTTGGACGCCC

Construct VdPR3 knockout vector

HPH-F

HPH-R

Pl

P3

P4

P6

P2

P5

Test-F

Test-R

TTGAAGGAGCATTTTTGGGC

TTATCTTTGCGAACCCAGGG

GCCTTGTGAATGCTGTGCGT

GCCCAAAAATGCTCCTTCAACGCAACTTGTCCTCCCAAGC

CCCTGGGTTCGCAAAGATAA CGGAGACGAGCGAACGAAGA

AACGGCTCGAACGGCTCAAT

ACAAGTTTGTACAAAAAAGCA TCTTCGTTGGACTCGGGGGAG

ACCACTTTGTACAAGAAAGCT! TCCAGACAGGCGCTCGGAATA

CAGGGCAAGACTGCCCAC

CCCAGCCTGTCTAAACCCTT

Construct VdPR3 complementary vector

COM-F

COM-R

GFP-F

GFP-R

GAATTCTGGCCAGCTGATGTCGTGAT

ATGCCGTGAGTGATCCCGGCGGC

ATGGTGAGCAAGGGCGAGGAGCT

VdPR3 transcriptional level testing

RT-F

RT-R

VdBt-F

Vdpt-R

AGCTTCCAGGGCAAGACTGC

CTCCATCTCCCTTCCGCCTG

AACAACAGTCCGATGGATAATTC

GTACCGGGCTCGAGATCG
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border primers specific to the binary vector pCTHyg were
used as previously described (Liu et al. 2015). Four arbi-
trary degenerate primers were designed according to pre-
vious research (Liu et al. 1995). TAIL-PCR amplifications
were performed in a PCR thermocycler (EDC-810; East-
win, Beijing, China) using a genome walking kit (Takara,
Dalian, China). The tertiary PCR products obtained from
both sides of the T-DNA were cloned and sequenced by
Genewiz Corporation, Nanjing, China. The specific primer,
either R-SP; or L-SP;, was used as the sequencing primer.
The sequencing fragments were aligned using the T-DNA
sequence and the VdLs.17 genome database to ascertain
the insertion site and disrupted gene of wild-type isolate
Vd080. Using the obtained information, the complete open
reading frame (ORF) of the pathogenicity-related gene
VdPR3 was successfully cloned from VdO80 using ORF-F
and ORF-R specific primers under reaction conditions of
30 cycles of 94 °C for 1 min, 60 °C for 1 min, and 72 °C
for 45 s. Similarity analysis and homolog function predic-
tion were performed using the BLAST program (Altschul
et al. 1997).

Vector construction and fungal transformation

A series of primers was designed based on VdPR3,
2,000 bp upstream, 2,000 bp downstream, and skeleton vec-
tor sequences (Table 1). Generation of a knockout-infused
fragment consisted of three steps: specific amplification,
fusion PCR, and nested amplification. Primer pairs P1/
P3 and P4/P6 were used to, respectively, amplify a 1.1 kb
upstream fragment (UP) and a 1.2 kb downstream fragment
(DOWN) from Vd080 genomic DNA. A ~1.8 kb hygromy-
cin cassette (HPH) was amplified from the pCTHyg vec-
tor using HPH-F and HPH-R primers. More specifically,
the reverse complementary adaptors of HPH-F and HPH-R
were added to the primers P3 and P4, respectively. Making
use of specific recognition of these adaptors, a fusion PCR
was conducted to connect UP, HPH, and DOWN amplicons
in a ratio of 1:3:1 (Yu et al. 2004). A nested PCR was then
carried out with the fusion fragment as the template using
primers P2 and P5, which contained Gateway BP reaction
adaptors. The final amplicon was cloned into the Agro-
bacterium binary pGKO2-gateway vector by a BP recom-
binant reaction (Invitrogen, Carlsbad, CA, USA) to yield
pGKO-VdPR3 (Khang et al. 2005). The pGKO2 vector car-
ried a lethal gene, herpes simplex virus thymidine kinase
(HSVtk), as a negative selection marker against ectopic
transformants.

To generate the VdPR3 complementary vector, we
carried out restriction enzyme digestion and ligation.
A ~2.5 kb fragment including 1.2 kb upstream, VdPR3
(762 bp), and 500 bp downstream regions was amplified
from the genomic DNA of strain Vd080 using primers
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COM-F and COM-R, which contained EcoRI and AF1II
recognition site adaptors, respectively. The 2.5 kb fragment
was cloned into the binary vector pSULPH-gfp carrying a
chlorimuron-ethyl resistance gene cassette and the green
fluorescent protein (GFP) gene (Zhou et al. 2009). The pos-
itive clones were named as pSUL-VdPR3.

ATMT of V. dahliae VdO80 with pGKO-VdPR3 was
performed as described previously (Mullins et al. 2001)
with some modifications. A co-culture of V. dahliae spores
(5 x 10° CFU/mL) and A. tumefaciens cells (OD = 0.3—
0.4) carrying knockout or complementary vectors was incu-
bated on Hybond membranes (Amersham Pharmacia) at
25 °C for 48 h. The selection medium contained 50 ug/mL
spectinomycin and 50 pg/mL cefotaxime to inhibit the
growth of A. rumefaciens cells. To obtain the VdPR3
deletion mutants from wild isolate VdO80, the selection
medium was additionally supplemented with 50 pg/mL
hygromycin and 50 pmol/L 5-fluoro-2-deoxyuridine
(F2dU) (Sigma) and incubated until colonies appeared. The
nucleoside analog F2dU excluded ectopic transformants
(Khang et al. 2005).

For complementation experiments, the complementary
vector pSUL-VdPR3 was introduced into the T-DNA inser-
tion mutant vdpr3. Positive transformants were screened on
PDA medium supplemented with 50 pg/mL chlorimuron-
ethy1. Both the knockout and complementary mutants were
purified as single-spore isolates.

Molecular identification of VdPR3 disruption or
complementary mutants

Initial screening of transformants for the desired disrup-
tion and reintroduction of a functional VdPR3 copy into
the T-DNA insertional mutant vdpr3 was carried out by
PCR using the tested primers (Table 1). Primers HPH-
F/R were designed to determine the replacement between
the hygromycin-resistance cassette and the VdPR3 gene
in the disruption mutants. Successful AVdPR3 knockout
recombinants tested positive for the HPH-targeted frag-
ment without VdPR3. Positive complementary mutants
had chlorimuron-ethyl resistance, which was identified
with COM-F/R. To examine the transcription profile of
VdPR3 in both mutants, transcription levels of the target
gene based on RT-F/R primers were quantified relative to
the constitutively expressed p-tubulin gene amplified with
primers Vdpt-F and Vdpt-R. PCR cycling consisted of an
initial denaturation step of 94 °C for 2 min, followed by 40
cycles of 94 °C for 10 s and 60 °C for 30 s.

Phenotypic characterization

Mutants derived from Vd0O80 were characterized for their
developmental and morphological characteristics. To
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Fig. 1 Cloning and gene structure of VdPR3. a Electrophoretogram
of the VdPR3 cloning process. M: marker; lane 1: ORF of VdPR3
cloned from c¢cDNA of VdO80; lane 2: VdPR3 cloned from the

ensure uniform amounts of inoculum, 5 pL conidial sus-
pensions (1 x 10" CFU/mL) of each strain were inoculated
on PDA medium containing no antibiotics. Colony diam-
eters were recorded at 3, 5, 7, 9, and 11 days post-inocu-
lation (dpi), and fungal growth phenotypes were observed.
Green fluorescence of positive complemented colonies was
visualized using a compound microscope equipped with a
GFP filter.

To evaluate the conidium production ability of different
mutants, 5 WL fresh spore suspensions (1 x 107 CFU/mL)
of each strain were inoculated into 40 mL of liquid
Czapek-Dox medium at 25 °C in a shaker incubator at
150 rpm. Wild-type strain VdO80 was used as a compari-
son. Conical bottles were shaken gently, and the number
of conidia in 10 wL spore suspensions was counted in a
hematocytometer.

To analyze carbon source utilization of the mutants, skim
milk powder (18 g/L), cellulose (5 g/L), and starch (1 g/L)
were individually added to Czapek-Dox medium lacking
sucrose. 5 pL conidial suspensions (1 x 10’ CFU/mL)
of each strain were then inoculated onto plates containing
one of the different carbon sources, followed by incuba-
tion at 25 °C in the dark. To determine protease, cellulase,
and amylase activities, colony diameters were recorded at
one day intervals. The experiment was repeated twice
(n=3).

Pathogenicity assays

The cotton cultivar Jimian 11, which is highly suscepti-
ble to Verticillium wilt, was used to evaluate the effect of
V. dahliae wild-type strain VdO80 and its mutants on viru-
lence. The experiment was conducted in a greenhouse at
25-30 °C under a 16-h/8-h light—dark photoperiod. Eight
to ten cotton seedlings were inoculated per treatment, with
three treatments carried out per isolate. The inoculation
concentration was uniformly adjusted to 1 x 10’ CFU/mL.

exonl(54bp)

3'

T

intron(441bp) exon2(267bp)

genome of Vd080. b Schematic diagram showing the position of the
T-DNA insertion in the vdpr3 mutant and the structure of the VdPR3
gene

The infection assay procedure is detailed in our previ-
ous report (Zhu et al. 2013). Symptom development was
observed from 7 to 26 days after inoculation. Disease
severity was rated according to a disease index (DI) based
on five-scale categorization of Verticillium wilt disease on
cotton seedlings (Zhu et al. 2013). The infection assay was
repeated three times for each mutant.

Results
VdPR3 isolation and sequence analysis

In a previous study (Liu et al. 2015), the vdpr3 mutant
had been confirmed by DNA blot analysis to have a single
copy of the T-DNA insert. We carried out TAIL-PCR using
primers specific for both T-DNA flanking regions. The
functional gene disrupted by T-DNA in vdpr3 was found
to be highly similar to VDAG_09942 from the VdLs.17
reference genome database, with the T-DNA insert located
95 bp upstream of VDAG_09942 (VdPR3). Further analy-
sis of gene structure revealed that the full-length sequence
of VdPR3 was 762 bp long and comprised two exons (54
and 267 bp) and one intron (441 bp). A schematic dia-
gram of VAPR3 gene structure showing the position of the
T-DNA insertion is given in Fig. 1. The ORF of VdPR3
was predicted to encode a protein of 106 amino acids that
displayed 99 % identity with VDAG_09942. Neither the
nucleotide nor the amino acid sequence shared more than
80 % similarity with any other annotated gene in the NCBI
non-redundant protein sequence database.

Disruption and complementation of the VdPR3 gene in V.
dahliae

A VdPR3-disrupted vector was generated by replacing
the complete VAPR3 gene with a hygromycin-resistance
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Fig. 2 VdPR3 knockout vector construction and molecular identi-
fication of positively disrupted AVdPR3 mutants. a Electrophoretic
image from construction of the gene-knockout plasmid of pGKO-
VdPR3. Lane I: upstream fragment; lane 2: downstream fragment;
lane 3: HPH cassette; lane 4: fusion fragment; lane 5: homologous
recombination fragment. b Amplification of the VdPR3 gene. Lanes

vil

Fig. 3 Construction of the VdPR3 complementary vector and screen-
ing of mutants. a Electrophoretic image from the construction of the
gene-complementary plasmid of pSUL-VdAPR3. Lane I: GFP frag-
ment; lane 2: VAPR3 complementary fragment. b Amplification of
VAPR3. Lanes 1-12: complementary mutant; lane 13: vdpr3; lane
14: complementary vector. ¢ Amplification of GFP. Lanes 1-12: com-

cassette. Approximately 1.1 kb upstream and 1.2 kb
downstream regions of VdPR3 were, respectively, ampli-
fied with primers P1/P3 and P4/P6 from wild-type iso-
late Vd080, and a ~1.8 kb fragment of the hygromycin
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2 3 45 6 7 8 9 101112

~550bp
VdPR3

-1.8kb
HPH

1-10: AVAPR3 mutant; lane 11: Vd080; lane 12: knockout vector. ¢
Amplification of the HPH gene. Lanes 1-10: AVdPR3 mutant; lane
11: VdO80; lane 12: knockout vector. d RT-PCR was used to detect
VdPR3 expression levels, Vdpt was used as a control. Lane I: vdpr3;
lane 2: Vd080; lanes 3—5: AVAPR3 mutant

pM12 34567 891011121314

L o

TR Il T T ™ 250

VdPR3

Vdoso vdpr3  AVdPR3-C1AVdPR3-C2 AVAPR3-C3

plementary mutant, lane 13: vdpr3; lane 14: complementary vector.
d RT-PCR was used to confirm the expression of VdPR3, Vdft was
used as a control. Lane I: vdpr3; lane 2: Vd080; lanes 3—5: comple-
mentary vector. € Observation of green fluorescence under visible-
light and fluorescence microscopes. Bar 10 pm

cassette was excised from the pCTHyg vector. A ~4.1 kb
fusion fragment made up of UP, HPH, and DOWN was
obtained by successive PCR fusions that relied on reverse
complementary adaptor recognition. A nested PCR with
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Growth Rate mm/d
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Vd080  AVAdPR3-1 AVAPR3-2 AVAPR3-3 AVAPR3-C1AVAPR3-C2AVAPR3-C3

Fig. 4 Phenotypic characterization of the wild-type strain and
mutants. a Colony morphology of the wild-type strain and mutants
on potato dextrose agar at 11 dpi. b Radial growth rates of isolates.

P2/P5 primers was conducted to amplify the targeted UP—
HPH-DOWN fragment with attB adaptors on both sides
(Fig. 2a). A pGKO-VdPR3 vector was constructed by BP
recombination between a pGKO2-Gateway binary vec-
tor and the UP-HPH-DOWN fusion fragment. Agrobac-
terium tumefaciens carrying pGKO-VdPR3 was intro-
duced into wild-type strain Vd080. HSVtk located on the
pGKO-VdPR3 vector acted as a negative selection marker
against ectopic transformants. PCR analysis revealed a
homologous recombination event at the VdPR3 locus in
10 of 35 positive knockout mutants of V. dahliae Vd080,
corresponding to a 28.6 % positive transformant efficiency
rate. In contrast to wild-type Vd080, an HPH fragment was
amplified without VdPR3 detection in AVdPR3 mutants
(Fig. 2b, c). Three of the mutants (AVdPR3-1, AVdPR3-
2, and AVdPR3-3) were randomly selected for further
functional analysis of VdPR3. The absence of the VdPR3
transcript in these three mutants was confirmed by RT-
PCR analysis (Fig. 2d).

For complementation, a complete functional copy of
VdPR3 including the native promoter and terminator ele-
ments was successfully integrated into the binary vector
pSULPH-gfp (Fig. 3a). Agrobacterium tumefaciens car-
rying the complementary vector was transferred into the
T-DNA inserted mutant vdpr3. Finally, 31 chlorimuron-
ethyl resistant transformants were obtained, of which 12
were randomly selected for molecular identification. PCR
amplification of all 12 transformants using COM-F/R
and GFP-F/R primers yielded expected products of the
~2.5 kb complete VAPR3 gene and ~800 bp GFP, respec-
tively, (Fig. 3b, c). The expression profile of VdPR3 in
complementary mutants (AVdPR3-C1, AVdPR3-C2, and

AVdPR3-2 AVdPR3-3

b,

AVdPR3-C1 AVdPR3-C2 AVdPR3-C3

30 r
25
20 |
15
10

Spore Yield 106 CFU/mL ©
(%]

Vdogo

AVAPR3-1 AVAdPR3-2 AVAdPR3-3 AVAPR3-C1AVAdPR3-C2AVdPR3-C3

¢ Spore yield of mutants. Means and standard errors were calculated
from at least three independent experiments, with a significant differ-
ence of P < 0.05 between strains

AVdPR3-C3) was examined using RT-F/R primers, with
the B-tubulin gene (Vdpr) used as an internal control. For-
tunately, wild-type VdO80 and the AVdPR3-C mutants
exhibited similar VdPR3 transcription levels (Fig. 3d).
Under a fluorescence microscope, however, mycelia of all
AVdPR3-C isolates displayed significant green fluores-
cence that differed from that of Vd080 and vdpr3 (Fig. 3e).

VAPR3 participation in microsclerotium development,
mycelial growth, and spore production

To explore the role of VAPR3 in V. dahliae growth and
development, the above-mentioned three gene-disrupted
mutants and the three complementary mutants were com-
pared with Vd080. On PDA medium, the colony morphol-
ogy of Vd080 and the complementary mutants was very
similar, with abundant microsclerotium production and
a high concentration of melanin. The deletion mutants
had white mycelia without microsclerotia (Fig. 4a). The
importance of VdPR3 in microsclerotium production was
thus demonstrated. Radial growth of the deletion mutant
AVdPR3 was always slower than that of Vd080, with the
corresponding growth rate of AVAPR3 decreased signifi-
cantly. The AVdPR3-C complementary mutants restored
the growth rate to an average of 3.94 mm/d, nearly as
high as, and not significantly different from, that of Vd080
(4.38 mm/d) (Fig. 4b). Compared with the spore produc-
tion of wild-type Vd080 (23.38 x 10° CFU/mL), that of the
knockout mutants was significantly reduced with an aver-
age biomass of 13.99 x 10° CFU/mL. This reduced spor-
ulation suggests that VdPR3 is involved in the regulation
of spore production in V. dahliae, but it was not recovered
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a

Skim milk
powder

Vdoso vdpr3

Skim milk powder

—e—Vd080
—&—vdpr3
—#— AVdPR3
—— AVdPR3-C

Diameter/mm
Diameter/mm

Days

Fig. 5 Cultural characteristics and growth rates of isolates on dif-
ferent carbon source media. a Phenotypes of mutants and Vd080. b
Radial growth rates of isolates. Means and standard errors were cal-

in the complemented strains, especially in AVdPR3-C2
(13.37 x 10° CFU/mL) (Fig. 4c).

Cellulase and amylase activity of VdPR3

To investigate the ability of VdPR3 to degrade differ-
ent carbon sources, we compared radial growth rates of
wild-type strain VdO80 and mutants on skim milk, cellu-
lose, and starch. All strains grew at similar rates on skim
milk powder, demonstrating that the product of VdPR3 did
not contribute to protease ability. Two different outcomes
were observed on cellulose and starch media. Similar to
the vdpr3 mutant, the AVdPR3 knockout mutants grew on
cellulose medium at a minimum rate of 2.19 4+ 0.38 mm/d
without an obvious transparent circle; this rate was sig-
nificantly lower than in the wild-type strain Vd0O80
(4.69 + 0.31 mm/d). Gene complementation restored the
cellulase activity of the isolates. These results indicate that
VdPR?3 is involved in cellulose utilization. Compared with
the wild-type strain Vd080, the growth rate of the VdPR3
knockout mutants decreased by 46 % on a starch-Czapek
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AVdPR3-1 AVdPR3-2

AVdPR3-3 AVdPR3-C1 AVdPR3-C2 AVdPR3-C3

Cellulose Starch

Diameter/mm

Days Days

culated from at least three independent experiments, with a signifi-
cant difference of P < 0.05 between strains

medium. In other words, the isolates lacking the VdPR3
gene had reduced starch decomposition ability. Comple-
mentation of the mutants with a functional VdPR3 copy
restored growth on starch to wild-type levels (Fig. 5).

Role of VdPR3 in virulence

To further evaluate the role of VdPR3 in pathogenicity,
we tested and analyzed the pathogenic ability of different
mutants and wild type isolate VdO80 on cotton seedlings.
After 7 days of infection, cotton plants inoculated with
wild-type Vd080 presented severe symptoms of chloro-
sis and stunting in some leaves. In contrast, the AVdPR3
knockout mutants caused no visible symptoms in cot-
ton until 13 dpi. At 26 dpi, most cotton seedlings inocu-
lated with Vd080 were dead, and the DI value reached
55.62 + 4.0. In contrast, the AVdPR3 deletion mutants
showed weakened ability to infect cotton plants, which
showed only slight Verticillium wilt symptoms. Com-
pared with the wild type, the DI values of AVdPR3 were
remarkably reduced (P < 0.01), ranging from 20.67 £ 3.2
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Fig. 6 Pathogenicity analysis of deletion mutants and Vd080. a
Cotton plants at 26 days post-inoculation with Vd080, vdpr3, or
AVdPR3. b Disease symptom progress caused by VdPR3 knockout
mutants and Vd080. ¢ Symptomatic stems of cotton plants inocu-

Fig. 7 Pathogenicity analysis
of complementary mutants. a
Symptomatic cotton plants by
26 days post-inoculation with
Vdo080, vdpr3, or complemen-
tary mutants. b Progression of
the disease caused by VdPR3
complementary mutants and
Vdoso
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to 26.71 &+ 0.3 (Fig. 6a, b). Verticillium dahliae causes vas-
cular wilt in host plants, and systemic infection in cotton is
also evidenced by browning of vascular tissue. There was
no browning phenomenon in the water control (Fig. 6c),

Vdogo

r ——Vdoso

| —=—AVdPR3-C3

AVdPR3-3

lated with H,0. d Symptomatic stems of cotton plants inoculated
with Vd080. e Symptomatic stems of cotton plants inoculated with
AVdPR3

vdpr3

—#—vdpr3

10 15 22 26
Days postinoculation

but most cotton plants inoculated with Vd0O80 exhibited
browning stems and vascular wilt symptoms, with a dis-
coloration rate of 70 % (Fig. 6d). In contrast, the brown-
ing phenomenon was only observed in the stems of a few

@ Springer



564

Curr Genet (2015) 61:555-566

AVdPR3-infected plants, with a discoloration rate of 37 %
(Fig. 6e). These results provide strong evidence that VdPR3
is an important pathogenicity-related gene required for suc-
cessful and efficient colonization in cotton plants and that it
confers pathogenicity on V. dahliae.

To further confirm the virulence function of VdPR3, a
functional VdPR3 copy was reintroduced into the vdpr3
mutant to restore its virulence. At only seven dpi, com-
plemented strains showed visual stunting symptoms syn-
chronized with Vd080. At 26 dpi, the infectivity of com-
plementary mutants was recovered and most of the cotton
plants appeared to be completely wilted. DI values in the
three complementary mutants (AVdPR3-C1, AVdPR3-C2,
and AVdPR3-C3) (P < 0.01) were remarkably recovered,
ranging from 45.71 4 3.0 to 51.03 &£ 8.2 and similar to the
wild-type value of 55.62 4+ 4.0 (P < 0.01) (Fig. 7a, b). This
result demonstrates that VdPR3 contributes to the ability of
V. dahliae to infect cotton plants.

Discussion

In this study, we uncovered evidence that VdPR3 is
required for cotton infection by V. dahliae and is respon-
sible for microsclerotium development. Mutant libraries
show great potential for large-scale genome-wide func-
tional analysis of most fungi (Jeon et al. 2007; Hennessy
and Doohan 2013; Bourras et al. 2012), as has been the
case with V. dahliae (Gao et al. 2010). The vdpr3 mutant,
with stable cultural characteristics and relatively low path-
ogenicity, was obtained from an ATMT mutant library of
the highly virulent isolate Vd080. The public availability of
the genome sequence of V. dahliae shortened the amount of
time required to identify the T-DNA insertion locus based
on detailed genetic blueprints and annotation (Klosterman
et al. 2011). According to the results of TAIL-PCR, the
flanking sequence of T-DNA showed high identity with
VDAG_09942 (VdLs.17). The full-length sequence of
VdPR3 consisting of two exons and one intron was 762 bp
long. No other homologous genes were found in the non-
redundant protein sequence database. VdPR3 thus appears
to be a species-specific gene of V. dahliae with unknown
function.

Although microsclerotium development is not always
coupled with virulence (Klimes and Dobinson 2006; Tzima
et al. 2010), some studies have uncovered evidence that a
decrease in microsclerotia and pigmentation reduces sur-
vival and pathogenicity of V. dahliae isolates (Hawke and
Lazarovits 1994; Coley-Smith and Cooke 1971). Germina-
tion of microsclerotia is the first step in host invasion and
initiation of wilt disease. A total of 1,654 genes showing
differential expression have been identified by analysis of
whole genome-wide expression profiles of germinating
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microsclerotia in V. dahliae (Hu et al. 2014). To clarify the
molecular process contributing to microsclerotium biogen-
esis and melanin synthesis in V. dahliae, an RNA-sequenc-
ing and microarray approach was used in another study to
screen over 200 differentially expressed genes, including
tetrahydroxynaphthalene reductase, scytalone dehydratase,
and melanin biosynthetic gene clusters (Duressa et al.
2013). Knockout mutants of VGB or VAGARPI showed
both reduced virulence and decreased microsclerotium pro-
duction (Tzima et al. 2012; Gao et al. 2010). In our study,
the AVdPR3 mutant-disrupted VdPR3 in V. dahliae, result-
ing in severely impaired virulence on cotton, a 90 % reduc-
tion accompanied by a 6-day postponement of symptoms
(Fig. 6b). In addition, AVdPR3 could not produce micro-
sclerotia (Figs. 4a, 5a). Consistent with these observations,
microsclerotia of V. dahliae have always been considered
important targets for Verticillium disease control (Debode
et al. 2007). Furthermore, VdPR3 deletion mutants were
only weakly invasive with low dispersive ability in cotton,
and less stem discoloration was observed in cotton plants
inoculated with AVdPR3 (Fig. 6d, e).

In general, the cell wall is the first and most important
barrier against harmful invasive microorganisms in plants.
Plant pathogenic fungi, however, require cell wall-degrad-
ing enzymes (CWDEs) for host penetration and success-
ful infection. The soil-borne pathogen V. dahliae causes
vascular wilt disease, with the xylem serving as a battle-
ground for plant hosts and this fungal pathogen. Xylem
infection causes drastic metabolic changes in xylem paren-
chyma cells located adjacent to infected vessels (Koste and
Thomma 2013). To facilitate infection or gain nutrition,
fungal pathogens produce a variety of carbohydrate-active
enzymes (CAZymes) that degrade plant polysaccharide
materials. In general, biotrophic fungi tend to have fewer
CAZymes than do necrotrophic and hemibiotrophic fungi
(Zhao et al. 2013). For fungal pathogens, localized degra-
dation of cell walls is necessary to access plant cytoplasm
and spread across host tissues. In several plant pathogenic
fungi, CWDEs such as pectinases and xylanases have
been demonstrated to be related to pathogenicity or viru-
lence (Douaiher et al. 2007; Ferrari et al. 2008; Kikot et al.
2009). Although cellulases of some glycoside hydrolase
families in fungi are not known to have cellulose-degrading
ability, pectinases and cellulases of V. dahliae are critical
for symptom induction and pathogenesis (Pegg and Brady
2002). These enzymes may be necessary during penetration
of plant roots to gain access to xylem and to breach plant
defense structures released into xylem vessels in response
to infection; finally, at the end of colonization, they may
be needed to produce large numbers of survival structures
in the plant tissue (Clérivet et al. 2000). Compared with
wild-type strain Vd080, AVdPR3 significantly reduced the
ability to degrade cellulose. The complementary mutant
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AVdPR3-C recovered the cellulase activity. This result
supports the hypothesis that VdPR3 is a critical CWDE of
V. dahliae. This multi-faceted gene is therefore required for
microsclerotium accumulation and is involved in the patho-
genesis of V. dahliae. The pathway associated with VdPR3
has not been studied. Further research is necessary to elu-
cidate the VdPR3 signaling mechanism in V. dahliae and
confirm its role on the interaction between cotton and V.
dahliae, especially in the penetrating, spreading, and colo-
nizing stages.
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