Current Genetics (2020) 66:345-359
https://doi.org/10.1007/500294-019-01025-2

ORIGINAL ARTICLE q

Check for
updates

VdOGDH is involved in energy metabolism and required for virulence
of Verticillium dahliae

Xiaokang Li' - Xiaofeng Su? - Guoging Lu? - Guoging Sun? - Zhuo Zhang? - Huiming Guo? - Ning Guo' -
Hongmei Cheng?

Received: 16 April 2019 / Revised: 28 July 2019 / Accepted: 8 August 2019 / Published online: 17 August 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Verticillium dahliae, a soil-borne fungus, can invade plant vascular tissue and cause Verticillium wilt. The enzyme
a-oxoglutarate dehydrogenase (OGDH), catalyzing the oxidation of a-oxoglutarate in the tricarboxylic acid cycle (TCA),
is vital for energy metabolism in the fungi. Here, we identified the OGDH gene in V. dahliae (VdOGDH, VDAG_10018)
and investigated its function in virulence by generating gene deletion mutants (AVdOGDH) and complementary mutants
(AVdOGDH-C). When the AVdOGDH mutants were supplemented with different carbon sources, vegetative growth on
Czapek Dox medium was significantly impaired, suggesting that VdOGDH is crucial for vegetative growth and carbon
utilization. Conidia of the AVdOGDH mutants were atypically rounded or spherical, and hyphae were irregularly branched
and lacked typical whorled branches. Mutants AVdOGDH-1 and AVdOGDH-2 were highly sensitive to H,O, in the medium
plates and had higher intracellular ROS levels. AVdOGDH mutants also had elevated expression of oxidative response-
related genes, indicating that VdOGDH is involved in response to oxidative stress. In addition, the disruption of VdOGDH
caused a significant increase in the expression of energy metabolism-related genes VdICL, VdICDH, VAMDH, and VdPDH
and melanin-related genes Vaygl, VdSCD, VALAC, VT4HR, and VafiM in the AVdOGDH mutants; thus, VdOGDH is also
important for energy metabolism and melanin accumulation. Cotton plants inoculated with AVdOGDH mutants exhibited
mild leaf chlorosis and the disease index was lower compared with wild type and AVdOGDH-C strains. These results together
show that VdOGDH involved in energy metabolism of V. dahliae, is also essential for full virulence by regulating multiple
fungal developmental factors.
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Introduction

Communicated by M. Kupiec.

- - . . . The soil-borne filamentous fungus Verticillium dahliae
Electronic supplementary material The online version of this R .
article (https://doi.org/10.1007/s00294-019-01025-2) contains Kleb. causes Verzicillium wilt of cotton, one of the most
supplementary material, which is available to authorized users. destructive diseases of cotton worldwide. The disease is dif-
ficult to control because the hyphae of V. dahliae spread
inside the xylem tissues, where they cannot be reached by
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guoning @ahau.edu.cn rotia, long-lived dormant structures produced by V. dahliae,
54 Hongmei Cheng play a critical role in the disease cycle (Fradin and Thomma
chenghongmei @caas.cn 2006; Klosterman et al. 2009). Microsclerotia germinate and

produce several hyphae under the induction of plant root
secretion (Pegg and Brady 2002). Numerous hyphae wrap
around the root, but only a few hyphae adhere tightly to the
root surface through the hyphopodium (Fradin and Thomma
2006; Klimes et al. 2015). As the infection structure of V.
dahliae, the hyphopodium further differentiates and forms
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a penetration peg to invade host plant cells and colonize the
vascular tissue (Zhao et al. 2016). The extensive hyphal col-
onization can interfere with water transport within the vas-
cular bundles (Vallad and Subbarao 2008), and lead to foliar
chlorosis, necrosis, vascular discoloration, severe wilt, plant
stunting, and even death (Fradin and Thomma 2006; Pegg
and Brady 2002). Until now, the molecular determinants of
the pathogenic mechanisms of V. dahliae have remained
obscure; thus, identifying and analyzing the function of the
genes involved in the pathogenic molecular mechanism have
been critically needed.

Genomic sequencing and comparison of V. dahliae with
V. albo-atrum has promoted the understanding of niche
adaptation of plant vascular wilt pathogens and provided
a valuable resource for further research (Klosterman et al.
2011). Several genes relevant to the virulence and patho-
genic molecular mechanisms of V. dahliae have been iden-
tified (Klimes and Dobinson 2006; Rauyaree et al. 2005;
Tzima et al. 2010; Zhang et al. 2019; Zhao et al. 2016). Ver-
ticillium transcription activator of adhesion Vta2 regulates
fungal growth and conidiation, and host plant root invasion
and H,0, degradation, which is a major regulator of fun-
gal pathogenesis (Tran et al. 2014). Tetraspanin (VdPls1)
is known to recruit and activate membrane-bound NADPH
oxidase (VdNoxB), a primary producer of reactive oxygen
species (ROS). VdPIs1/VdNoxB-mediated ROS production
induces calcineurin-responsive zinc finger transcription fac-
tor Crzl (VdCrzl) signaling, which is essential for penetra-
tion peg formation (Xiong et al. 2015; Zhao et al. 2016).
Compared with the genomes of V. dahliae strains JR2 and
VdLs.17, the genome of strain Vd991 (a defoliating isolate
from cotton) has several exclusive lineage-specific regions
2 (G-LSR2), which was suggested to have been horizontally
transferred from Fusarium (Chen et al. 2018a). Homology
analysis indicates that the protein encoded by gene VdDf7
within G-LSR2 may regulate the biosynthesis of N-lauroyle-
thanolamine, which is critical for the defoliating phenotype
(Zhang et al. 2019).

The initial disease process of phytopathogenic fungi can
be divided into germination, proliferation, and penetration
(Divon and Fluhr 2007; Solomon et al. 2003). The ability
of phytopathogenic fungi to penetrate plants and utilize the
available nutrient sources is critical for successful inva-
sion. For fungal metabolism, lipolysis provides energy for
conidia germination and penetration and glycolysis is critical
for nutrient supply during plant tissue invasion (Solomon
et al. 2003). During conidial germination and the penetra-
tion stage, the fungus is nutrient starved in the low-nutrient
environment of the plant surface, so metabolism of carbo-
hydrates and lipids in the conidium provide the energy for
germination and penetration (Divon and Fluhr 2007; Foster
et al. 2016; Voegele et al. 2005). In Magnaporthe grisea,
the CPKA/SUM-encoded PKA holoenzyme controls the
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mobilization and degradation of stored lipid and glycogen
in the penetration structure, the appressorium, which directs
the turgor generation, and is required for fungal colonization
and pathogenicity (Thines et al. 2000). During spore germi-
nation and penetration, fungi mainly decompose the stored
lipids through fatty acid metabolism to produce acetyl-coen-
zyme A (CoA), that is incorporated in the tricarboxylic acid
(TCA) cycle by way of the anabolic glyoxylate cycle (Divon
and Fluhr 2007).

The mitochondrial a-oxoglutarate dehydrogenase com-
plex (OGDC) consists of three components: oxoglutarate
dehydrogenase (OGDH), dihydrolipoyl succinyl transferase
(DLST), and dihydrolipoyl dehydrogenase (DLD) (Bunik
and Fernie 2009; Gibson et al. 2005; Voet et al. 2016).
OGDC, a rate-limiting enzyme system, catalyzes the oxida-
tive decarboxylation of a-oxoglutarate in the TCA cycle,
which plays crucial roles in energy production, nitrogen
assimilation, and amino acid metabolism (Voet et al. 2016).
The TCA cycle fundamentally regulates CO, sensing, hyphal
growth, and virulence of Candida albicans (Tao et al. 2017).
Moreover, the side reactions of OGDC also participate in
glyoxylate utilization and glutamate signaling (Bunik and
Fernie 2009). Isocitrate dehydrogenase, malate dehydroge-
nase, and pyruvate dehydrogenase are the main enzymes
involved in the glyoxylate cycle, which is crucial for NADH
metabolism (Voet et al. 2016). Isocitrate lyase and malate
synthase are also principal enzymes in the glyoxylate cycle
and involved in the virulence of the bacterial pathogen
Mycobacterium tuberculosis (McKinney et al. 2000), the
human pathogenic fungus C. albicans (Lorenz and Fink
2001), and the plant pathogenic fungi M. grisea (Wang et al.
2003) and Stagonospora nodorum (Solomon et al. 2004).
C. albicans mutants lacking Isocitrate lyase (ICLI) were
markedly less virulent than the wild-type strain in mice (Lor-
enz and Fink 2001). In M. grisea, isocitrate lyase regulates
appressorium development and fungal virulence (Wang et al.
2003). Spore germination of S. nodorum (Solomon et al.
2004), Aspergillus nidulans, and Neurospora crassa (San-
deman et al. 1991) is regulated by malate synthase activ-
ity. Thus, the TCA cycle not only provides energy, but also
regulates biological processes such as hyphal growth and
fungal virulence.

The potential roles of a-oxoglutarate dehydrogenase of V.
dahliae, encoded by VdOGDH (VDAG_10018), in energy
metabolism, fungal growth, and pathogenicity of V. dahl-
iae have not been reported yet. To explore the function of
VdOGDH, we generated AVdOGDH gene deletion mutants
and corresponding complementary mutants (AVdOGDH-C)
and (1) revealed that VAOGDH played a significant role in
carbon utilization, conidial and hyphal morphology; (2)
confirmed that VdOGDH was indispensable in the fun-
gal response against oxidative stress; and (3) showed that
VdOGDAH is involved in the regulation of energy metabolism
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and melanin and that (4) virulence of AVdOGDAH strains in
cotton was severely reduced.

Materials and methods
Fungal strain and plant material

The wild-type strain (V991) of V. dahliae (Vd-wt) was
kindly provided by Professor Guiliang Jian from The Insti-
tute of Plant Protection, Chinese Academy of Agricultural
Sciences (IPP, CAAS) and fungal spores were stored in 25%
glycerol at —70 °C. Seeds of Coker 312 cotton were pro-
vided by Professor Gaili Jiao from Cotton Research Insti-
tute, Shanxi Academy of Agricultural Sciences (Wang et al.
2017).

Constructions of plasmids

Homologous recombination was used to generate AVdOGDH
mutants. The knockout plasmid pGKO-VdOGDH was gen-
erated as described previously (Qi et al. 2018; Su et al.
2017). Genomic DNA of V. dahliae was extracted with the
DNAsecure Plant Kit (TTANGEN, Beijing, China) as per
the manufacturer’s instructions. Flanking fragments, about
1 kb upstream and downstream of the VdOGDH gene from
the V. dahliae genomic DNA, were amplified with primers
OGDH-5F/5R and OGDH-3F/3R (Table 1), respectively.
The geneticin-resistance cassette (neo) was amplified from
plasmid pCAM-neo with primers neo-F/neo-R (Table 1).
Plasmid pGKO?2 (Khang et al. 2005) was digested with Hin-
dIII and EcoRI restriction enzymes. Flanking fragments and

neo were inserted into linearized vector pGKO?2 (Fig. S1)
using the In-Fusion enzyme (Clontech, Mountain View, CA,
USA).

For constructing the complementary plasmid pCM-
Hyg-VdOGDH, TrpC promoter (amplified with primers
TrpC-F/TrpC-R, Table 1), complementary DNA (cDNA)
of VdOGDH, and Nos terminator (amplified with primers
Nos-F/Nos-R, Table 1) were inserted into linearized vec-
tor pPCM-Hyg, which carried the hygromycin B resistance
cassette (hph) and was double digested with HindIII and
Xbal enzymes. The TrpC promoter and Nos terminator were
amplified from plasmid pCH-GFP (Xu et al. 2013).

Fungal transformation and mutant confirmation

The VdOGDH knockout mutants were generated by transfer-
ring the knockout plasmid pGKO-VdOGDH into protoplasts
isolated from Vd-wt using PEG-mediated transformation as
described previously (Rehman et al. 2016). Protoplasts of
AVdOGDH mutants were similarly transformed with the
complementary plasmid pCM-Hyg-VdOGDH to obtain the
complementary mutants (AVdOGDH-C).

Mutants were preliminarily selected using antibiotic stress
and single-spore isolation, then confirmed by genomic PCR
using specific primers. AVdOGDH mutants were selected
on potato dextrose agar (PDA) in the presence of geneticin
(G418, 50 pg/mL) and confirmed by PCR with primers neo-F/
neo-R and OGDH-F/OGDH-R (Table 1). AVdOGDH-C
mutants were cultured and selected on PDA plates containing
hygromycin B (50 pg/mL). Primers Hyg-F/Hyg-R (Table 1)
and OGDH-F/OGDH-R were used for genomic PCR to check
whether the complementation was successful.

Table 1 Primers used for
mutant construction and

Primer

Primer sequence

confirmation neo-F

neo-R
OGDH-5F
OGDH-5R
OGDH-3F
OGDH-3R
OGDH-C-F
OGDH-C-R
TrpC-F
TrpC-R
Nos-F
Nos-R
OGDH-F
OGDH-R
Hyg-F
Hyg-R

GTTTGCGGGCTGTCTTGACG

TACCTGTGCATTCTGGGTAA
GTACCCAATTCGAATTCGAGAAGAACTCGCAACGAC
CAAGACAGCCCGCAAACGGGTTTGTCTAAAGGAGGGA
CCCAGAATGCACAGGTAAAGTGGTTTGGACCTGGC
GACGGTATCGATAAGCTTATGCGAACGGGCTTGATG
ATGCTGCGCAGCTCGCTGAGCAAAG
TCAGCACAAGCAAGATATTGAGGGG
GTAATCCTTCTTTCTAGATTGAAGGAGCATTTTTGGGC
CAGCGAGCTGCGCAGCATATCGATGCTTGGGTAGAATAGG
ATATCTTGCTTGTGCTGAATCCACTTAACGTTACTGAAATC
ACGGCCAGTGCCAAGCTTAACATGCAATTATCTTTGCG
ACGAGCAGAAGGGCTTTGGTA
TGGCAGACGAAGTTGACGG

TTGAAGGAGCATTTTTGGGC
TTATCTTTGCGAACCCAGGG

Bold and italicized sequences are restriction enzyme cleavage sites
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Growth of mutants on different carbon sources

Vegetative growth of the Vd-wt, AVAOGDH, and
AVdOGDH-C strains on different media was then com-
pared. Each strain was first cultured in complete medium
(CM) (Qi et al. 2018), and was then filtered through a sterile
40 pm Falcon Cell Strainer (New York, NY, USA) to col-
lect conidia. A drop of a conidial suspension (10 pL, 2 x 10°
spores/mL) of the respective strains was placed in the center
of a plate of Czapek Dox agar with sucrose (30 g/L) and
without sucrose, pectin (10 g/L), xylose (10 g/L), starch
(17 g/L) or galactose (10 g/L) (Qi et al. 2016). A 10 pL
drop of a conidial suspension (2 x 10% spores/mL) was
also placed in the center of PDA plates. The plates were
incubated at 25 °C in the dark. Each strain was tested on
five plates of each source. Colony morphology was photo-
graphed and diameters were measured after 14 days. The
mean colony diameter of Vd-wt was compared with that of
the AVAOGDH and AVdOGDH-C strains for each of the car-
bon sources tested. The experiment was repeated two times.

A 100 pL drop of conidial suspension (5x 10°® spores/
mL) of the respective strains was evenly spread on a plate
of basal modified medium (BMM, 0.2 g/L. NaNO;, 0.52 g/L
KCl, 0.52 g/LL. MgS0O,-7H,0, 1.52 g/L. KH,PO,, 3 pmol/L
thiamine, 0.1 pmol/L biotin, 5 g/L glucose, 15 g/L agar) (Bai
et al. 2011). The plates were incubated at 25 °C in the dark
for 30 days, then colony morphology and microsclerotial
production were examined.

Conidial production and microscopic observation
of conidia and hyphae

A conidial suspension (1 mL, 5 X 100 spores/mL) of Vd-wt,
AVdOGDH or AVdOGDH-C strains was added to 200 mL
Czapek Dox broth in sterile conical flasks. After 6 days on
a shaker at 180 rpm and 25 °C, the suspension was filtered
through a cell strainer, and then the conidia were counted
using a hemacytometer and light microscope. Conidia pro-
duction was then calculated as previously described (Qi et al.
2018).

A drop of the conidial suspension of Vd-wt and
AVAOGDH strains (AVdOGDH-1 and AVdOGDH-2) from
the previous step was also spread evenly on PDA plates and
incubated as described. After 5 days, 5 mL sterile water was
added to the plates, then the agar was gently scraped with a
sterile spreader to collect the conidia as described. Conidia
were then observed with an Axio Imager M2 microscope
(Zeiss, Jena, Germany).

For examining hyphal characteristics of Vd-wt and
AVdOGDH strains, the method (Yang et al. 2009) was used
with a slight modification. Conidia (2 uL, 103 spores/mL)
were placed in 20 pL liquid CM on a clean microscope
slide, which was then incubated on filter paper moistened
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with sterile water in a Petri dish. After 48 h at 25 °C in
the dark, any hyphae were then observed with the light
microscope.

For high-quality imaging of conidial and hyphal mor-
phology, conidia and hypha were washed with PBS buffer
(pH 7), then stained with 5 pg/mL Calcofluor white (CFW).
After 10 min, the stain was washed away with PBS buffer.
Fluorescence was observed with a confocal laser scanning
microscope (CLSM) LSM 700 (Zeiss, Jena, Germany) using
345 nm excitation wavelength and band-pass 420-470 nm
emission filters.

Oxidative stress assay and intracellular ROS levels
detection

Oxidative stress was assayed using the method of previous
research (Rehman et al. 2017). A conidial suspension (500
uL, 5% 10° spores/mL) of each strain was spread evenly
on Czapek Dox plates. Then 100 pL H,O, (100 mM)
was poured into a hole punched by a sterile cork borer
(=5 mm) in the center of the plate. Plates were incubated
at 25 °C, and the diameter of the inhibition zone was meas-
ured after 7 days. Each strain was tested on five plates, and
the assay was done three times.

For intracellular ROS detection, conidia (2 pL, 10*
spores/mL) of the respective strains were added to 20 pL
CM broth at 25 °C for 3 days, then ROS levels generated by
each strain were qualitatively tested using a Reactive Oxygen
Species Testing Kit (GENMED Scientific Inc., Shanghai,
China) and the lit protocol. Green fluorescence of hyphae of
strains Vd-wt and AVdOGDH was observed with the LSM
700 using 488 nm excitation wavelength and band-pass
500-550 nm emission filters.

Expression analysis of related genes

To further investigate whether disruption of VdOGDH
triggers sensitivity to oxidative stress, the relative expres-
sion levels of the glutathione reductase (VDAG_07524.1),
gamma-glutamylcysteine synthetase (VDAG_00135.1), and
thioredoxin (VDAG_03464.1) genes, involved in the oxida-
tive response, were quantified (Han et al. 2015).

To study the impact of VdOGDH disruption on the
regulation of other genes related to energy metabo-
lism, we analyzed the transcript levels for genes encod-
ing the main enzymes involved in the glyoxylate cycle:
isocitrate lyase (VDAG_08615, VdICL), isocitrate
dehydrogenase (VDAG_00099, VdICDH), malate dehy-
drogenase (VDAG_06317, VdMDH), pyruvate dehy-
drogenase (VDAG_06356, VdPDH). We similarly
analyzed genes related to melanin and microsclerotia
formation (Hu et al. 2014): class II hydrophobin gene
(VDAG_02273, VDHI), pigment biosynthesis protein
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Aygl (VDAG_04954, Vaygl) (Fan et al. 2017), scytalone
dehydratase (VDAG_03393, VdSCD) (Luo et al. 2016),
laccase (VDAG_00189, VALAC), tetrahydroxynaphtha-
lene reductase (VDAG_03665, VT4HR), and versicolorin
reductase (VDAG_00183, VafiIM) (Duressa et al. 2013).

Conidia were harvested from a 6-day-old culture of
Vd-wt, AVdOGDH, and AVdOGDH-C strains and the con-
centration was adjusted to 10° spores/mL. One microliter
of the respective suspensions was inoculated in 200 mL
of CM and incubated on the shaker (180 rpm) at 25 °C.
After 5 days, the culture was filtered through four layers
of clean gauze to collect hyphae. Total RNA was extracted
from the respective hyphae using the RNA Extraction Kit
(YPHBIo, Tianjin, China). First strand cDNA was syn-
thesized with TransScript One Step gDNA Removal and
cDNA Synthesis Kit (TransGen Biotech, Beijing, China)
according to the instructions. qRT-PCR was performed
using TransStart Tip Green qPCR SuperMix (TransGen
Biotech, Beijing, China).

The respective primer sequences used for amplifica-
tion are listed in Table 2. The housekeeping gene actin
(VDAG_00941) was used for normalization and amplified
with primers Vd-A-F/Vd-A-R (Table 2). Expression of
the respective genes was analyzed by qRT-PCR using an
ABI7500 Fast Real-Time PCR System (Applied Biosystems,
USA) with the following process: holding stage, 94 °C for
30 s; cycling stage, 94 °C for 5 s, 60 °C for 34 s, 72 °C for
10 s, 40 cycles; and melt curve stage, 95 °C for 15 s, 60 °C
for 1 min, 95 °C for 30 s, 60 °C for 15 s. The experiment
was independently repeated two times, and relative expres-
sion ratio was calculated by the 2722 method (Livak and
Schmittgen 2001).

Pathogenicity assay of VdOGDH deletion mutants
Coker 312 seeds were sown in bottomless paper cups

(Zhu et al. 2013) filled with autoclaved soil mix (1:1,
vermiculite:humus). The cups were placed on plastic trays

Table 2 Primers used for

- . Primer Primer sequence Target gene

relative gene expression and

fungal biomass assays Vd-A-F GTCCATCTTGCCCTCTTTCCA Actin
Vd-A-R TCCCTCACCTTCCTTCGGAT
ICDH-F TTGCTCTCCCGCATCTGGC ICDH
ICDH-R CACTTGACGCCGACGCTGT
PDH-F AACTTCTACGGCGGCAAC PDH
PDH-R CCTCAAAGACCTGACCCTG
MDH-F CGCTGCCGAGGTTCTCAA MDH
MDH-R GCCAGAGTGACCACCGAT
ICL-F CATCAGCGACAAGTTTGCCC ICL
ICL-R GCTACATCATACCACTCTACTGCT
VafilM-F GACTGTCAATGCCATCGCC VafiM
VafiM-R CGGTGACCTTGATAACTT
VdSCD-F ATGCCCGCTTCCGAGTTC VdSCD
VdSCD-R TTCCACACGCCGTCAATCTT
VALAC-F CGTTTCCTCACTTTAGCCACAGC VALAC
VALAC-R CACCCAGTCCACCGTCCATTTGT
VT4HR-F TGGTGGCATCAAGACAGACA VT4HR
VT4HR-R CGAAGCGAGGAAGCAAACAA
Vaygl-F GTTGCGACGAGTTCTTGT Vaygl
Vaygl-R ACCATCACCTTGCCCATA
VDHI-F GTCTATTCATCTGGTTCCTCCCTA VDHI
VDHI-R CAAACCTCTTACAATGTTGACGC
VD_07524.1-F AACATTCCCTCGGTCGTCTT Glutathione reductase
VD_07524.1-R TGGCGGTGAACTTGGTCTT
VD_00135.1-F AATCCACGAATTGGCAGCACA Gamma-glutamyl-
VD_00135.1-R CGGGTTACCAGCACCATGAAGA cysteine synthetase
VD_03464.1-F CGCCATGCCGACCTTTGT Thioredoxin
VD_03464.1-R CGACGAGCCCATCACCAGA
SSU-F AACTTAAAGGAATTGACGGAAG SSU
SSU-R GCATCACAGACCTGTTATTGCC
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Fig. 1 Vegetative growth assay. Colonies and diameter of Vd-wt,
AVAOGDH strains, and AVdOGDH-C strains of V. dahliae grown
on Czapek Dox agar amended with different carbon sources. a Phe-
notypes and b mean (+SD) colony diameters of each strain after
14 days. The experiment was done three times for each carbon
source. Different letters above bars for a carbon source indicate a sig-
nificant difference among strains (P <0.05)

and then kept in a growth chamber at 25-28 °C, with 16 h
photoperiod and 50-60% relative humidity. Each fungal
strain was cultured in CM for 7 days, and respective conidia
were collected by centrifugation for 10 min at 6000 rpm,
and the concentration was adjusted to approximately 5 x 10’
spores/mL. Seedlings with 4-5 leaves were inoculated with
a conidial suspension by placing the paper cups onto a Petri
dish (=90 mm) containing 10 mL of a conidial suspen-
sion for 10 min. The control group was treated with sterile
water. The plants were then returned to the chamber, and the
disease severity was assessed at 30 days after inoculation
(dpi), and then disease index was evaluated as described pre-
viously (Rehman et al. 2017). Each fungal strain was tested
on five cups of plants (15-20 plants total for each strain).
The experiment was done three times.
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Fungal biomass assay

To qualitatively evaluate any difference in virulence among
the Vd-wt and mutant strains, we cut off the stems of the
cotton seedlings used in the pathogenicity assay to check
for vascular discoloration (Xiong et al. 2015) at 30 dpi and
placed a stem piece onto PDA plates to isolate any hyphae
from vascular bundles (Qi et al. 2016; Zhao et al. 2017).

We also used qRT-PCR to quantify fungal biomass in
the cotton seedlings. At 21 dpi, total genomic DNA was
extracted from roots and leaves of test plants using the
DNAsecure Plant Kit (TTANGEN, Beijing, China). The qRT-
PCR reactions were carried out using TransStart Top Green
gPCR Supermix (TransGen Biotech). Cotton small subunit
ribosomal RNA gene (SSU) was selected as a standard con-
trol (Hao et al. 2018) and amplified with primers SSU-F/
SSU-R (Table 2). V. dahliae actin gene (VDAG_00941) was
amplified with primers Vd-A-F/Vd-A-R (Table 2) to quan-
tify fungal DNA in the mixed DNA samples.

Statistical analysis

Data are presented as mean + standard deviation (SD), and
means were statistically compared among treatments or
strains using Duncan’s multiple range tests in SPSS statis-
tics 17.0 software (SPSS, Chicago, USA). Differences were
considered statistically significant at P <0.05.

Results

Deletion and complementation of VdOGDH in V.
dahliae

In VdOGDH gene deletion mutants, VdOGDH gene was
replaced using the neomycin resistance cassette in the gene
construct (Fig. S1). With gene replacement or T-DNA
random insertion in V991, geneticin resistance should be
introduced into the transformants. Gene deletion mutants
were preliminarily selected and confirmed in the presence
of geneticin. Ectopic transformants were excluded, and dele-
tion mutants were confirmed by genomic PCR with primers
OGDH-F/OGDH-R for 4 of 24 transformants analyzed by
PCR (Fig. S2a, b). AVAOGDH-1 and AVAOGDH-2 were
randomly selected for further analysis.

With transformations using the complementary plasmid
pCM-Hyg-VdOGDH, a functional copy of VdOGDH was
inserted into AVdOGDH mutants and complementary strains
were (AVdOGDH-C) generated. Successful transformation
was confirmed by genomic PCR with primers Hyg-F/Hyg-R
and OGDH-F/OGDH-R (Fig. S2¢, d). AVdOGDH-1-C
and AVdOGDH-2-C were selected for further phenotypic
observations.



Current Genetics (2020) 66:345-359

351

a

Vd-wt

Fig.2 Morphology of conidia and hyphae of Vd-wt and AVdOGDH
strains stained with Calcofluor white (CFW) and viewed with a
confocal laser scanning microscope. a Conidia after 5 days on PDA
plates. Conidia of AVdOGDH-1 and AVdOGDH-2 were round or

Vegetative growth of AVdOGDH mutants
was significantly impaired

To analyze the function of VdOGDH on mycelial growth
and carbon utilization, we compared radial growth rates
of the Vd-wt and mutants on PDA plates and Czapek Dox
agar amended with different carbon sources (sucrose, pec-
tin, xylose, starch, and galactose). There was no signifi-
cant difference in the growth rate of the strains on PDA,
but the aerial hyphae of AVdOGDH strains was underde-
veloped compared with those of Vd-wt and AVdOGDH-C
strains (Fig. S3a, b). Vd-wt and complementary strains
(AVdOGDH-1-C and AVdOGDH-2-C) cultured on pec-
tin and starch had more extensive aerial hyphae (Fig. 1a).
In contrast, strains AVdOGDH-1 and AVdOGDH-2 pro-
duced melanin on pectin-containing plates, as indicated by
the arrows (Fig. 1a). In addition, the corresponding mean
colony diameters of AVdOGDH-1 (4.0 cm, 4.0 cm, 3.8 cm,
3.9cm, 4.2 cm) and AVdOGDH-2 (4.1 cm, 4.1 cm, 3.9 cm,
4.1 cm, 4.3 cm) on Czapek Dox agar plates supplied with
different carbon sources (sucrose, pectin, xylose, starch, and
galactose) were significantly smaller than those of Vd-wt
(6.2 cm, 6.1 cm, 6.9 cm, 6.8 cm, 6.1 cm), AVAOGDH-1-C
(6.1 cm, 5.7 cm, 6.8 cm, 6.5 cm, 5.9 cm), and AVdOGDH-
2-C (6.2 cm, 6.1 cm, 6.8 cm, 6.5 cm, 5.9 cm) (Fig. 1b).

AVdOGDH-1

AVdOGDH-2

spherical, rather than the typical oblong or elliptic shape b Hyphae of
each strain after 24 h. AVdOGDH strains branched irregularly and did
not form whorled branches. The hyphae of AVAOGDH strains were
also more swollen than those of Vd-wt. Bars: 20 pm

These phenomena indicate that VdOGDH is important for
vegetative growth and carbon utilization of V. dahliae.

Knockout of VdOGDH reduced conidial production
and caused abnormal morphology of conidia
and hyphae

To confirm the effect of VdOGDH knockout on conidial
production, we evaluated conidiophores production of
each strain further. After 6 days in Czapek Dox broth, the
AVdOGDH strains produced significantly fewer conidia than
the Vd-wt and AVdOGDH-C strains did (Fig. S3c). Thus,
VdOGDH contributes to conidiation.

When conidia and hyphae were observed with the optical
microscope after CFW staining, conidia of AVAOGDH-1
and AVdOGDH-2 from 5-day-old cultures were round
or spherical, rather than the typical oblong or elliptical
shape of the Vd-wt (Fig. 2a, S4a). After 24 h of culturing,
Vd-wt hyphae displayed radical and fast growth; however,
AVdOGDH strains hyphae grew slowly and generated swol-
len and atypical branches (Fig. 2b). After culturing for 48 h
on slides, the hyaline hyphae of Vd-wt had developed typical
whorled branches, and conidia had formed at the tip of the
hyphae (Fig. S4b), whereas hyphae of strains AVdOGDH-1
and AVdOGDH-2 branched irregularly and did not form
whorled branches. Hyphae of the AVdOGDH strains were
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«Fig. 3 Oxidative stress assay, intracellular ROS level detections,
and expression levels of oxidative stress response genes in Vd-wt,
AVdOGDH, and AVAdOGDH-C strains. a Inhibition zones after
1 week in oxidative stress assay. For each strain, 500 conidia in
suspension (5x 10° spores/mL) were spread evenly on the Czapek
Dox plates. 100 pL. H,O, (100 mM) was poured into a hole in the
center of the plate. b ROS levels in hyphae from 3-day-old CM cul-
ture. Hyphae were stained with the Reactive Oxygen Species Test-
ing Kit, and viewed with confocal microscopy. Bars: 50 pm. ¢ Mean
(+SD) diameter of H,0, inhibition zone diameter. Three independ-
ent replicates were done. Different letters above the bars indicate a
significant difference among treatment groups (P <0.05). d—f Mean
(+SD) gene expression analysis. Conidia harvested from the plates
were cultured in CM for RNA extraction. qRT-PCR reactions were
perform using specific primers. The experiment was done three
times. Different letters above bars indicate a significant difference
among strains (P <0.05). The expression levels of d glutathione
reductase (VDAG_07524.1), e gamma-glutamylcysteine synthetase
(VDAG_00135.1) and f thioredoxin (VDAG_03464.1) were detected

also more swollen than those of Vd-wt, and no spores were
formed from the tip of branches (Fig. S4b). These results
show that knockout of VdOGDH inhibits the spore morphol-
ogy and mycelial development.

Deletion of VAOGDH resulted in increased
susceptibility to oxidative stress

The sensitivity of each strain to exposure to H,O, was
checked by measuring the diameter of any inhibition zone.
The zone of inhibition for AVdOGDH-1 and AVdOGDH-2
strains was larger than for the wild type and complementary
strains (Fig. 3a, S4b). We further measured intracellular
ROS levels of each strain. As expected, AVdOGDH mutants
showed brighter green fluorescence (Fig. 3b), which meant
the intracellular ROS levels were higher in AVdOGDH
mutants than in Vd-wt. The deletion of VdOGDH resulted
in increased expression of the genes related to the oxida-
tive response. Genes for glutathione reductase, gamma-
glutamylcysteine synthetase, and thioredoxin increased by
approximately ninefold, fourfold, sixfold, respectively, in
AVdOGDH mutants than in Vd-wt and AVdOGDH-C strains
(Fig. 3c—e). The increased expression of these genes may be
indicative of the higher level of ROS in AVdOGDH mutants.

VdOGDH related to energy metabolism

In the gqRT-PCR of metabolic genes, the transcript level
of VdICL increased about 11-fold in AVdOGDH mutants
compared with the Vd-wt and AVdAOGDH-C strains
(Fig. 4a). Deletion of VdOGDH also resulted in significantly
increased expression of VdAICDH, VAMDH, and VdPDH
compared with levels in the Vd-wt and complementary
strains (Fig. 4b—d). This increased expression suggests that
VdOGDAH is critical for energy metabolism in V. dahliae.

Deletion of VdOGDH resulted in increased
microsclerotia production and expression of genes
related to melanin and microsclerotia production

Due to different melanin production of AVdOGDH-1 and
AVAdOGDH-2 strains (indicated by arrows) on pectin-con-
taining Czapek Dox agar (Fig. 1a), we, therefore, checked for
microsclerotia production and the expression level of micro-
sclerotia formation-related genes. After growth on BMM,
AVdOGDH strains produced many more microsclerotia than
did Vd-wt and AVAOGDH-C strains (Fig. 5a). As expected,
expression of VaflM, Vaygl, VT4HR, VALAC, and VdSCD
increased in the melanin-producing AVdOGDH mutants,
about 2.0-, 2.0-, 3.2-, 3.2- and 3.7-fold more, respectively,
than in the Vd-wt and AVdOGDH-C strains (Fig. 5b, c, e-g).
The expression level of genes related to melanin formation
in AVAOGDH strains was significantly higher than that of
Vd-wt and AVdOGDH-C strains. In contrast, the expression
of VDHI, which is involved in the development of microscle-
rotia (Klimes and Dobinson 2006), however, did not obviously
differ among Vd-wt, AVdOGDH, and AVdOGDH-C mutants
(Fig. 5d). Thus, VAdOGDH gene is apparently involved in the
production of melanin and microsclerotia in V. dahliae.

VdOGDH is essential for full virulence in V, dahliae

In the virulence test on cotton seedlings, at 30 dpi, cotton
plants irrigated with water were growing well without any
wilting, but the seedlings inoculated with V. dahliae strains
all had different degrees of characteristic disease symptoms
(Fig. 6a, b). Severe leaf chlorosis and necrosis, stunting,
and even death were apparent on cotton plants inoculated
with Vd-wt and AVdOGDH-C strains. In spite of the wilt
symptoms on plants inoculated with AVdOGDH strains,
plants developed only mild leaf chlorosis; no plants became
necrotic (Fig. 6a). As expected, cotton plants inoculated
with Vd-wt and AVdAOGDH-C strains had browned stems,
whereas only a few vascular bundles had browned slightly
in plants infected with AVdOGDAH strains (Fig. 6b). Further-
more, fewer fungal colonies grew from excised stem sec-
tions of seedlings inoculated with the AVdOGDH strains
than with Vd-wt or AVdOGDH-C strains (Fig. 6¢).

The disease index for plants infected by Vd-wt and
AVdOGDH-C strains was significantly higher than for those
inoculated with AVdOGDH strains (Fig. 6d). When the fun-
gal biomass in roots and leaves was evaluated by qRT-PCR
to assess the role of VdOGDH in systemic infection, the
biomass of the AVdOGDH strains was always significantly
lower than that of Vd-wt and AVdOGDH-C strains, whereas
the biomass of Vd-wt and AVdOGDH-C strains did not dif-
fer significantly (Fig. 6e, f). Thus, the VdOGDH deletion
attenuated fungal virulence in cotton plants.

@ Springer



354

Current Genetics (2020) 66:345-359

Discussion

Carbon catabolism provides energy for fungi during plant
infection (Solomon et al. 2003) and is required for fungal
development and closely related to pathogenicity. The F-box
protein Frp1 is essential for sexual reproduction and carbon
source utilization in Fusarium graminearum and Botrytis
cinerea, and FgFRP1 regulates the infection of barley roots
by F. graminearum, but not infection of aerial plant parts
(Jonkers et al. 2011). Aspergillus fungi can convert and uti-
lize different sugar monomers in the plant as carbon sources
for a variety of catabolic pathways that all are connected
to glycolysis (Khosravi et al. 2015). In Pyricularia oryzae,
glycerol-3-phosphate dehydrogenases, PoGpd1 and PoGpd2,
important cellular redox enzymes, played essential physi-
ological roles in hyphal differentiation, utilization of carbon
sources, and virulence (Shi et al. 2018). OGDC is located
in the mitochondrial matrix and catalyzes the decarboxyla-
tion of a-ketoglutarate to produce succinyl CoA with the
reduction of NAD" to generate NADH, which is critical for
energy metabolism (Bunik and Fernie 2009). In Saccharo-
myces cerevisiae, KGDI and KGD2 encode the OGDH and
DLST components, independently, of the OGDH. Mutants
with a KGDI or KGD2 gene deletion can grow on minimal
medium containing glucose, but not grow on a medium with
glycerin as the sole carbon (Repetto and Tzagoloff 1989;
Repetto and Tzagoloff 1990). In our study, due to a dele-
tion in VdOGDH, vegetative growth and conidial production
were significantly impaired in AVdOGDH mutants compared
with Vd-wt and complementary strains. When all strains
were cultured on PDA plates, there was no obvious differ-
ence of growth rates among the strains. However, when all
strains were cultured on Czapek Dox agar containing differ-
ent carbon sources, colony diameters of AVdOGDH mutants
were obviously smaller, and conidia and hyphae were abnor-
mal, with rounded or spherical shape spores and irregularly
branched mycelia. The phenotypic characteristics, thus,
suggest that VdOGDH is involved in carbon utilization and
vegetative growth of V. dahliae.

The two-carbon compounds, acetic acid and ethanol,
can be utilized as the main carbon sources and assimilated
into the TCA cycle through the glyoxylate bypass (Voet
et al. 2016). Generally, induction of the glyoxylate cycle
indicates that lipid metabolism, including p-oxidation and
acetyl CoA production is the major process for energy pro-
duction in the fungal cell (Wang et al. 2003) and early stage
of conidial germination and infection by plant pathogenic
fungi (Divon and Fluhr 2007). Two L-lactate dehydroge-
nase in Fusarium graminearum (FgLDHLI and FgLDHL?2)
are involved in the utilization of carbon sources and energy
production during spore germination (Chen et al. 2018b).
Lipid stores are mobilized through lipolysis and p-oxidation

@ Springer

to form acetyl-CoA, which is further assimilated into the
TCA cycle via the glyoxylate cycle in the plant pathogen
Tapesia yallundae during infection (Bowyer et al. 2000).
During appressorium and invasive hyphae formation in
the rice blast fungus M. grisea, expression of the isocitrate
lyase gene ICLI is high (Wang et al. 2003). In our research,
decarboxylation of a-ketoglutarate in the TCA cycle may be
disturbed because of the deletion of VdOGDH. Consider-
ing the significant role of isocitrate lyase in the glyoxylate
cycle, the upregulated transcript level of VAICL in the dele-
tion mutants indicates that the glyoxylate cycle may be more
active in AVdOGDH mutants. In addition, other enzyme-
encoding genes involved in the glyoxylate cycle (VdICDH
and VdMDH) and in the TCA cycle (VdPDH) were unregu-
lated in AVdAOGDH strains, indicating that the glyoxylate
cycle may partially complement the disruption of the TCA
cycle in AVdOGDH mutants.

Lipid droplets are transferred from the conidium to the
incipient appressorium, where triacylglycerol lipase is pre-
sent and critical for appressorium maturation in M. grisea
(Thines et al. 2000). In addition to providing energy for
spore germination and infection structure formation (Wang
et al. 2003), lipid metabolism can also provide energy for
secondary metabolic processes, such as melanin production
(Solomon et al. 2004; Wang et al. 2003). In V. dahliae, the
presence of dense black melanin deposits was regarded as
one main characteristics of microsclerotia formation (Butler
and Day 1998). Melanized microsclerotia, which can survive
in the soil for more than 10 years without a host, serve as
survival structures for V. dahliae (Klosterman et al. 2009).
The molecular mechanism of melanin biogenesis and struc-
tural formation of microsclerotia, however, are still unclear
(Duressa et al. 2013; Hawke and Lazarovits 1994; Hu et al.
2014). When cultured on BMM plates, AVdOGDH strains
generated many more microsclerotia than that of Vd-wt and
AVdOGDH-C strains. Melanin was produced by AVdOGDH
strains cultured on the medium containing pectin but not
by Vd-wt and complementary strains, and expression lev-
els of genes related to melanin production (Vaygl, VdSCD,
VALAC, VT4HR, and VafiM) corresponded to the differences
in melanin in the strains. We speculate that the increased
expression of VAICL may cause the enhancement of isoci-
trate lyase. Metabolic activity in branches of the glyoxylate
cycle may also be increased, so that secondary metabolic
processes, including melanin synthesis, also increase. But
this possibility and the mechanism underlying the increased
production of melanin in AVdOGDH mutants need further
research.

Reactive oxygen species are ubiquitous molecules of redox
pathways that play an essential role in plant defense mecha-
nism (Kotchoni and Gachomo 2006). Host invasion by patho-
gens will cause excessive ROS accumulation. This oxidative
burst will occur at the invasion sites, causing local cell death
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Fig.4 Mean (+SD) relative expression of genes related to energy
metabolism in Vd-wt, AVAOGDH, and AVdOGDH-C strains
from 5-day-old cultures in CM broth. The expression levels
were detected by qRT-PCR with specific primers, respectively. a

to limit pathogen invasion (Yun et al. 2011). The adaptabil-
ity of plant pathogenic fungi to ROS is, thus, a determinant
for normal growth and pathogenicity (Klosterman et al.
2011). In Phytophthora sojae, the importin o subunit gene
PsIMPA I mediates the oxidative stress response, and deletion
of PsIMPAI causes a decrease in fungal adaptability to ROS
and ROS detoxification, and subsequently decreased virulence
(Yang et al. 2015). During infection, cotton plants also gener-
ate a high level of ROS when resisting infection by V. dahliae
(Luo et al. 2014; Xie et al. 2013; Zhang et al. 2012). In the
present oxidative stress assay, the zone of H,0, inhibition for
the AVdOGDH-1 and AVAOGDH-2 strains was larger than for
the Vd-wt and complementary strains, indicating that deletion
of VdAOGDH caused the increased sensitivity to the oxidative
stress. ROS act as an important intracellular messenger for
many bioreactions, but high concentration is likely to stress
cells (Cadenas and Davies 2000). The deletion of VAdOGDH
led to the increased expression of genes involved in the oxi-
dative response and higher intracellular oxidative stress in

VdICL (VDAG_06356), b VdICDH (VDAG_06356), ¢ VdMDH
(VDAG_06356), and d VdPDH (VDAG_06356). The experiment was
done three times. Different letters above the bars indicate a significant
difference among strains (P <0.05)

AVAOGDH strains. High sensitivity to ROS would, thus, be
a limiting factor for AVdOGDH strains, which caused milder
symptoms and led to a lower disease index than the Vd-wt and
AVdOGDH-C strains did. The lower biomass of the mutant
strains in cotton plants also suggests that they may be impaired
in their ability to infect and colonize plants. The reduced bio-
mass and virulence of the AVdOGDH mutants, thus, demon-
strate that VdAOGDH is required for virulence of V. dahliae.
To date, some of the vegetative growth and/or pathogenic-
ity-related genes of V. dahliae have been identified. Vegetative
growth-related genes of V. dahliae mainly regulate sporulation,
microsclerotial formation, and hyphal growth (Luo et al. 2014),
and include a class II hydrophobin gene (VDH1) (Klimes et al.
2008; Klimes and Dobinson 2006), glutamic acid-rich protein 1
gene (Vdgrpl) (Gao et al. 2010), NPP1 domain-containing pro-
tein (VANLP) (Santhanam et al. 2013; Zhou et al. 2012), small
GTPase gene VdRacl and its interaction partner (VdCal4) (Tian
et al. 2015), transcription factor (Vdpf) (Luo et al. 2016). Genes
directly or indirectly related to pathogenicity are linked with
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Fig.5 Microsclerotia production and relative expression of
genes related to melanin and microsclerotia production in Vd-wt,
AVdOGDH, and AVAOGDH-C strains. a Colony morphology after
30 days on BMM plates. AVdOGDH strains produced many more
microsclerotia, and colonies thus looked darker, b—g Mean (£ SD)
relative gene expression in mycelia after growth in CM for 5 days
as determined by qRT-PCR with gene-specific primers. b Versi-
colorin reductase (VDAG_00183, VafiM), ¢ pigment biosynthe-

penetrating host plant, adapting to the intracellular environment
of the host and enabling pathogenicity in hosts (Luo et al. 2014)
and include genes such as transcription activator V¢a2 (Tran
et al. 2014), a catalytic subunit of membrane-bound NADPH
oxidases gene (VdNoxB) and a tetraspanin gene (VdPIs1) (Zhao
et al. 2016), a putative nucleotide-rhamnose synthase/epime-
rase-reductase gene (VANRS/ER) (Santhanam et al. 2017), a
specific secreted protein gene (VdSCP7) (Zhang et al. 2017)
and defoliating phenotype-related gene (VdDf7) (Zhang et al.
2019). Genes contributing to vegetative growth are not com-
pletely correlated with virulence; however, genes involved in
virulence are more or less correlated with vegetative growth in
V. dahliae (Luo et al. 2014).
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actin (VDAG_00941). The experiment was done three times. Dif-
ferent letters above the bars indicate a significant difference among
strains (P <0.05)

VdOGDH may be classified as a gene related to vegeta-
tive growth and indirectly related to virulence in V. dahliae.
We showed here that it functions in energy metabolism and
contributes to multiple virulence-related traits in V. dahliae.
In the AVdOGDH mutants, vegetative growth was signifi-
cantly reduced on different carbon sources, and conidial and
hyphal morphology were abnormal, which combined with
increased sensitivity to oxidative stress may limit infection
and colonization by AVdOGDH mutants. Furthermore, the
reduction in disease severity and fungal biomass in infected
cotton plants also suggests that VdOGDH contributes to full
virulence of V. dahliae.
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Fig.6 Pathogenicity tests and fungal biomass in Coker 312 cotton
seedlings with 2-3 true leaves. At 30 days post-inoculation with a
conidial suspension (10 mL, 107 conidia/mL) of Vd-wt, AVAOGDH
or AVdOGDH-C strains. a Disease phenotypes, b vascular discolora-
tion of stems tissues of cotton seedlings. ¢ Fungal colonies growing

In summary, VdOGDH, which is involved in energy
metabolism, regulates carbon utilization, vegetative growth,
melanin production, and oxidative stress and is essential for
the full virulence of V. dahliae.
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