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ABSTRACT The ascomycete fungus Verticillium dahliae infects over 400 plant species
and causes serious losses of economically important crops, such as cotton and tomato,
and also of woody plants, such as smoke tree, maple, and olive. Melanized long-term sur-
vival structures known as microsclerotia play crucial roles in the disease cycle of V. dah-
liae, enabling this soilborne fungus to survive for years in the soil in the absence of a
host. Previously, we identified VdMRTF1 (microsclerotia-related transcription factor)
encoding a bZip transcription factor which is downregulated during microsclerotial devel-
opment in V. dahliae. In the present study, we showed that VdMRTF1 negatively controls
melanin production and virulence by genetic, biological, and transcriptomic analyses. The
mutant strain lacking VdMRTF1 (DVdMRTF1) exhibited increased melanin biosynthesis and
the defect also promoted microsclerotial development and sensitivity to Ca21. In compar-
ison with the wild-type strain, the DVdMRTF1 strain showed a significant enhancement in
virulence and displayed an increased capacity to eliminate reactive oxygen species in
planta. Furthermore, analyses of transcriptomic profiles between the DVdMRTF1 and wild-
type strains indicated that VdMRTF1 regulates the differential expression of genes associ-
ated with melanin biosynthesis, tyrosine metabolism, hydrogen peroxide catabolic proc-
esses, and oxidoreductase activity in V. dahliae. Taken together, these data show that
VdMRTF1 is a negative transcriptional regulator of melanin biosynthesis, microsclerotia
formation, and virulence in V. dahliae.

IMPORTANCE Verticillium wilt is difficult to manage because the pathogen colonizes
the plant xylem tissue and produces melanized microsclerotia which survive for
more than 10 years in soil without a host. The molecular mechanisms underlying
microsclerotia formation are of great importance to control the disease. Here, we
provide evidence that a bZip transcription factor, VdMRTF1, plays important roles in
melanin biosynthesis, microsclerotial development, resistance to elevated Ca21 levels,
and fungal virulence of V. dahliae. The findings extend and deepen our understand-
ing of the complexities of melanin biosynthesis, microsclerotia formation, and viru-
lence that are regulated by bZip transcription factors in V. dahliae.
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V erticillium dahliae is a plant fungal pathogen that causes Verticillium wilt disease
on more than 400 plant species, including crops, ornamentals, and forests (1, 2).

Among ornamental forest trees, V. dahliae results in high mortality of smoke trees
(Cotinus coggygria Scop.) in China (3). Verticillium dahliae produces two types of asex-
ual propagules, conidia and long-term survival structures known as microsclerotia. An
abundance of microsclerotia in soil, and their survival in adverse environmental condi-
tions, makes Verticillium wilt difficult to control (1, 2). The microsclerotia germinate to
produce hyphae that invade roots, proliferate, and enter the plant xylem (4).The
infested plants exhibit wilt symptoms due to blockage of the water conducting xylem

Editor Benjamin E. Wolfe, Tufts University

Copyright © 2022 Lai et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Yonglin Wang,
ylwang@bjfu.edu.cn, or Steven J. Klosterman,
steve.klosterman@usda.gov.

The authors declare no conflict of interest.

Received 10 December 2021
Accepted 19 March 2022
Published 11 April 2022

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02581-21 1

RESEARCH ARTICLE

https://orcid.org/0000-0003-0993-8102
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.02581-21
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.02581-21&domain=pdf&date_stamp=2022-4-11


tissue, and may cause death of a host plant (5). Interestingly, melanin deposition is
always linked with microsclerotial development and mature microsclerotia are highly
melanized. Melanin is crucial for the survival of microsclerotia in response to UV irradia-
tion and temperature fluctuations (6). Thus, elucidation of molecular bases underlying
melanized microsclerotia is of great significance to shape phenotypic traits and poten-
tially novel control strategies.

Molecular mechanisms governing microsclerotia formation and pigment production in V.
dahliae have been extensively studied (1, 7, 8). Firstly, transcriptomic profiles revealed
induced expression of numerous genes, especially pigment biosynthesis genes during
microsclerotia formation (9, 10). Secondly, dozens of molecular genetics analyses have pin-
pointed genes involved in microsclerotia formation, many of which either regulate transcrip-
tion or signal transduction (7). For instance, VMK1 encoding a mitogen-activated protein
(MAP) kinase is important for multiple cellular process such as conidiation and microsclerotia
formation in V. dahliae (11). Apart from VdHog1, VdPbs2, VdSho1, and VdSte11 (12–15),
many transcription factors, such as Vdste12 (16), VdMsn2 (17), VdCrm1 (6), and VdYap1 (18),
have been identified to play important roles in microsclerotia formation.

The process of melanin biosynthesis involves oxidative polymerization of phenolic and
indole compounds and, in some fungi, is associated with virulence and/or survival under
extreme environmental conditions (19–21). There are several types of melanin, including
1,8-dihydroxynaphthalene melanin (DHN-melanin), hydroxyphenylalanine melanin (DOPA-
melanin), and pyomelanin (19, 22). The major type of melanin produced among fungi,
such as Botrytis cinerea and V. dahliae, is DHN-melanin, which is synthesized from acetyl
coenzyme A via the polyketide pathway (19, 23, 24). Some fungi, such as Aspergillus nidu-
lans, Penicillium marneffei, and Cryptococcus neoformans can produce DOPA-melanin
(25–27). Another type of melanin, named pyomelanin, is water-soluble, and it may be pro-
duced via the tyrosine degradation pathway(28, 29). Fungi such as and Aspergillus fumiga-
tus can produce pyomelanin. (28, 29). Melanin acts as a virulence factor in some fungi such
as Magnaporthe grisea, Sporothrix schenckii and C. neoformans (19, 30, 31). In V. dahliae
strain V592, deletion of the polyketide synthase VdPKS1, which is required for melanin bio-
synthesis, resulted in reduced virulence (32). However, deletion of either VdPKS1 and
VdCmr1, which are required for melanin production in strain VdLs.17 had no effect on
pathogenesis in tobacco or lettuce (6). Therefore, the linkage between DHN-melanin pro-
duction in V. dahliae and virulence requires further research.

In one of our previous studies, a bZip transcription factor (VDAG_09790, VdMRTF1)
was downregulated in microsclerotia-producing, pigmented colonies of V. dahliae (33).
This current study aimed to reveal the functions of VdMRTF1 in V. dahliae. Deletion of
VdMRTF1 led to induced expression of melanin biosynthesis genes and resulted in an
increase in virulence. Furthermore, RNA-seq analyses indicated that VdMRTF1 is
involved in the regulation of tyrosine metabolism and in eliminating reactive oxygen
species. These results demonstrated that the bZip transcription factor VdMRTF1 is a
negative transcriptional regulator for melanin biosynthesis, microsclerotia formation,
and pathogenicity in V. dahliae.

RESULTS
Loss of VdMRTF1 increases melanin biosynthesis. Results from our previous tran-

scriptomic data indicated that VDAG_09790, encoding a bZip transcription factor, was
downregulated during microsclerotia production (33). Here, VDAG_09790 was desig-
nated as microsclerotia-related transcription factor, VdMRTF1. Amino acid alignments
and phylogenetic analyses revealed a high degree of sequence similarity of VdMRTF1
compared with its homologs in other fungi (Fig. S1), demonstrating that MRTF1 is rela-
tively conserved among these fungal species. To functionally investigate the roles of
VdMRTF1, deletion mutants (DVdMRTF1) and complemented strain (DVdMRTF1-C) were
obtained. Gene replacement by homologous recombination in the DVdMRTF1 strain
and complementation in the DVdMRTF1-C strain were verified by multiple PCR analyses
and DNA blots (Fig. S2).
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Phenotypic observations of the wild-type VdLs.17, DVdMRTF1, and DVdMRTF1-C strains
grown on potato dextrose agar medium (PDA) for 10 days indicated that the DVdMRTF1
strain accumulated increased amounts of melanin in the center of the colonies, while the
wild-type strain and the DVdMRTF1-C strain accumulated less melanin than the DVdMRTF1
strain (Fig. 1A). To further examine the specific role of VdMRTF1 in melanin synthesis, the
conidial suspensions of the wild-type, DVdMRTF1 mutant, and complemented strain were
added into liquid basal medium (BM) medium, a medium conducive to microsclerotia for-
mation and pigment production in V. dahliae (10). The DVdMRTF1 strain formed melanized
microsclerotia while the wild-type and the DVdMRTF1-C strain did not form melanized
microsclerotia on BM (Fig. 1B). Additionally, the conidial suspensions of all strains were uni-
formly sprayed on a cellulose membrane overlaid onto BM plates to observe melanin syn-
thesis. The result implied that melanin appeared in the DVdMRTF1 strain at 4 days postino-
culation (dpi), but the wild-type and the DVdMRTF1-C strain rarely formed melanin (Fig. 1C
and D). These observations were continued for up to 14 dpi; both the wild-type and the
DVdMRTF1 strains formed more and more melanin during this extended period (Fig. 1C).
However, the melanized fraction of the DVdMRTF1 strain (48% at 14 dpi) was larger than
the wild-type strain (31% at 14 dpi) on BM plates, the DVdMRTF1-C strain showed similar
(35% at 14 dpi) to the wild-type strain (Fig. 1C and E). In summary, these results suggest
that VdMRTF1 is important but not required for melanin synthesis in V. dahliae.

VdMRTF1 is involved in microsclerotia formation. To further explore the function
of VdMRTF1 in the regulation of microsclerotia formation, we examined the samples in

FIG 1 VdMRTF1 negatively regulates melanin biosynthesis in Verticillium dahliae. (A) Colonies of the wild-type strain (VdLs.17), the DVdMRTF1 strain, and
the complemented strain (DVdMRTF1/VdMRTF1) were grown on PDA for 10 days at 25°C. Bar, 1 cm. (B) Conidial suspensions (106/mL) of the indicated
strains of V. dahliae were shaken for 10 days at 25°C in liquid BM. (C) Conidia (106/mL) of each strain were sprayed on the cellulose membrane overlaid
onto BM plates and cultured at 25°C. Photographs were taken after 4, 7, and 14 days. Bar, 3 cm. (D) and (E) Melanized fractions of the colonies were
determined using ImageJ at 4 and 14 dpi. Error bars represent the standard deviations based on three independent replicates. Asterisks indicate significant
differences (***P , 0.001, *P , 0.5).
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Fig. 1C by light microscopy and scanning electron microscopy (SEM). Microscopic
observations showed that numerous melanized microsclerotia appeared in clusters in
the DVdMRTF1 strain at 4 dpi, while melanized microsclerotia were almost invisible in
the wild-type strain and the complemented strain (Fig. 2A). These observations were
carried out up to 7 days; microscopic examination showed that the DVdMRTF1 strain
produced much more melanized microsclerotia than the wild-type and the DVdMRTF1-
C strains (Fig. 2B). Further quantification by ImageJ demonstrated that the DVdMRTF1
strain produced 5 times as much melanized microsclerotia as the wild-type strain and
the DVdMRTF1-C strain (Fig. 2D). According to our previous research, deletion of some
transcription factors can influence the stability of the microsclerotia, and there are two
types of cells in microsclerotia: one type was rounded and plump, and the other was
widened (11). To investigate whether the VdMRTF1 plays a role in morphological de-
velopment of microsclerotia, we observed the morphology of 14-day-old microsclero-
tia on cellulose membranes by SEM. Both the plump and widened types of microscler-
otia were observed in the wild-type, the DVdMRTF1, and the DVdMRTF1-C strains
(Fig. 2C). In addition, we tested the germination rate of the microsclerotia of all strains,
revealing that the germination rate of microsclerotia in the DVdMRTF1 strain is 18.8%,

FIG 2 Microsclerotia formation, germination, and morphology of wild-type, DVdMRTF1, and DVdMRTF1-complemented strains of Verticillium dahliae. (A)
Microsclerotium formation of the wild-type, DVdMRTF1, and complemented (DVdMRTF1-C) strains were captured by biological microscope (above) and
scanning electron microscopy(below) on BM at 25°C for 4 days. White arrow points to a microsclerotium. Bar = 100 mm. (B) Microsclerotium formation of
the wild-type, DVdMRTF1, and DVdMRTF1-C strains were captured by biological microscope (above) and scanning electron microscopy(below) on BM at
25°C for 7 days. White arrow points to a microsclerotium. Bar = 100 mm. (C) The morphology of 14-day-old microsclerotia incubation on BM by scanning
electron microscopy. White arrow points to plump microsclerotia, and the orange arrow points to widened microsclerotia. (D) The bar chart showed the
mean number of microsclerotium (MS) of all strains on BM at 25°C for 7 days. Error bars represent the standard deviations of three replicates. Asterisks
indicate significant differences (**P , 0.01). (E) The bar chart showed the germination rate of microsclerotium (MS) of the wild-type, DVdMRTF1, and
DVdMRTF1-C strains in different temperature. Error bars represent the standard deviations based on three independent replicates. Asterisks indicate
significant differences (*P , 0.05).
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which was lower than that in the wild-type strain (27.9%) and the DVdMRTF1-C strain
(27.9%) at 25°C. In contrast, there was no significance difference between all strains
when microsclerotium were exposed in –40°C for 2 days (Fig. 2E). These results demon-
strated that VdMRTF1 regulates the formation and germination rate of microsclerotia,
but not their morphological development.

VdMRTF1 is involved in resistance to elevated Ca2+ in V. dahliae. To determine
whether VdMRTF1 plays a role in tolerance to elevated Ca21 levels, we cultured the
wild-type VdLs.17, DVdMRTF1, and DVdMRTF1-C strains on PDA containing 0.4M and
0.6M Ca21. The colonies of the DVdMRTF1 strain were notably reduced in size com-
pared with the wild-type VdLs.17 strain on PDA containing 0.4M and 0.6M Ca21

(Fig. 3A). The inhibition rate of the DVdMRTF1 strain cultured in PDA containing 0.4M
Ca21 (48.8% for the DVdMRTF1 strain; 34.0% for the wild-type strain) or 0.6M Ca21

(62.9% for the DVdMRTF1 strain; 52.2% for the wild-type strain) was significantly higher
than that of the wild-type strain. The phenotype of the DVdMRTF1-C strain was similar
to the wild-type VdLs.17 strain (Fig. 3B). These results indicated that VdMRTF1 plays a
role in resistance to Ca21 in V. dahliae.

VdMRTF1 negatively regulates virulence of V. dahliae. To determine whether
VdMRTF1 contributes to virulence, we carried out virulence assays using tobacco.
Tobacco seedlings were inoculated with spore suspensions from the wild-type
VdLs.17, DVdMRTF1, and DVdMRTF1-C strains. At 15 dpi, the tobacco seedlings inocu-
lated with the DVdMRTF1 spores displayed more serious disease symptoms than either
the wild-type or DVdMRTF1-C strains. The symptom level of the diseased tobacco seed-
lings inoculated with the DVdMRTF1 strain reached severity level 4, whereas the symp-
tom level of the most seriously diseased tobacco seedlings inoculated with the wild-
type and DVdMRTF1-C spores was 3 (Fig. 4A and C). At 35 dpi, tobacco seedlings
infected with the wild-type, the DVdMRTF1 and the DVdMRTF1-C strains showed
obvious wilt symptoms, and almost all tobacco seedlings displayed a symptom level of
4 (Fig. 4B and C). The disease index of tobacco seedlings inoculated with the
DVdMRTF1 strain was higher than that observed following inoculation with the wild-
type strain from 15 dpi (53.0% for the DVdMRTF1 strain; 40.0% for the wild-type strain)
to 20 dpi (67.5% for the DVdMRTF1 strain; 47.2% for the wild-type strain). The disease
index following inoculation of the DVdMRTF1-C strain was similar to the wild-type
strain (Fig. 4D). Together, these data demonstrated that VdMRTF1 negatively regulates
virulence of V. dahliae.

FIG 3 VdMRTF1 is required for resistance to Ca21 in Verticillium dahliae. (A) The wild-type, DVdMRTF1, and DVdMRTF1-
C strains were cultured in PDA, PDA with 0.4M CaCl2, and 0.6M CaCl2 at 25°C for 10 days. Photographs were taken at
10 dpi. Bar, 2 cm. (B) The bar chart showed the inhibition rate of the wild-type, DVdMRTF1, and DVdMRTF1-C strains
under different concentrations of CaCl2. Error bars represent the standard deviations based on three independent
replicates. Asterisks indicate significant differences (*P , 0.05).
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VdMRTF1 is involved in the elimination of endogenous and exogenous reactive
oxygen species. Due to a fundamental role of reactive oxygen species (ROS) in plant-
fungal interactions (18), we assessed whether deletion of VdMRTF1 influenced the abil-
ity of V. dahliae to scavenge hydrogen peroxide (H2O2) and O2- produced by plants.
Both of nitroblue tetrazolium (NBT) and 3,39-diaminobenzidine (DAB) staining were
used to analyze the accumulation of O2- and H2O2, respectively. To investigate whether
VdMRTF1 has the ability to eliminate endogenous ROS, the hyphae of all strains were
immersed in DAB staining to analyze the accumulation of peroxidase. The hyphae of
the DVdMRTF1 strain showed deeper reddish-brown spots than that observed for the
wild-type strain and the DVdMRTF1-C strain showed a similar level of staining as the
wild type (Fig. 5A). Additionally, roots of tobacco seedlings challenged with V. dahliae
strains were collected at 7 dpi, and tobacco seedlings roots inoculated with the
DVdMRTF1 stain showed light blue spots following NBT staining and deep reddish-
brown spots following DAB staining. In contrast, roots of tobacco seedlings inoculated
with the wild-type strain showed deep blue spots following NBT staining and light red-
dish-brown spots by DAB staining. Roots of tobacco seedlings inoculated with the
complementation strain showed NBT and DAB staining patterns similar to the wild

FIG 4 Deletion of VdMRTF1 in Verticillium dahliae increases its virulence on tobacco seedlings. (A) 1-month-old tobacco seedlings (Nicotiana benthamiana)
were inoculated and incubated for 10 min with a 106-conidium/mL suspension of the wild-type VdLs.17, DVdMRTF1, and DVdMRTF1-C strains. Controls (CK)
were mock-inoculated with distilled water. Disease symptoms of tobacco seedlings were photographed at 15 dpi. (B) Disease symptoms of tobacco
seedlings were photographed at 35 dpi. (C) Disease symptoms of tobacco seedlings were scored visually on a scale from 0 to 4 at 15 dpi and 35 dpi (0
represents no symptoms, 1 represents one third of leaves with chlorosis or wilting, 2 represents one half leaves with chlorosis or wilting, 3 represents two
thirds of leaves with chlorosis or wilting, and 4 represents more than 85% leaves with chlorosis or wilting). The results were based on three independent
replicates. Asterisks indicate significant differences (**P , 0.01). (D) Line chart showing the disease index of tobacco seedlings inoculated with wild-type
VdLs.17, DVdMRTF1, and DVdMRTF1-C strains. The results were based on three independent replicates. Error bars represent the standard deviations based
on three independent replicates. Asterisks indicate significant differences (**P , 0.01).
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type (Fig. 5B). These results suggested that VdMRTF1 is involved in eliminating exoge-
nous ROS produced by host plants and endogenous ROS produced by V. dahliae.

RNA-seq analyses of theDVdMRTF1 strain of V. dahliae. To investigate how VdMRTF1
regulates melanin biosynthesis, we performed comparative RNA-seq with the DVdMRTF1
and wild-type strains and examined the differentially expressed genes (DEGs) in each.
Because previous results showed that the DVdMRTF1 strain formed melanized microsclero-
tia while the wild-type and the VdMRTF1 complemented strain did not form melanized
microsclerotia in liquid BM medium, we gathered microsclerotia cultured in liquid BM
mediums after 10 days for the RNA-seq experiments. RNA-seq analysis revealed 317 DEGs
between the wild-type and the DVdMRTF1 strains in total, including 178 upregulated and
139 downregulated genes with fold change $1.5 (Fig. S3A). Among the top 10 upregu-
lated DEGs, six DEGs encoded products with putative enzyme activity, one DEG was
predicted to have manganese ion transmembrane transporter activity, and the rest of
DEGs were uncharacterized proteins. Among the top 10 downregulated DEGs, only one
DEG encoded a product with predicted enzyme activity, one DEG in chitin binding,
one DEG with predicted catalytic activity, and the rest of DEGs were uncharacterized pro-
teins (Table S2).

To further probe the function of VdMRTF1 in V. dahliae, we examined the gene ontol-
ogy (GO) results in more detail in relation to the RNA-seq data. The GO analyses of the
DEGs revealed that the top three GO terms of upregulated and downregulated DEGs are
the same, including catalytic activity, metabolic process and binding (Fig. S4A, B). The top
20 GO enriched terms under biological process, molecular function, and cellular compo-
nent are shown by bubble charts. The bubble chart of biological process illustrated that
the DEGs were enriched in hydrogen peroxide catabolic process (GO:0042744), transsulfu-
ration (GO:0019346), xylan catabolic process (GO:0045493), response to oxidative stress
(GO:0006979), maturation of LSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S
rRNA, LSU-rRNA) (GO:0000463), iron-sulfur cluster assembly (GO:0016226), and cellular

FIG 5 VdMRTF1 is involved in eliminating endogenous and exogenous reactive oxygen species in
Verticillium dahliae. (A) The hyphae of all stains were stained with diaminobenzidine 3,39-diaminobenzidine
(DAB) overnight and observed by light microscopy (DM2500, Leica). Bar = 20 mm. (B) Tobacco seedling
roots infected with the wild-type, DVdMRTF1, and DVdMRTF1-C strains at 7 dpi. Controls (CK) were mock-
inoculated with distilled water. The nitroblue tetrazolium (NBT) and DAB stains were used to visualized O2.-
and H2O2, respectively.

Deletion of VdMRT1 Enhances Virulence and Melanin Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02581-21 7

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02581-21


response to oxygen-containing compound (GO:1901701) (Fig. 6A). The bubble chart for
molecular function showed that the DEGs were enriched in heme binding (GO:0020037), oxi-
doreductase activity (GO:0016491), catalase activity (GO:0004096), iron ion binding
(GO:0005506), and oxidoreductase activity, acting on paired donors, with incorporation or
reduction of molecular oxygen (GO:0016705) (Fig. 6B). The bubble chart of cellular component
revealed that the DEGs were enriched in extracellular region (GO:0005576) and integral com-
ponent of membrane (GO:0016021) (Fig. 6C). The results above suggested that VdMRTF1 plays
a role in the regulation of some of the genes involved in eliminating ROS, consistent with find-
ings above. Therefore, we specifically examined the expression of genes involved in hydrogen
peroxide and oxidoreductase activity. A heatmap of DEGs involved in hydrogen peroxide cata-
bolic process (GO:0042744) and oxidoreductase activity (GO:0016491) was prepared based on
fragments per kilobase of exon model per million mapped fragments (FPKM). RNA-seq data
revealed that the expression of all DEGs enriched in hydrogen peroxide catabolic process
(VDAG_02834, VDAG_03661, and VDAG_09115) were upregulated in the DVdMRTF1 strain.
The expression of most of DEGs (VDAG_00117, VDAG_00767, VDAG_02942, VDAG_03485,
VDAG_03495, VDAG_03909, VDAG_04020, VDAG_04798, VDAG_06349, VDAG_06717,
VDAG_06722, VDAG_07197, and VDAG_08961) enriched in oxidoreductase activity were up-
regulated, the expression of the rest of DEGs (VDAG_01286, VDAG_03335, VDAG_03969,
VDAG_07187, VDAG_07587, VDAG_08214, VDAG_10051, VDAG_10407, and VDAG_10485)

FIG 6 The gene ontology (GO) enrichment analysis of DEGs in wild-type and DVdMRTF1 strains of Verticillium dahliae. (A) Bubble chart showing DEGs
enriched in biological process of GO terms. The size of the bubbles represents the gene number of DEGs of each GO term. The x axis indicates the gene
ratio, and the y axis indicates the GO terms. (B) Bubble chart showing DEGs enriched in molecular function of GO terms. The size of the bubbles represents
the gene number of DEGs of each GO term. The x axis indicates the gene ratio, and the y axis indicates the GO terms. (C) Bubble chart showing DEGs
enriched in cellular component of GO terms. The size of the bubbles represents the gene number of DEGs of each GO term. The x axis indicates the gene
ratio, and the y axis indicates the GO terms. (D) Heatmap of DEGs in hydrogen peroxide catabolic process and oxidoreductase activity. The date was based
on the average FPKM value of three biological repetitions, and TBtools was used to normalize data and generate heat maps. The orange color indicates
relatively higher FPKM value, while the light blue color indicates relatively lower FPKM value.
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were downregulated (Fig. 6D). These results indicated that VdMRTF1 disrupted the expression
of genes involved in oxidoreductase activity and hydrogen peroxide catabolic process to elimi-
nate ROS.

VdMRTF1 regulates expression of genes involved in melanin biosynthesis. Previous
research has revealed involvement of a number of genes in DHN-melanin synthesis in
V. dahliae (6, 34). Because deletion of VdMRTF1 in V. dahliae results in increased mela-
nin biosynthesis, we generated a heatmap of genes involved in melanin biosynthesis
by FPKM. Transcripts of VDAG_00188 (hypothetical protein), VDAG_00189 (laccase,
VdLac1), VDAG_00191 (hypothetical protein), VDAG_00192 (putative transcription factor),
VDAG_03393 (scytalone dehydratase), and VDAG_00365 (THN reductases) were upregu-
lated while the expression of VDAG_00183 (THN-reductase), VDAG_00184 (polyketide syn-
thase, PKS), VDAG_00185 (hypothetical protein), VDAG_00186 (pyridoxal-dependent decar-
boxylase), VDAG_00187 (DUF92 domain containing protein), VDAG_00190 (polyketide
synthase, PKS), VDAG_00193 (hypothetical protein), VDAG_00194 (Pig1 transcription fac-
tor), and VDAG_00195 (Cmr1 transcription factor) were downregulated (Fig. 7A). To exam-
ine further whether VdMRTF1 has the ability to influence DHN-melanin production, tricy-
clazole (an inhibitor of DHN-melanin biosynthesis) was applied. The results showed that
the DVdMRTF1 strain formed less melanin when 5mg/mL tricyclazole or 15mg/mL tricycla-
zole was blended with complete medium (CM) while there was no difference of that
in the wild-type and the complemented strains (Fig. 7B). Taken together, these results
indicated that VdMRTF1 regulated expression of genes involved in melanin biosynthesis.

VdMRTF1 regulates tyrosine metabolism. To further investigate the function of
VdMRTF1 in V. dahliae, we performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment of all DEGs and classified the top 20 KEGG enrichment terms in a
histogram. The DEGs were mostly distributed in the following KEGG pathways: tyrosine
metabolism (KO00350), biosynthesis of amino acids (KO01230), butanoate metabolism
(KO00650), ATP-binding cassette (ABC) transporters (KO02010), tryptophan metabolism

FIG 7 VdMRTF1 regulates expression of genes involved in melanin biosynthesis in Verticillium dahliae. (A) Heatmap indicating the FPKM value of genes in a
secondary metabolism gene cluster, which are involved in melanin biosynthesis in V. dahliae. The average FPKM value was from three biological
repetitions. TBtools was used to normalize data and generate a heat map. The pink color indicates expression was relatively higher in the DVdMRTF1
compared with the wild-type VdLs.17 strain, while the blue color indicates expression was relatively lower. (B) The wild-type, VdMRTF1 mutant, and
complemented strains were cultured in complete medium (CM), CM with 5 mg/mL, and CM with 15 mg/mL tricyclazole at 25°C for 10 days. Photographs
were taken at 10 dpi. Bar, 2 cm.
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(KO00380), peroxisome (KO04146) and glycine, serine, and threonine (KO00260)
(Fig. S5A). As show in the bubble chart based on enrichment factor, q-value, and gene
number of each KEGG pathway, the most reliable KEGG enrichment pathway is tyro-
sine metabolism (KO00350), for which the q-value of tyrosine metabolism is the lowest
(Fig. S5B). Among eight DEGs involved in this KEGG pathway, five DEGs (VDAG_03345,
VDAG_03922, VDAG_04572, VDAG_03969, and VDAG_04798) were significantly upreg-
ulated, while the remaining DEGs (VDAG_10407, VDAG_07197, and VDAG_10051) were
significantly downregulated (Fig. 8A). To verify whether VdMRTF1 is involved in tyro-
sine metabolism, NTBC (an inhibitor of toxic 4-hydroxyphenylpyruvate, which is on the
second step of tyrosine metabolism) was used to inhibit tyrosine metabolism of V. dah-
liae growing on CM. Colonies of the wild-type strain were notably reduced in size
compared with the DVdMRTF1 strain on CM containing 300 mg/mL and 800 mg/mL
NTBC. The inhibition rate of the DVdMRTF1 strain cultured in CM containing 300 mg/
mL NTBC (5.6% for the DVdMRTF1 strain; 16.5% for the wild-type strain) or 800 mg/mL
NTBC (18.7% for the DVdMRTF1 strain; 28.2% for the wild-type strain) was significantly
lower than that of the wild-type strain. The DVdMRTF1-C strain showed an inhibition
rate comparable to that of the wild-type strain (Fig. 8B and C). These results suggested
that VdMRTF1 plays a role in tyrosine metabolism and functions in detoxification.

DISCUSSION

One of our previous works had indicated that the transcription factor VdMRTF1 may par-
ticipate in microsclerotia formation (35). In this study, we generated a VdMRTF1 mutant
strain and the corresponding complemented mutant strain to test the hypothesis that
VdMRTF1 regulates microsclerotia production. In the conduction of these experiments, we
found that VdMRTF1 negatively regulates microsclerotia formation and melanin biosynthe-
sis, and deletion of VdMRTF1 reduces microsclerotia germination in V. dahliae. The RNA-seq
data indicated that VdMRTF1 disrupts the expression of genes involved in DHN-melanin

FIG 8 VdMRTF1 regulates tyrosine metabolism in Verticillium dahliae. (A) Heatmap of DEGs in tyrosine metabolism enriched in the KEGG pathway analysis.
TBtools was used to normalize data and generate a heat map based on the average FPKM value of three biological repetitions. The pink color indicates
relatively higher FPMK, while the green color indicates relatively lower FPMK. (B) The wild-type, DVdMRTF1, and DVdMRTF1-C strains were cultured in CM,
CM with 300 mg/mL, and CM with 800 mg/mL NTBC 2-(2-nitro4-trifluoromethylbenzoyl)-cyclohexane-1, 3-dione) at 25°C for 10 days. Photographs were
taken at 10 dpi. Bar, 2 cm. (C) Bar chart of the inhibition rate of the above-described plates. Error bars represent the standard deviations based on three
independent replicates. Asterisks indicate significant differences (*P , 0.5).
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biosynthesis, and VdMRTF1 modulated sensitivity to tricyclazole. Additionally, VdMRTF1 is
involved in resistance to stress conditions such as elevated Ca21. We found that the
DVdMRTF1 strain showed increased virulence in host plants relative to the wild-type strain.
Given that ROS plays an important role in plant-fungus interactions (36) and VdMRTF1 has
the ability to eliminate endogenous and exogenous ROS, the observed increased virulence
this may be mediated by indirect action of VdMRTF1 in eliminating ROS. Indeed, the results
from the RNA-seq experiments showed that VdMRTF1 regulates the expression of genes
involved in oxidoreductase activity and the hydrogen peroxide catabolic process. Finally,
RNA-seq analyses suggested that VdMRTF1 may have a role in tyrosine metabolism; the
expression of genes involved in tyrosine metabolism were disrupted by VdMRTF1, and
VdMRTF1 had the ability to detoxicate of 4-hydroxyphenylpyruvate metabolized by tyrosine.

Melanized microsclerotia play a critical role in the disease cycle of V. dahliae, allowing
this fungus to survive more than 10 years in the soil, even without a host (2). Once envi-
ronmental conditions are suitable, microsclerotia may geminate and infect host plants (4,
35). Due to the importance in the disease cycle of V. dahliae, there has been research
directed at determining the genetic and biochemical bases regulating microsclerotia for-
mation in this fungus (12). For instance, deletion of transcription factors VdSkn7, VdHapX,
or VdYap1 reduce microsclerotia formation, while deletion of VdMsn2 enhanced micro-
sclerotia formation in V. dahliae (17, 18, 34, 37). Here, we have shown that the transcription
factor VdMRTF1 negatively regulates the formation of melanized microsclerotia.

Mature microsclerotia of wild-type V. dahliae consist of many melanized cells (38),
though melanization can be uncoupled from microsclerotia formation since genetic
mutants of melanin biosynthetic genes can form microsclerotia devoid of pigment (6).
Considering that the DVdMRTF1 strain exhibited increased melanin biosynthesis, we
observed the formation of microsclerotia in both the wild-type and VdMRTF1 mutant
strains (21). Intriguingly, in this study, the DVdMRTF1 strain formed more melanin than the
wild-type VdLs.17 strain, both on PDA and on BM plates. We also cultured the DVdMRTF1,
the wild-type VdLs.17, and the DVdMRTF1-C strains in liquid BM medium, and the result
was the same as on BM plates. The micrograph showed that in comparison with the wild
strain, the DVdMRTF1 strain formed much higher numbers of microsclerotia, though dele-
tion of VdMRTF1 did not affect the morphology of the microsclerotia.

Many studies have revealed a linkage between melanin and virulence in fungi (11, 12,
14, 39, 40). DHN-melanin is essential for host penetration in M. grisea, as it provides the ri-
gidity of appressoria to penetrate plant leaves (30). Some species of the Sporothrix com-
plex were able to produce pyomelanin which may act as a pathogenicity factor (19).
Aspergillus fumigatus can produce two types of melanin: DHN-melanin and pyomelanin,
and the DHN-melanin was confirmed to eliminate ROS produced by host plants thereby
providing protection against ROS (28). Besides protecting A. fumigatus against the host’s
immune defenses, defects in DHN-melanin production may disrupt intracellular signaling
and metabolic pathways and influences the proper function of adhesins and hydropho-
bins (28, 41). In our study, the results of NBT and DAB staining illustrated that deletion of
VdMRTF1 led to increased elimination of ROS produced by host plants. Both RNA-seq and
the results of sensitivity tests to tricyclazole revealed that gene expression and biological
processes involved in DHN-melanin biosynthesis were disrupted in the DVdMRTF1mutant.
Given these results, we speculate that deletion of VdMRTF1 increases virulence through
eliminating ROS produced by host plants, and regulates genes involved in melanin biosyn-
thesis to accelerate DHN-melanin biosynthesis.

In this study, RNA-seq was used to further investigate the function of VdMRTF1 of regu-
lating gene expression in V. dahliae. RNA-seq analyses indicated that 178 genes were up-
regulated and 139 genes were downregulated in the wild-type VdLs.17 compared with
the DVdMRTF1 strain after culturing in BM medium for 10 days. Based on GO enrichments,
we found that most of DEGs were enriched in catalytic activity, metabolic process, or bind-
ing. Moreover, DEGs involved in hydrogen peroxide catabolic process were all upregu-
lated. ROS play a foundational role in plant-fungal interactions. As an integral part of the
defense of plants, ROS were consistently observed to accumulate in the plant during
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plant-V. dahliae interactions and hence detoxification of host-derived ROS may be required
for increased fungal virulence. The forms of ROS include superoxide anion (O2-), hydrogen
peroxide (H2O2), hydroxyl radical (OH), or hydroperoxyl radical (HO2) (42). The RNA-seq
data suggested that some genes participate in hydrogen peroxide catabolic process, such
as VDAG_02834, VDAG_03661, and VDAG_09115 which were upregulated. The RNA-seq
data also supported results obtained by NBT and DAB staining of infected tobacco seed-
lings and hyphae. Genes encoding products with oxidoreductase activity were also differ-
entially expressed in the DVdMRTF1 strain. Among 22 DEGs involved in oxidoreductase ac-
tivity, 13 of DEGs were upregulated and the remaining were downregulated, providing
additional evidence for the function of VdMRTF1 in eliminating ROS during plant-fungal
interactions. Taken together, we concluded that observed increased virulence of the
VdMRTF1 mutant might be explained by altered expression of genes whose products par-
ticipate in hydrogen peroxide catabolic processes or oxidoreductase activity.

Based on KEGG enrichment, we found that many DEGs observed in the DVdMRTF1
strain were enriched in tyrosine metabolism, butanoate metabolism or transport (ABC
transporters specifically). Tyrosine metabolism is related to the biosynthesis of melanin
and can be utilized as a nutrient source. Some species of Sporothrix complex were able to
produce pyomelanin or DHN-melanin when provided tyrosine (19). In addition to DHN-
melanin, Alternaria alternata produces another type of melanin-pyomelanin, which is
derived from L-tyrosine (43). In A. fumigatus, the biosynthesis of pyomelanin is related to
the activation of the L-tyrosine or L-phenylalanine degradation pathway (28). Tyrosine is a
pivotal nutrient source during infectious growth in fungal pathogen Penicillium marneffei
(44). Similarly, our RNA-seq data analyses suggested that the genes involved in tyrosine
metabolism were differently expressed in the DVdMRTF1 strain of V. dahliae. The interme-
diate products 4- hydroxyphenylpyruvate are produced in the tyrosine catabolism path-
way, which is toxic (44–46). Among DEGs enriched in tyrosine metabolism, VDAG_03922
was upregulated and has the predicted function of regulating 4-hydroxyphenylpyruvate
dioxygenase activity. We speculated that upregulation of VDAG_03933 may help to catab-
olize toxic 4-hydroxyphenlpyruvate and thereby protect the DVdMRTF1mutant strain.

To determine whether VdMRTF1 is involved in tyrosine metabolism, an inhibitor of
tyrosine metabolism NTBC was added in CM medium. The wild-type strain showed
obvious reduction in growth relative to the DVdMRTF1 strain in CM medium supple-
mented with different concentrations of NTBC. From this result, we drew the conclu-
sion that VdMRTF1 is involved in tyrosine metabolism and participated in detoxication.
Additionally, DEGs in the DVdMRTF1 mutant strain relative to the wild-type VdLs.17
were also enriched in ABC transporters according to KEGG enrichment, and these play
important roles in transporting a wide variety of compounds across biological mem-
branes through ATP hydrolysis (47). They are also involved in drug detoxification in
yeasts, and some of the ABC transporters participate in fungal virulence (48, 49). Taken
together, analyses of the RNA-seq data revealed that VdMRTF1 regulates the expres-
sion of genes involved in tyrosine metabolism and those encoding ABC transporters.

In summary, the results of this study indicate that the transcription factor VdMRTF1
plays important roles in melanin biosynthesis, microsclerotia formation, and virulence in
plant pathogenetic fungus V. dahliae. The RNA-seq data revealed that VdMRTF1 contrib-
utes to melanin biosynthesis and virulence possibly by regulating the expression of genes
involved in DHN-melanin biosynthesis, tyrosine metabolism, hydrogen peroxide catabolic
process, and oxidoreductase activity. The results of NBT and DAB staining revealed that
VdMRTF1 has the ability to eliminate ROS produced by host plants. The results of sensitiv-
ity tests to NTBC demonstrated VdMRTF1 participates in tyrosine metabolism. The data
presented in this study provide new insight on how a bZip transcription factor functions in
the regulation of melanin biosynthesis, microsclerotia formation, and virulence. VdMRTF1
is a potential target to control microsclerotia formation and virulence in V. dahliae.

MATERIALS ANDMETHODS
Fungal strains and culture conditions. The V. dahliae strain VdLs.17 isolated from lettuce (50) was

used as parental strain to generate gene deletion mutants in this study. Unless specified otherwise, all
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strains in this study were initially incubated on PDA medium (200 g potato, 20 g glucose, 15 g agar per
L) at 25°C. Conidia used for all experiments were acquired from a colony that was incubated for 7 days
on PDA medium.

To observe melanin biosynthesis and microsclerotia formation, 1 mL of a conidial suspension of V.
dahliae (105/mL) was coated on a cellulose membrane (Ø = 80 mm; pore size = 0.22 mm), which was
overlaid on solid basal medium (10g glucose, 0.2g NaNO3, 0.52g KCl, 1.52g KH2PO4, 0.52g MgSO4�7H2O,
3 mmol thiamine HCl, 0.1umol biotin,15 g agar per L) and then cultured at 25°C. The observation of mel-
anin formation was documented by photography after 4, 7, and 14 days; and the melanized area fraction
was measured by ImageJ (15). The microsclerotia formation was performed by light microscopy
(DM2500, Leica) and field emission scanning electron microscope (SU8010) after 4, 7, and 14 days. The
number of microsclerotia on cellulose membrane (per 8.8 square millimeter) was calculated by ImageJ
(15). To test the germination rate of microsclerotia, 14-day-old microsclerotia of all strains were collected
from a cellulose membrane. Sifters with 125 mm pores and 38 mm pores were used to isolate microscler-
otia. Microsclerotia were collected from the 38 mm sifter and incubated at 47°C for 5 min to kill hypha
and conidia (51). One-hundred single microsclerotia of each strain were inoculated on PDA at 25°C and
photographs were taken after 7 days, then the photographs were removed to ImageJ to calculate the
number of germinated microsclerotia of each strain. To test resistance to temperature extremes, micro-
sclerotia of all strains were stored at 240°C for 48 h, and then 100 single microsclerotia of each strain
were inoculated on PDA at 25°C and photographs and quantification were taken after 7 days as before.
To observe melanin formation in liquid BM, a 1 mL conidial suspension (105/mL) of each strain was
added into liquid BM and shaken (150 rpm, 25°C) for 10 days, and then documented by photography.
All experiments were repeated at least 3 times.

For resistance to Ca21 assays, all strains were cultured in PDA containing different concentration of
CaCl2, including 0.4 M CaCl2 and 0.6 M CaCl2 at 25°C for 10 days, and photographs were taken. All experi-
ments were repeated 3 times.

To test the response to tricyclazole, all strains were cultured for 10 days on CM (50 mL of 20 nitrate salts,
1 mL 1,000� trace elements, 10 g glucose, 2 g peptone, 1 g yeast extract, 1 g Casamino Acids, 1 mL vitamin
solution per L) amended with 5 mg/mL, and 15 mg/mL tricyclazole. All plates were incubated at 25°C and
photographs were taken after 10 days. All experiments were repeated at least 3 times.

To investigate tyrosine metabolism, the chemical inhibitor 2-[2-nitro-4-(trifluoromethyl) benzoyl]-1,
3-cyclohexanedione (NTBC, Shanghai yuanye Bio-Technology, Shanghai, China) of tyrosine metabolism
was used in this study. The wild-type, DVdMRTF1, and DVdMRTF1-C strains were cultured in CM medium,
CM with 300 mg/mL NTBC, and CM with 800 mg/mL NTBC for 10 days at 25°C and photograph were
taken. The experiments were repeated 3 times.

Deletion and complementation of VdMRTF1 in V. dahliae. To delete VdMRTF1 in the wild-type
strain VdLs.17, the split-marker method (52) was used for generating the two deletion constructs, the 5F
and the 3F deletion cassettes. Firstly, the primer pairs bZIP255Fs/bZIP255Fx and bZIP253Fs/bZIP253Fx
were used to get 5F and 3F flanking sequences by PCR respectively. Then, the hygromycin resistance
cassettes was amplified with primer pair HYF/HYR so that it contained approximately 20 bp overlaps
with the 5F and the 3F flanking sequences. Subsequently, both flanking sequences were fused to the
hygromycin resistance by fusion PCR. Finally, the overlapping DNA fragments verified by sequencing
were used directly to protoplast transformation (11). The primer pairs bZIP255ns/bZIP255nx and
bZIP25zhs/bZIP25zhx were used to screen the VdMRTF1 mutants through PCR amplification. Southern
blotting was performed with the DIG High Prime DNA Labeling and Detection Starter Kit I in accordance
with the manufacturers’ protocol (Roche, Germany). The primer pairs P123/P124 were used to amplify
the probe fragment labeled with DIG primer. The restriction enzyme KpnI was used to digest genomic
DNA extracted from the wild-type, DVdMRTF1 and DVdMRTF1-C strains.

To complement the DVdMRTF1 strain, the primer pairs bZIP25hbs/bZIP25hbx were used to amplify
the fragment containing the coding sequence of wild-type VdMRTF1 without the termination codon. All
primers used in this study are listed in Table S1.

Phylogenetic analysis. Protein sequences of VdMRTF1 and its homologs was downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/). The amino acid sequence alignments were performed with
ClustalX (53). The phylogenetic tree was constructed with MEGAX using the neighbor joining algorithm
and the bootstrap test was replicated 1,000 times (54).

Plant infection assays. The wild-type, DVdMRTF1, and DVdMRTF1-C strains were cultured in liquid
CM medium for 5 days, the conidia were harvested by filtration through two layers of Miracloth
(Millipore), and adjusted to 106 conidia/mL in sterile water. Thirty 1-month-old tobacco seedlings
(Nicotiana benthamiana) were used for virulence assays for each strain. The roots of tobacco seedlings
were dipped in conidial suspensions for 10 min and all plants were replanted into autoclaved sterile soil
(11). Control plants were mock inoculated with distilled water. All tobacco seedlings were placed in a
greenhouse at 25°C and observed over a period of 35 days. The experiments were repeated 3 times.

Histochemical detection of superoxide. The infected roots of tobacco seedings were collected for
analyses of ROS detection. Both of the nitroblue tetrazolium (NBT, Solarbio, Beijing, China) and 3,39-dia-
minobenzidine (DAB, Coolaber, Beijing, China) staining were used to detect ROS (42, 55). The roots of
tobacco seedings infected with the wild-type, the DVdMRTF1 strain, and the complemented strains were
collected at 7 dpi, and roots were immersed in either 0.05% NBT or 0.1% DAB staining solution. All roots
were saved in the tubes and kept overnight in dark. Roots were immersed in absolute ethanol and
heated in boiling water bath for 10 min to completely eliminate the chlorophyll. Superoxide production
was visualized as a purple formazan deposit within roots tissues by stereo microscope (M205FA, Leica).

The 3-day-old hyphae of the wild-type, DVdMRTF1, and DVdMRTF1-C strains were immersed in 0.1%
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DAB staining solution overnight in dark. Then, the chromatic hyphae were observed by light microscopy
(DM2500, Leica).

RNA extraction and RNA-sequencing. The 1-mL conidial suspension (107 spores/mL) of the wild-
type, DVdMRTF1, and complemented strains was added into 150 mL liquid BM in shake culture
(150 rpm, 25°C) for 10 days. The microsclerotia of each strain were collected and send to Biomarker
Technologies (Beijing, China) for RNA extraction and RNA-seq. There were three biological replicates
using each strain.

DEGs analysis, GO analysis, and KEGG analysis. The edgeR (56) was used to determine DEGs
between the wild-type and the VdMRTF1 mutant strain. Those genes with fold change $1.5 and P-
value , 0.01were considered significant DEGs. Differentially expressed genes were functionally classified
according to the GO annotations results (http://geneontology.org/), and the software package “ggplot” in R
was used for enrichment analysis. Based on KEGG annotation results (https://www.genome.jp/kegg/), the
DEGs were classified into biological pathways using the same methods as GO analysis. Heat maps of expres-
sion values were normalized and made by TBtools (57).

Statistical analysis. Data were expressed as mean value 6 standard error of the mean and analyzed
with a one-way ANOVA independent-samples Tukey’s range test using SPSS for Windows version 16.0
(Chicago, IL, USA). The P-value , 0.5 was considered statistically significant, and asterisks are used to
indicate P, 0.5 (*) and P, 0.001 (***).

Data availability. The raw sequence and other related data reported in this paper have been depos-
ited in the BIG Data Center, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/). The accession num-
ber of the transcriptomes is CRA005983 (https://ngdc.cncb.ac.cn/gsa/browse/CRA005983).
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