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Summary

� Verticillium dahliae nuclear transcription factors Som1 and Vta3 can rescue adhesion in

a FLO8-deficient Saccharomyces cerevisiae strain. Som1 and Vta3 induce the expression of

the yeast FLO1 and FLO11 genes encoding adhesins. Som1 and Vta3 are sequentially

required for root penetration and colonisation of the plant host by V. dahliae.
� The SOM1 and VTA3 genes were deleted and their functions in fungus-induced plant

pathogenesis were studied using genetic, cell biology, proteomic and plant pathogenicity

experiments.
� Som1 supports fungal adhesion and root penetration and is required earlier than Vta3 in the

colonisation of plant root surfaces and tomato plant infection. Som1 controls septa positioning

and the size of vacuoles, and subsequently hyphal development including aerial hyphae for-

mation and normal hyphal branching. Som1 and Vta3 control conidiation, microsclerotia for-

mation, and antagonise in oxidative stress responses. The molecular function of Som1 is

conserved between the plant pathogen V. dahliae and the opportunistic human pathogen

Aspergillus fumigatus.
� Som1 controls genes for initial steps of plant root penetration, adhesion, oxidative stress

response and VTA3 expression to allow subsequent root colonisation. Both Som1 and Vta3

regulate developmental genetic networks required for conidiation, microsclerotia formation

and pathogenicity of V. dahliae.

Introduction

The soil-borne ascomycete Verticillium dahliae causes wilt disease
and early senescence in more than 200 plant species including
numerous economically important crops (Pegg & Brady, 2002;
Berlanger & Powelson, 2000; Fradin & Thomma, 2006; Kloster-
man et al., 2009). Verticillium dahliae survives in the soil without
host plants for decades by forming microsclerotia. These struc-
tures are formed directly from fungal hyphae in the host plant or
can be produced on and in the fine roots of many species of resis-
tant plants without causing symptoms (Green, 1980; Xiao et al.,
1998; Berlanger & Powelson, 2000). Microsclerotia are necessary
for virulence because V. dahliae strains defective in formation of
these resting structures are unable to efficiently colonise plant
roots and are incapable of causing disease symptoms (Klimes &
Dobinson, 2006; Xiong et al., 2016). Additionally, V. dahliae
can produce single cell conidia born on phialides (Pegg & Brady,

2002; Inderbitzin et al., 2011). They can be transported within
the plant vascular system to distribute the pathogen, as well as
over long distances from one region to another by water streams
such as rivers and irrigation canals (Pegg & Brady, 2002;
Berlanger & Powelson, 2000).

The infection of pathogenic fungi into their host requires pen-
etration and colonisation processes (Tran et al., 2014; Zhao et al.,
2016). Verticillium dahliae enters the host through root infection,
colonises the root cortex and invades xylem vessels (Green, 1980;
Schnathorst, 1982). Defects in penetration or colonisation steps
block the ability of fungal pathogens to infect plants (Yan et al.,
2011; Tran et al., 2014; Zhao et al., 2016). The penetration of
the root surface needs adhesive proteins at several stages during
host�parasite interaction (Braun & Howard, 1994; Hostetter,
2000). Several genes have been reported to play important roles
in adhesion and virulence. CAP20 expressed during appressoria
formation is necessary for adhesion and virulence of the plant
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pathogenic fungus Colletotrichum gloeosporioides (Hwang et al.,
1995). The fasciclin domain protein Fas1 is crucial for appresso-
rial turgor in Magnaporthe oryzae (Liu et al., 2009). Mad1 and
Mad2 are required for adhesion and virulence in Metarhizium
anisopliae (Wang & St Leger, 2007). Additionally, Pls1 was
reported to have a major role in adhesion, which is required for
colonisation of cotton roots by V. dahliae (Zhao et al., 2016).
Adhesion is well studied in yeasts, whereas our knowledge in fila-
mentous fungi is still limited. Saccharomyces cerevisiae carries floc-
culation genes (FLO) encoding cell wall-associated adhesins.
FLO1 and FLO11 promote flocculation or substrate adhesion
(Liu et al., 1996; Verstrepen & Klis, 2006; Fichtner et al., 2007;
Van Mulders et al., 2009). Flo1 is required for both adhesion and
flocculation, whereas Flo11 is responsible for initial surface adhe-
sion providing some cell layers (Fichtner et al., 2007). Both genes
are activated by the transcription factor Flo8, which is controlled
by the cAMP/PKA signal transduction pathway (Rupp et al.,
1999; Fichtner et al., 2007).

SOM1 is a homolog of S. cerevisiae FLO8 in V. dahliae and
shares similarities with Aspergillus fumigatus AfsomA and
Magnaporthe oryzae MoSOM1, both of which can reprogram
nonadhesive FLO8-defective S. cerevisiae for adhesion. ScFLO8,
AfsomA and MoSOM1 can be activated by the cAMP/PKA path-
way, which controls adhesion, colonisation, and pseudohyphal
development (Liu et al., 1996; Rupp et al., 1999; Cao et al.,
2006; Yan et al., 2011; Lin et al., 2015). AfSomA is required for
pathogenicity of the opportunistic human pathogen and physi-
cally interacts with the LIM-domain binding protein AfPtaB to
control biofilm formation (Lin et al., 2015; Zhang et al., 2018).
MoSom1 is required for the expression of the hydrophobin gene
MPG1, which is essential for adhesion of the rice blast fungus
M. oryzae to plant leaves before infection (Yan et al., 2011). Addi-
tionally, AfsomA and MoSOM1 deletion strains show defects in
virulence in the human and plant pathogenic fungi A. fumigatus
andM. oryzae, respectively (Yan et al., 2011; Lin et al., 2015).

The S. cerevisiae S288C derivative FLO8 deletion strain
BY4742 (Euroscarf, Frankfurt, Germany) does not produce a
functional Flo8 protein and is therefore unable to produce
the flocculins Flo1 and Flo11 that are essential for adherence to
agar plates or between cells in liquid medium (Liu et al., 1996;
Kim et al., 2014). This strain was used to dissect Verticillium
adhesion and isolate specific genes required for adherence, which
might control early plant infection. Twenty-two genes, which
were able to reprogram the nonadhesive yeast to adhesion on the
agar plate, are present in the Verticillium longisporum hybrid
genome correlating to 19 single genes of V. dahliae. This includes
six Verticillium transcription activator of adhesion (VTA) genes
for putative transcription factors. Only VTA2 encoding a C2H2

zinc finger protein had been analysed in Verticillium and is
required for root colonisation, fungal growth, conidia formation,
and oxidative stress response (Tran et al., 2014). VTA3 is an
ortholog of RFX1/CRT1 of S. cerevisiae. Both VTA3 isogenes of
V. longisporum can reprogram adhesion of yeast strains containing
either defective FLO8/FLO1 or FLO8/FLO11 genes. In
S. cerevisiae, Rfx1 forms a complex with transcriptional co-
repressors Ssn6/Cyc8 and Tup1, which directly interacts with

Sfl1 to suppress FLO11 expression for flocculation (Conlan &
Tzamarias, 2001; Ansanay Galeote et al., 2007). Aspergillus
fumigatus AfSsnF corresponding to yeast Ssn6 is required for
stress response and pathogenicity (Joehnk et al., 2016). Rfx1 of
the plant pathogenic fungus Fusarium graminearum plays critical
roles in DNA damage repair, conidiation, fungal growth, and
pathogenicity (Huang et al., 1998; Min et al., 2014).

This study revealed that Som1 and Vta3 control genetic net-
works for sequential steps of plant root adhesion, penetration and
colonisation of V. dahliae before the Vta2 controlled network.
Som1 regulates the expression of VTA2, VTA3 and other VTA
genes. It is also required for the adhesion on surfaces and penetra-
tion and, together with Vta3, for fungal colonisation of the plant
root surface. Both regulatory genes fulfil additional developmen-
tal functions for conidia and microsclerotia formation.

Materials and Methods

Fungal strains are listed in Supporting Information Table S1,
plasmids in Table S2, and primers in Table S3. Additional meth-
ods are described in Methods S1.

Microsclerotia counting

Spores of JR2-wt, deletion, and complementation strains were
inoculated on 3% cellulose (w/v) medium and grown for 7 d at
25°C. Microsclerotia numbers on surface or in agar were counted
by binocular microscopy Olympus SZX12 (Olympus Europa
GmbH, Hamburg, Germany) from three independent replicates.

Hyphal branching test

Same numbers of spores of analysed strains were inoculated on
agar plates and grown in the dark at 25°C for 2 d. Hyphal
branching was monitored by microscope. Numbers of branches
were quantified using a microfluidic device containing multiple
microchannels (Stanley et al., 2014). A piece of agar containing
fungal mycelium was placed next to the device opening with
hyphal tips growth direction orientated towards the microchan-
nels. The numbers of hyphal branches formed within 750 lm of
the growing hyphal tips were counted after 2 d of growth in the
dark in biological triplicates with 20 hyphae per repetition.

Results

SOM1 and VTA3 genes encode proteins comprising a LisH
or a winged helix�turn�helix DNA-binding domain

The SOM1 (VDAG_JR2_Chr1g09120a) and VTA3 (VDAG_
Chr1g07600a) sequences were compared with homologs of other
fungi to predict domains and nuclear localisation signals (Kersey
et al., 2018). SOM1 similarities range from 23% (yeast ScFLO8),
40% for A. fumigatus AfsomA to 51% for M. oryzae MoSOM1.
The gene structure includes five exons and four introns with an
open reading frame (ORF) of 822 codons for a deduced 86.6
kDa protein. The Som1 sequence harbours two putative nuclear
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localisation signals (NLS), a Lis homology motif for protein
dimerization and tetramerazation (LisH) domain at the N-
terminus with high similarities to other filamentous ascomycetes,
a C-terminal SnRNA-activating protein complex (SnAPC)
domain, and a single-stranded DNA-binding protein (SSDP)
domain in the middle (Fig. 1a).

The VTA3 gene contains two exons interrupted by one intron
encoding a 795 amino acid protein with 87.4 kDa predicted
molecular weight. This includes a putative NLS and three differ-
ent nine amino acid transactivation domains (9aaTADs). The
winged helix–turn–helix DNA-binding domain (WDBD) is
more than 95% similar to orthologs of Fusarium graminearum,
Ustilaginoidea virens, and Metarhizium brunneum and still 48%
to the dimorphic yeast Candida albicans (Fig. 1b).

Som1 and Vta3 are nuclear proteins that can rescue
adhesion in defective FLO8 S. cerevisiae strains

SOM1 and VTA3 fusion genes with GFP driven by their native
promoters were expressed in either SOM1 or VTA3 deletion
strains (Figs S1, S2) to examine subcellular Som1 or Vta3 locali-
sation. Fungal nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI). Strong GFP signals monitored by fluores-
cence microscopy after 24 h growth in liquid simulated xylem
medium (SXM) (Fig. S3) were specific for Som1 and Vta3
fusions but absent in the controls and indicate nuclear functions
of both proteins.

The ORFs of SOM1 driven by the MET25 or VTA3 driven by
the GAL1 promoter were expressed in FLO8 defective yeast
strains for functional analysis (Tables S1, S2). Adhesion to agar
plates and flocculation assays in liquid medium indicated that
heterologous V. dahliae SOM1 as well as VTA3 can reprogram
the nonadhesive FLO8-defective yeast to flocculation and adhe-
sion (Fig. 2a,b).

Quantitative real-time PCR revealed that expression of SOM1
and VTA3 stimulate FLO1 and FLO11 expression for adhesins
(Fig. 2c). The expression of the suppression of flocculation-
related gene (SFL1) is significantly reduced in the strain contain-
ing VTA3, whereas it is unaffected by SOM1 (Fig. 2c). This sug-
gests that there are different Som1 and Vta3 mediated molecular
control mechanisms of adhesion in S. cerevisiae. Som1 might
directly control the expression of FLO1 and FLO11, whereas
Vta3 might indirectly regulate flocculation genes by repressing
the expression of SFL1.

Som1 suppresses biomass and hyphal clumping formation
in liquid culture and promotes adhesion in V. dahliae

Deletion of SOM1 of V. dahliae revealed a specific function of the
encoded protein for controlling growth rate and clumping in liq-
uid medium, and adherence on surfaces in the plant pathogenic
fungus. Growth of JR2 wild-type compared with SOM1 deletion
and complemented strains grown in liquid potato dextrose broth
medium (PDM) revealed differences in biomass formation and in
clumping growth phenotypes after 7 d at 25°C. Dried biomass
was doubled in liquid medium in the absence of Som1 compared

with the wild-type indicating that Som1 suppresses biomass for-
mation (Fig. 3a). Hyphal ball formation of V. dahliae in liquid
medium under shaking cultivation condition was compared and
quantified in the presence or absence of Som1. The number of
hyphal balls in the SOM1 deletion strain was increased, but it pro-
duced 80% smaller hyphal balls than strains with intact Som1
(Fig. S4). Som1 is therefore promoting hyphal clumping, which
suppresses biomass formation of V. dahliae in liquid medium.

The same number of spores was grown in humid chambers at
25°C for 2 d on an abiotic GelBond film to monitor the function
of Som1 on surface adhesion. Further growth was monitored by
microscopy after washing GelBonds with water. The SOM1 dele-
tion strain was unable to adhere to the GelBond film. After wash-
ing, many hyphae can be found in the wild-type or
complementation strain at the microscopic level, but rarely any of
the SOM1 deletion strain. Only the fungus without Som1 is easily
washed off after adding only some drops of water, although, it is
still able to grow in a manner similar to the wild-type (Fig. 3b).
Quantitative real-time PCRs revealed that the expression of several
genes for putative adhesins as PLS1, VTA4 or FAS1 is significantly
reduced in the SOM1 deletion strain (Fig. 4a). These data suggest
a specific function of Som1 to promote V. dahliae clump forma-
tion restricting biomass in liquid medium, and to promote adher-
ence on surfaces. These molecular functions of Som1 may result
from a direct activation of the expression of genes for adhesins.

Som1 and Vta3 control fungal pathogenicity

Infection of 10-d-old tomato seedlings by V. dahliae SOM1 or
VTA3 deletion or the wild-type/complemented strains (Figs S1,
S2) was compared by scoring disease symptoms of plants up to
35 d post inoculation (dpi). Plants infected with the SOM1 or
VTA3 deletion strains showed no disease symptoms, and were
indistinguishable from uninfected plants (Fig. 5a). The presence
of intact SOM1 and VTA3 initiated severe stunting in the
infected tomato plants, which were accompanied by discoloration
of the vascular system (Fig. 5b). Fungal pathogens could only
successfully be re-isolated from hypocotyls of plants infected by
the wild-type or complemented strains with intact SOM1 or
VTA3 (Fig. 5c). Fungal DNA concentrations in total plant DNA
determined by real-time PCR (Eynck et al., 2007; Timpner et al.,
2013) were not detectable in plants infected by the SOM1 dele-
tion and reduced by 82% in plants infected by the VTA3 deletion
strain compared with plants infected by the wild-type (Fig. 5d).

Expression of putative pathogenicity target genes such as
VTA2, NLP2, PRY1 and CAP20 was significantly reduced in the
SOM1 (by 71–90%) as well as the VTA3 (by 54%–67%) dele-
tion strains as measured by quantitative real-time PCR (Fig. 4b,
c). By contrast, the SNOD1-like gene, which encodes secreted
VdCP1, is a member of the SnodProt1 phytotoxin family and is
required for virulence and to trigger the plant immune system
(Zhang et al., 2017), seems to be Som1 specific because expres-
sion is decreased by 99% in the absence of Som1 and unchanged
in the absence of Vta3 (Fig. 4a). These data support the idea that
Som1 and Vta3 function in fungal pathogenicity, including the
control of virulence genes.
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(a)

(b)

Fig. 1 Gene locus and structure of SOM1 and VTA3. Genomic DNA and cDNAs were compared using MultAlin. Introns and exons are marked in white
and grey. Nuclear localisation signals (NLS) predicted by SEQNLS software are displayed in yellow. Protein domains were predicted by PFAM, NCBI BLAST and
nine amino acid transactivator domains (9aaTAD). (a) Predicted Som1 protein domains are marked including the Lis homology motif for protein
dimerisation and tetramerisation (LisH) domain, SnRNA-activating protein complex (SnAPC) domain, and single-stranded DNA-binding protein (SSDP)
domain. Sequence alignments of the LisH domain of related proteins fromMetarhizium rileyi, Fusarium oxysporum, Ustilaginoidea virens, Diaporthe
ampelina, Colletotrichum gloeosporioides,Magnaporthe oryzae, Aspergillus nidulans, and Aspergillus fumigatus are presented. (b) Predicted Vta3
protein domains are indicated including the winged helix–turn–helix DNA-binding domain (WDBD) and 9aaTAD. Multiple alignments of the WDBD
domains of related fungal proteins fromMetarhizium brunneum, Ustilaginoidea virens, Fusarium graminearum, Acremonium chrysogenum, Penicillium
chrysogenum, Aspergillus nidulans, Aspergillus fumigatus, and Candida albicans are shown. Asterisks, identical residues; red, high (90%); blue, low
(50%) consensus values.
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(a)

(b)

(c)

Fig. 2 SOM1 and VTA3 can complement developmental phenotypes in Saccharomyces cerevisiae FLO8mutant strains. Haploid FLO8 deficient
S. cerevisiae BY4741 derivatives (Supporting Information Table S1) expressed Verticillium dahliae SOM1 (RH3651) driven by a promoter, which is
induced by methionine (MET25) and VTA3 (RH3653) controlled by a promoter, which is induced by galactose (GAL1). Strains RH3651 and RH3653 are
grown in an SC�Ura+glucose or in an SC�Ura containing galactose medium, respectively. BY4741 with empty vector (pME2787/pME2795) served as a
negative control (�) and with a vector harbouring functional yeast FLO8 (pME4560/pME4558) as positive control (+). (a) Flocculation tests were carried
out by growing indicated strains in 10ml medium on a rotator for 1 d at 30°C. Flocculating and nonflocculating yeasts were separately dried and weighed.
(b) Adhesion tests were performed after 2 d of growth on agar plates. The plates were washed with water until the negative control was washed off.
(c) RNAs of indicated strains were isolated from the cells cultivated in liquid medium for 24 h. Relative expression of genes related to adhesion was
normalised to the expression of the reference gene TAF10, a TATA binding protein-associated factor and the positive control. All experiments were
performed in triplicates. Mean values� SD are shown. The double asterisk (**) indicates a significant decrease when compared with a positive control
(Student’s t-test, P < 0.01).
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Som1 and Vta3 are sequentially required for plant root
penetration and colonisation

Roots of host plants are entry points for Verticillium species as
soil-borne fungi. Fungal interactions with Arabidopsis roots were
examined to evaluate whether differences in root entry can be
monitored between the wild-type and the avirulent SOM1 and
VTA3 deletion strains. The 3-wk-old Arabidopsis thaliana roots
were infected with the same number of spores of both the dele-
tion and the fungal wild-type strains expressing free GFP under

the control of the gpdA promoter. All strains germinated with an
indistinguishable phenotype at 24 h post inoculation (hpi)
(Fig. 6a).

After 2 d on the root surface, only the SOM1 deletion strain
was unable to form hyphopodia. At this time point (48 hpi) the
VTA3 deletion strain showed the same potential as the wild-type
for initial colonisation of plant roots. The SOM1 deletion strain
was unable to penetrate and proliferate on the root surface at
120 hpi. Hyphae of the SOM1 deletion strain grow between root
hairs but not on the root surface, whereas hyphae of the VTA3

(a)

(b)

Fig. 3 Som1 suppresses biomass formation and is necessary for adhesion to abiotic surfaces. (a) Same amounts of spores of the Verticillium dahliae JR2
wild-type (JR2-wt), SOM1 deletion, and SOM1 complementation strains were grown in 50ml potato dextrose broth medium (PDM) on a shaker at 25°C.
The biomasses were measured 6 d post inoculation (dpi). The mean values� SD of three repetitions are presented. Lowercase letters (a, b) present
significantly different groups as calculated by Tukey�Kramer multiple comparison procedures, a = 0.01. (b) The same number of spores of the indicated
strains in 1 : 2 diluted liquid minimal medium (MM) were placed on hydrophobic GelBond film surface and incubated at 25°C in the dark for 24 h. The
GelBond film surfaces were washed with water and further processed under the microscope. All experiments were performed in triplicate.
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(a)

(b)

(c)

Fig. 4 Som1 and Vta3 control expression of putative target genes. RNAs of Verticillium dahliae JR2-wt, SOM1 and VTA3 deletion (DSOM1, DVTA3),
complementation (comp) and overexpression (OE) strains were purified from 3-d-old mycelia grown in 50ml liquid simulated xylem medium (SXM). The
same amount of RNA was used for cDNA synthesis. The expression of putative target genes was normalised to a housekeeping gene (GAPDH, encoding
glyceraldehyde-3-phosphate dehydrogenase) and the wild-type strain. The mean values� SD of four repetitions are presented. (a) Som1 specific target
genes for virulence, adhesion and oxidative stress response. (b) Som1 and Vta3 controlled target genes for adhesion, virulence, conidiation, and
microsclerotia formation. (c) Various levels of contribution of Vta3 control in transcription of genes for plant infection, melanisation, conidia and
microsclerotia formation, and stress response. The mean values � SD of four repetitions are presented. Lowercase letters (a–d) present significantly
different groups as calculated by Tukey�Kramer multiple comparison procedures, a = 0.01.
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deletion strain can penetrate. However, in the absence of intact
Vta3, the fungus was unable to proliferate in the same manner as
the wild-type (Fig. 6a).

Hyphae–root interactions were further investigated using
electron microscopy at 72 hpi (Fig. 6b). Hyphae of the wild-type
can tightly bind to the root and strongly colonise its surface. By
contrast, SOM1 and VTA3 deletion strains are impaired in their
ability to propagate on the root surface. The SOM1 deletion
strain hardly colonised the roots. Only short fragments of hyphae
could be detected on plant roots that were infected with the
SOM1 deletion strain. The deletion strain of VTA3 still develops

on root surfaces. However, colonisation of the VTA3 deletion
strain is impaired when compared with the wild-type (Fig. 6b).
These data corroborate the evidence that Som1 and Vta3 control
distinct sequential steps of fungal penetration and colonisation
on the plant root surface.

Som1 and Vta3 are necessary for conidia formation

Conidia formed on spore-forming phialides are required for the
distribution of the pathogenic fungus over long distances inside
the plant or in the field (Wilhelm, 1955; Schnathorst, 1982; Xiao

(a)

(b)

(c)

(d)

Fig. 5 Som1 and Vta3 are required for plant infection. Ten-d-old tomatoes were infected with the same number of spores of JR2-wt, SOM1 deletion,
SOM1 complementation, VTA3 deletion, VTA3 complementation strains or remained uninfected (mock). The plants were incubated in the climate
chamber under 16 h : 8 h, light : dark at 22–25°C. The disease symptoms were assessed at 35 d post infection (dpi). Infection experiments were performed
with 16 single plants for each fungal strain and independently repeated twice. (a) The plant height was measured and representative plants are shown.
(b) The discolouration in stems was observed. The arrowhead indicates black veins. (c) Fungal re-isolation from hypocotyl was examined. The surface-
sterilised hypocotyls were placed on potato dextrose broth medium (PDM) plates containing cefotaxime and chloramphenicol and incubated for 7 d.
(d) The proportion of fungal DNA in the total DNA purified from root and stems was quantified by RT-PCR using theOLG primer pair. This experiment was
performed with four repetitions. The mean values� SD are indicated. Lowercase letters (a, b) indicate significantly different groups as calculated by Tukey–
Kramer multiple comparison procedure, a = 0.01.
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et al., 1998; Pegg & Brady, 2002). The formation of spores in
liquid medium and conidiospore clusters on agar plates was com-
pared. The number of spores was significantly decreased to 8% in

the SOM1 and 41% in the VTA3 deletion strains compared with
the wild-type after 7 d (Fig. 7a). Binocular microscopy revealed
that the SOM1 deletion strain had fewer conidiospore clusters

(a)

(b)

Fig. 6 Som1 and Vta3 are sequentially required for root penetration and root colonisation. Three-wk-old Arabidopsis thaliana plants were infected with
the same number of spores of JR2-wt, SOM1 as well as VTA3 deletion strains expressing free GFP (JR2�GFP, ΔSOM1�GFP, and ΔVTA3�GFP). (a) The
germination, penetration and colonisation steps of fungal hyphae on the root surface were observed at 24 h, 48 h, and 120 h post infection (hpi). The
experiment was performed within five plants for each fungal strain. The arrowhead indicates the penetration points. (b) The Arabidopsis roots were
infected with the same number of spores of JR2-wt, SOM1 deletion, and VTA3 deletion strains. The root infection was analysed after 72 h by electron
microscopy.
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than the wild-type on plates incubated in the dark for 3 d on
Czapek�Dox medium (CDM). The number of conidiospore
clusters in the VTA3 deletion strain was less than the wild-type.
Additionally, 60% of clusters appeared oval shaped, whereas
normally all wild-type clusters were round (Fig. 7b).

Formation of conidia requires the expression of developmental
conidiation-specific genes (Roberts & Yanofsky, 1989). Quanti-
tative real-time PCR supported the idea that Som1, as well as
Vta3, promote the expression of conidiation genes as VTA2,
CON8 or ABA1, and Som1 activates in addition CON6 and
CON10. Transcription of these genes is significantly reduced to a
range of 43% to 2% in the corresponding deletions compared
with the wild-type (Fig. 4). Som1 and Vta3 therefore presumably
control conidiation as transcriptional activators of conidiation-
specific genes.

Som1 and Vta3 support microsclerotia formation

Melanised microsclerotia as resting structures help Verticillium
pathogens to persist in the soil for decades if suitable plant
hosts are absent (Wilhelm, 1955; Tran et al., 2013). The
numbers of microsclerotia on the surface and in the agar of
CDM plates containing 3% cellulose were compared in the
absence or presence of Som1 and Vta3. The VTA3 deletion
strain produces 60% less microsclerotia than the wild-type,
whereas the SOM1 deletion strain is unable to form
microsclerotia after 7 d (Fig. 7c,d). Overexpression of SOM1
caused early melanin production and enhanced the number of
microsclerotia (Fig. S5). The expression of VDH1 is required
for Verticillium microsclerotia formation (Klimes & Dobin-
son, 2006) and is almost abolished to 5% of the wild-type
level without SOM1 or VTA3 (Fig. 4b). Vta1 is a transcrip-
tion factor located within the melanin biosynthesis cluster
(Duressa et al., 2013) and can restore adhesion of nonadhesive
yeasts (Tran et al., 2014). The expression of VTA1 is reduced
to 15% in the SOM1 and to 30% in the VTA3 deletion
strain compared with the wild-type (Fig. 4c). This corroborates
the evidence that Som1 and Vta3 promote microsclerotia for-
mation by controlling the expression of VTA1 to favour
melanisation and VDH1 to support microsclerotia formation.

Vta3 controlled Sfl1 is required for V. dahliaemicrosclerotia
development

The V. dahliae homolog SFL1 (VDAG_JR2_Ch4g02770a) con-
tains five exons and four introns and encodes a protein of 606
amino acids, sharing 22% similarity with yeast Sfl1 including
a 43% similar heat shock factor (HSF) domain (Fig. 8a). The
VTA3 expression in yeast repressed the expression of the gene
encoding for the transcriptional regulator Sfl1 (Fig. 2c), which
interacts with the Ssn6/Tup1 repressor complex to turn down the
flocculation gene FLO11 required for adhesion (Conlan & Tza-
marias, 2001; Ansanay Galeote et al., 2007). Verticillium dahliae
SFL1 expression in the VTA3 deletion strain was significantly
reduced compared with the wild-type in quantitative real-time
PCR experiments (Fig. 4c).

The 3-wk-old Arabidopsis roots were infected with the
V. dahliae SFL1 deletion strain (Figs 8b, S6) to analyse whether
there is an effect of VdSfl1 on fungal adhesion to the root surface.
Growth on and colonisation of Arabidopsis roots was similar for
the SFL1 deletion strain compared with the wild-type expressing
free GFP. The V. dahliae SFL1 deletion strain produced less
microsclerotia than the wild-type or complemented strain on
CDM agar plates after 14 d (Fig. 8c). This result suggests that
Vta3 regulates the SFL1 gene, which is required for microsclero-
tia development rather than for initial steps of plant root
infection.

Som1 and Vta3 antagonise the oxidative stress response

Plants generate reactive oxygen species (ROS) as hydrogen
peroxide (H2O2) to ward off invading microbial pathogens.
Pathogenic fungi need to develop defence strategies against
the plant immune system. The ability of the SOM1 and
VTA3 deletion strains to detoxify exogenous H2O2 or mena-
dione-induced stress was analysed. In both stress tests the
SOM1 deletion strain was significantly impaired in growth,
whereas the VTA3 deletion strain showed decreased inhibi-
tion when compared with the wild-type (Fig. S7). These
results suggest that Som1 is required for an appropriate
stress response, whereas Vta3 inhibits this response. The
expression of putative target genes for oxidative stress
response was examined using quantitative real-time PCR.
The expression of stress response genes like CPX2 and
SOD3 is decreased by more than 94% in the SOM1 dele-
tion strain (Fig. 4a). In the absence of Vta3, the expression
of INO1, a factor of inositol synthase, increases four times
compared with the wild-type, whereas its expression decreases
in the SOM1 deletion strain (Fig. 4c). Increased inositol had
been reported to improve tolerance to ligno-cellulose-derived
inhibitors (Wang et al., 2015). Taken together, Som1 and
Vta3 have opposite functions, in which Som1 promotes and
Vta3 reduces the fungal oxidative stress response.

Som1 represses hyphal branching and septa formation and
affects vacuole sizes of V. dahliae

Surface adhesion of cells and clumping of hyphae in liquid
medium might represent two aspects of hyphal development.
The SOM1 deletion strain grown on CDM plates exhibits a
smaller diameter of growth, but more hyphal branches than
the wild-type (Figs 9a, S8). The formation of hyphal branches
was quantified in microfluidic devices containing multiple
microchannels (Stanley et al., 2014). The SOM1 deletion
strain has, on average, nine branching events when consider-
ing a distance of 750 lm from the tips of growing hyphae,
whereas the wild-type and the complemented strain have only
two (Fig. 9b).

Septa and vacuoles were monitored using fluorescence
microscopy after growth in liquid SXM for 24 h. Cell walls
and septa were stained with Congo red and vacuoles were
dyed with FM4-64 dye. The results indicate that the distance
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(a)

(b)

(c)

(d)

Fig. 7 Som1 and Vta3 promote conidia and microsclerotia formation. (a) The same number of spores of JR2-wt, SOM1 deletion, SOM1 complementation,
VTA3 deletion, VTA3 complementation strains were cultivated in 50ml SXMmedium on a shaker at 25°C for 7 d. The spores were counted. The mean
values� SD of triplicates are shown. (b) The formation of conidiospore clusters on agar plates was examined. The same amount of spores of indicated
strains were dropped on Czapek�Dox medium (CDM) plates and grown at 25°C for 7 d. The conidiospore cluster density was investigated. The arrowhead
indicates a conidiophore. (c) Spores of indicated strains were dropped on CDM plates containing 3% of cellulose and were incubated in the dark. The
microsclerotia formation was observed using binocular microscopy. Arrowheads show a microsclerotium. The number of microsclerotia was counted.
Experiments were performed in triplicate. The mean values � SD are shown. Lowercase letters (a–c) indicate groups of significant differences as calculated
by Tukey�Kramer multiple comparison procedures, a = 0.01. (d) The formation of microsclerotia of JR2-wt and the SOM1 deletion strain at 5 d on SXM
plates was examined by electron microscopy.
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Fig. 8 Verticillium dahliae Sfl1 is required for microsclerotia formation. (a) Gene locus of V. dahliae SFL1 (VdSFL1), neighbouring genes on chromosome
IV, genomic DNA (gDNA) with deduced VdSfl protein, and for comparison the corresponding Saccharomyces cerevisiae protein (ScSfl1) are depicted.
Nuclear localisation signals (NLS, predicted by SeqNLS) are indicated in yellow and heat shock factor-type DNA-binding domain (HSF, PF00447) in orange
predicted by InterProScan (Jones et al., 2014). Sequence alignment of the HSF domain of VdSfl1 and ScSfl1 (MultAlin) is shown: identical residues in red,
high (90%); blue, low (50%) consensus values. (b) Three-wk-old Arabidopsis thaliana plants were infected via root dipping in the spore solution of
V. dahliae JR2-wt and the SFL1 deletion strain expressing free GFP. The colonisation step of fungal hyphae on the root is shown at 120 h post infection.
(c) 50 000 spores of V. dahliae JR2-wt, the SFL1 deletion, and the complementation strains were spotted on CDM plates and grown at 25°C for 14 d. The
upper left picture shows a top-view scan of the colonies, the pipetting scheme is shown below. Pictures of the cross-sections of the centre of each colony
were taken with a binocular microscope (1st column). Microsclerotia were visualised with a microscope (2nd column). The experiment was performed twice
with each strain.
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between septa in the SOM1 deletion strain is c. 50% less than
in the wild-type in elongated hyphae (Fig. 10a). The SOM1
deletion strain has smaller vacuoles with dot-like structures
compared with the round and large wild-type vacuoles
(Fig. 10b). Som1 is essential for accurate hyphal development,
because it represses hyphal branching and controls septa posi-
tioning and vacuole sizes.

Som1 and Som1 controlled Vta3 monitor unique, as well as
shared, target genes for V. dahliae virulence, development
and stress

Som1 is required for normal levels of VTA3 expression
(Fig. 4b). The VTA3 promoter includes a binding site for
Som1 (Fig. 11a,b). A VTA3 overexpression strain using the
SOM1 deletion background was constructed to dissect the tar-
get genes of both transcription factors (Fig. S9a). Defects in
conidiation, growth and microsclerotia formation, which
resemble the phenotype of the SOM1 deletion strain
(Fig. S9b,c), illustrate that VTA3 overexpression cannot rescue

developmental defects caused by the SOM1 deletion. Several
genes are Som1-specific targets for virulence (SNOD1/
VdCP1), adhesion (PLS1, VTA4, FAS1), conidia formation
and development (CON6, CON10, VEL1), and stress
response (CPX2 and SOD3) and were not affected by VTA3
overexpression on a SOM1 deletion background (Figs 4a,
S9d). Som1 promotes the expression of VTA3, and Som1 and
Vta3 stimulate several other transcription factor encoding
genes (VTA2, VTA6, ABA1). A binding site for Aba1 is also
present in the SOM1 promoter suggesting a mutual control
(Fig. 11a,b). Som1 and Vta3 promote the expression of addi-
tional virulence genes as CAP20 found in appressoria forma-
tion (Hwang et al., 1995) or PRY1 coding a PR-1-like
pathogen-related protein (Prados-Rosales et al., 2012) or the
hydrophobin encoding VDH1 required for microsclerotia for-
mation (Klimes & Dobinson, 2006; Fig. 4b). In the absence
of Som1, overexpression of VTA3 increases the expression of
genes for virulence (NLP2), for microsclerotia formation
(VTA1 and SFL1), and for conidiation (CON8) and decreases
the expression of the stress response gene INO1 (Fig. 4c).

(a)

(b)

Fig. 9 Som1 is required for correct hyphal branching. (a) Equivalent numbers of spores for JR2-wt, the SOM1 deletion, and the complementation strains
were dropped on CDM plates and grown in the dark at 25°C for 10 d. Development of hyphae was observed on plate surfaces. (b) Quantification of
hyphal branches. Single hyphae of indicated strains were grown in microchannels. Arrowheads indicate hyphal branches. The number of branches within
750 lm of hyphal tips were counted. The experiment was performed in triplicate. Average values� SD are indicated. Lowercase letters (a, b) represent
significantly different groups as calculated by Tukey�Kramer multiple comparison procedures, a = 0.01.
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(a)

(b)

Fig. 10 Distances between septa and vacuole sizes are reduced in Verticillium dahliae SOM1 deletion strain. Spores of JR2-wt, the SOM1 deletion and the
complementation strains were grown in SXM at 25°C for 24 h. Pictures were taken by fluorescence microscopy with differential interference contrast (DIC)
and a red fluorescent protein (RFP) filter. (a) Septa and cell walls were stained with Congo red. White arrowheads indicate septa. Distances between septa
were measured. (b) Vacuoles were dyed by lipophilic styryl dye, N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl) pyridinium
dibromide (FM4-64) with green arrowheads indicating a vacuole. Diameters of vacuoles were determined in triplicate experiments with 100 cells for each
repetition. Mean values� SD are represented. Lowercase letters (a, b) represent significantly different groups as calculated by Tukey�Kramer multiple
comparison procedures, a = 0.01.
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These genes are presumably activated after Som1 mediated
VTA3 activation and their promoters are presumably directly
regulated by Vta3.

Deletion of SOM1 or VTA3 changes the abundance of pro-
teins involved in different cellular processes

The effect of Som1 and Vta3 on fungal protein levels was deter-
mined by comparing the proteomes of trypsin-digested cell
lysates from the SOM1 and VTA3 deletion strains with the one
from the wild-type by LC-MS. In total, 87 proteins were more
abundant and 243 were less abundant in the wild-type strain with
an intact Som1 protein compared with the SOM1 deletion strain,
suggesting that Som1 represses directly or indirectly with c. three-
fold more reduced protein levels than increased protein levels
(Fig. 11c). A functional categorisation of the proteins according
to conserved domains or putative homologs suggests that most
proteins regulated by Som1 belong to the category of
metabolism, in particular carbon metabolism (Fig. 11c;
Tables S4–S7).

Protein levels of Cap20 and SnodProt1-like VdCP1 as pre-
sumed virulence factors are reduced in the absence of Som1
(Fig. 11c; Table S4). This situation is in accordance with tran-
script analyses in which the corresponding transcripts for these
two proteins are decreased in the absence of Som1 (Fig. 4a,b).
Som1 increases protein levels of two putative chaperones includ-
ing VdBip1 (VDAG_JR2_Chr3g10940a), which is a homolog of
A. nidulans BipA, and which is induced by the unfolded-protein
response of the endoplasmic reticulum (Sims et al., 2005). Four
proteins involved in secondary metabolism are induced by Som1,
including a tetrahydroxynaphthalene reductase that has been
described to be upregulated during microsclerotia formation
(Duressa et al., 2013). These proteins might be linked to the
defects of the SOM1 deletion strain in production of these resting
structures.

Vta3 induced 77 proteins, whereas 86 were repressed and
therefore increased in the VTA3 deletion strain. Many of
these proteins could be grouped in the categories of
metabolism, transport and ribosome/RNA-related proteins
and translation (Fig. 11c; Tables S6, S7). In addition, two

putative polyketide synthases, were found in the VTA3 dele-
tion strain, suggesting changes in secondary metabolism. By
contrast, no proteins involved in virulence were found to be
significantly changed in abundance. Proteome analysis
revealed four major changes in protein levels, which were
significantly induced by both transcription factors Som1 and
Vta3, whereas six proteins were reduced (Fig. 11c; Tables S4–
S7). So far, only one of these proteins was studied in fungi.
VDAG_JR2_Chr3g01580a is a putative calcium/calmodulin-
dependent protein kinase. This kinase is conserved in other
fungi, as CmkA of A. nidulans, which is required for normal
growth and nuclear divisions, or Cmk2 in S. cerevisiae.
Cmk2 was also suggested to be regulated by Flo8 and Rfx1
(Hu et al., 2007). A misregulation of this kinase might be
involved in the observed phenotypes of the SOM1 and VTA3
deletion strains.

SomA of the opportunistic human pathogen A. fumigatus
can rescue the V. dahliae SOM1 deletion strain

AfSomA is required for opportunistic pathogenicity of
A. fumigatus in mammalian cells (Lin et al., 2015) and shares
40% amino acid identity with VdSom1 of plant pathogen
V. dahliae. It was analysed whether a fungal pathogenicity factor
of humans and its counterpart for plant virulence can be
exchanged, because AfSomA and V. dahliae Som1 fulfil similar
functions including adhesion, conidiation, and aerial hyphae for-
mation. GFP-trap results indicated that VdSom1 physically
interacts with PtaB (Table S8) as its counterpart AfSomA in
A. fumigatus (Lin et al., 2015). Neither GFP-trap experiments
with VdVta3 nor BiFC assays with AfVta3 supported direct AfV-
ta3-AfSomA, AfSomA-AfSsnF or AfVta3-AfSsnF interactions in
either organism. Conversely, in GFP traps, VdVta3 interacts with
Cyc8/Ssn6 (Table S9; Fig. S10).

Verticillium dahliae Som1 was replaced by AfSomA of the
opportunistic human pathogen A. fumigatus by expressing the
ORF of AfsomA under the control of the gpdA promoter
(Table S1). Arabidopsis root infection analysis revealed that
AfSomA can rescue the defect in initial steps of colonisation
of the V. dahliae SOM1 deletion strain (Fig. 12a).

Fig. 11 Potential regulators of SOM1 and VTA3 transcription and proteins induced or reduced by Som1 and Vta3. (a) Schematic outline of SOM1 and
VTA3 promoter regions with unique transcription factor binding sites. Binding sites of transcription factors on the promoter region of SOM1 and VTA3

were identified with FIMO and PROMO programs. Transcription start sites of genes (TSS) were predicted based on the cDNA sequence and protein coding
sequence of VdJR2 in the Ensembl Fungi database. The start codon ATG and the predicted open reading frame (ORF) with a size of > 300 bp upstream of
SOM1 and VTA3 are shown. A 500-bp part of the SOM1 and VTA3 promoter regions was analysed and the TATA box within the core promoter, the
CCAAT box, and GC box of promoter-proximal elements as well as the Som1/Flo8 and the Aba1 sites are highlighted. (b) List of transcription factor
binding sites with putative Verticillium dahliae homologs in the SOM1 and VTA3 promotor regions. (c) Functional categories of proteins induced/reduced
by Som1 and Vta3. The same amount of cell lysate was run on 1% SDS-PAGE gel and digested with trypsin. The protein list was identified by liquid
chromatography with tandem mass spectrometry (LC-MS) coupled with MaxQuant analysis and further processed with Perseus software. The significant
difference between log2 of samples with Som1/Vta3 and without with a = 0.05 was selected. All proteins identified by more than two unique peptides
from at least two out of three replicates and only proteins with equal abundance in the wild-type and complementation samples were further investigated.
The experiment was performed in three replicates. Proteins were grouped based on conserved domains, which were searched against Aspergillus spp.,
Saccharomyces cerevisiae and other organisms with INTERPROSCAN5 and BLAST searches. From this cellular functions were predicted and proteins were sorted
into categories. C, C-metabolism; AA, amino acid metabolism; SN, sulfur/nitrogen metabolism; VC, vitamins/cofactors; SM, secondary metabolism; SR,
stress response; TR, transport; RED, redox process; VIR, virulence; RT, ribosome/RNA related proteins and translation; CS, cell cycle and signaling; CY,
cytoskeleton; P, proteolysis; T, transcription; UN, others and unknown.
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Furthermore, AfSomA can restore wild-type-like conidia and
microsclerotia formation (Fig. 12b), septa positioning, and
vacuole size (Fig. 12c), growth, and aerial hyphae development
(Fig. 12d) in the V. dahliae SOM1 deletion strain. This result

indicates that AfSomA and Som1 contribute to pathogenicity
in humans or plants by exhibiting similar functions in the
human pathogen A. fumigatus as in the plant pathogen
V. dahliae.

(a)

(b)

(c)
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Discussion

Pathogen adhesion represents an important infection step for
plant or human host cells (Yan et al., 2011; Lin et al., 2015). The
Verticillium transcriptional regulator of adhesion Vta2 exhibits a
dual adhesion function for fungal development and plant host
infection and colonisation (Tran et al., 2014). Two novel fungal
proteins Som1 and Vta3 were identified and analysed within this

study. Both proteins are involved in different subsequent steps of
the plant infection process and are also involved in fungal differ-
entiation (Fig. 13). Som1 and Vta3 restore adhesion of nonad-
herent yeasts presumably by different mechanisms. Som1
probably binds to the Flo8 promoter binding site of flocculation
genes for activation as its homolog in A. fumigatus (Lin et al.,
2015). Vta3 indirectly activates FLO1 and FLO11 genes by
repressing the expression of SFL1. Sfl1 is involved in the repres-
sion of related flocculation genes and binds to the promoter
region of FLO11 (Conlan & Tzamarias, 2001; Ansanay Galeote
et al., 2007). It directly interacts with the repressor complex
Ssn6-Tup1, which interacts with Rfx1 to inhibit the transcription
of target genes (Huang et al., 1998; Conlan & Tzamarias, 2001).
The SFL1 homolog of V. dahliae is regulated by the Rfx1
homolog Vta3. Whereas Vta3 positively regulates VdSFL1
expression, overexpression of VdVTA3 in S. cerevisiae in combi-
nation with the presence of the yeast RFX1 has a repressive func-
tion on ScSFL1. This finding suggests a concentration-dependent
effect of Vta3 on SFL1 regulation in the different organisms.
Transcriptional regulation of SFL1 by Vta3 would also explain
that V. dahliae Sfl1 and Vta3 are promoting the formation of
microsclerotia, which are decreased in numbers in respective dele-
tion strains.

The protein levels of a glutamate decarboxylase Gad1, a
calmodulin-dependent protein kinase Cmk2 and a glycogen syn-
thase Gsy1 were changed in a Flo8-dependent manner in yeast
(Hu et al., 2007) and similarly the corresponding V. dahliae pro-
teins were found to be changed dependent on Som1 in compara-
tive proteomics. Several Vta3 dependent proteins were also
described to be under the control of the yeast homolog Rfx1
including a calmodulin-dependent protein kinase Cmk2, a regu-
lator of an inducer of meiosis Rim11, the polymyxin B sensitivity
protein Pbs2 and a cell division cycle protein Cdc12 (Hu et al.,

(a)

(b)

(c)

(d)

Fig. 12 AfSomA can partially rescue the Verticillium dahliae SOM1

deletion strain. The open reading frame (ORF) of AfsomA was fused to
GFP under the control of the gpdA promoter and ectopically integrated
into the V. dahliae SOM1 deletion strain. The transformed strains were
screened on selection medium containing hygromycin 50 lgml�1.
Expression of the protein was confirmed by fluorescence microscopy and
western blot hybridisation. (a) The same number of spores of the
V. dahliae JR2-wt and SOM1 deletion strain expressing free GFP and
AfsomA complementation strains were used to infect 3-wk-old
Arabidopsis thaliana roots. The colonisation of fungal hyphae on the root
surface was observed at 48 h and 120 h post infection. Experiments were
performed with five plants for each fungal strain. The arrowhead indicates
the GFP signal of AfSomA::GFP in the nucleus. (b) Spores of JR2-wt,
SOM1 deletion, and AfsomA complementation strains were cultivated in
50ml SXM on a shaker or on CDM plates containing 3% cellulose at 25°C
for 7 d. The number of spores in SXM liquid and microsclerotia on agar
plates were counted. (c) Spores of indicated strains were grown in SXM
containing cefotaxime for 24 h. Septa and cell walls were stained with
Congo red, whereas vacuoles were dyed by FM4-64. The distance
between septa and vacuole sizes was measured. One hundred cells were
observed for each repetition. (d) Spores were dropped on CDM plates and
incubated in the dark. The diameter of the colony was measured at 11 d
post infection. The experiments were performed in triplicate. The mean
values� SD of triplicates are shown. Lowercase letters (a–c) indicate the
significantly different groups as calculated by Tukey–Kramer multiple
comparison procedures, a = 0.01.
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2007; Venters et al., 2011). These proteins are presumably
involved in cell cycle regulation and a change in protein abun-
dance in a VTA3 deletion strain might contribute to the observed
phenotypic changes. These findings reflect conserved elements in
the yeast and V. dahliae Flo8/Som1 and Rfx1/Vta3 regulatory
networks. The levels of four proteins were significantly induced
by Som1 and Vta3 in the proteomic view. Quantitative real-time
PCR results showed significant overlap between target genes of
Som1 and Vta3. Transcriptional and proteomic analyses focused
on different gene and protein categories. In quantitative real-time
PCR, we focused on the expression of specific transcription fac-
tors, which are low abundant, whereas in proteomic assay, only
high abundant proteins were detected. Moreover, Som1 and
Vta3 control the expression of many transcription factors,
which might change translation levels of specific proteins.

Adhesive proteins are required for several stages of fungal
development and host�fungus interactions (Braun & Howard,
1994; Hostetter, 2000). The V. dahliae Vta2 adhesion factor is
involved in the colonisation of plant roots (Tran et al., 2014). In
this study, we showed that Som1 is essential for adhesion and
penetration of plant roots, whereas Vta3 is necessary for early
colonisation. Both proteins regulate specific as well as common
target genes, which are involved in differentiation and infection
processes. Alterations in the expression of genes for adhesion in
the V. dahliae SOM1 deletion strain could impair adhesion of
root surfaces. Som1 controls the expression of three adhesion fac-
tors including a tetraspanin-like protein PLS1, an activator of
adhesion VTA4 (Tran et al., 2014), and a fasciclin-like protein
FAS1. Pls1 had been described to be involved in hyphopodium
peg formation as adhesion structure of Verticillium (Clergeot
et al., 2001; Zhang et al., 2017). The homolog of FAS1 in
M. oryzae is involved in conidia adhesion, conidiation and viru-
lence (Liu et al., 2009). However, proteomic data showed that
Som1 decreases the abundance of another fasciclin protein. Our
data suggest a complex Som1 dependent control of increased or
decreased transcript or protein levels for different fasciclin
domain proteins. The expression of VTA4 can rescue adherence
in S. cerevisiae, although the function of Vta4 homologs in adhe-
sion have not yet been described in ascomycete fungi (Tran et al.,
2014). Additionally, Som1 control of SNOD1 encoding a phyto-
toxin family member is required for virulence and induction of
plant immune responses (Zhang et al., 2017). Som1 is required
for normal-sized vacuoles, which play a major role during the for-
mation of appressoria in C. albicans or U. maydis (Weber, 2002).
The small vacuole size of V. dahliae might be related to the
inability of the SOM1 deletion strain to form hyphopodia for
host penetration. Som1 controls further genetic networks by acti-
vating the transcription factor gene VTA3 and together with Vta3
regulates the expression of transcription factor genes VTA2 and
VTA4. Vta2 is required after the formation of penetration points
for plant root colonisation (Tran et al., 2014). These data corrob-
orate the evidence that Som1 and Vta3 are two subsequent key
regulators for plant infection and development, which regulate a
plethora of genes.

Som1 regulates together with Vta3, which enhances its own
biosynthesis, CAP20, which is in C. gloeosporioides essential for

appressoria formation and virulence (Hwang et al., 1995).
Som1 and Vta3 also activate PRY1, required for virulence in
mammalian hosts of F. oxysporum (Prados-Rosales et al., 2012).
NLP2 is specifically regulated by Vta3 and encodes a cytotoxic
necrosis and ethylene-like protein, which contributes to
V. dahliae pathogenicity on tomatoes (Santhanam et al., 2013).
The lack of sufficient amounts of the encoded proteins may
explain why deletion strains of SOM1 and VTA3 are defective in
plant infection.

Pathogenic fungi distribute within the plant by conidia after
plant root infection. Conidia are also required to spread the
pathogen in fields (Pegg & Brady, 2002; Berlanger & Powelson,
2000). Conidiophores produce several phialides in which a coni-
diospore cluster of several conidia develops. Som1 is specifically
required for efficient conidiospore cluster production and sup-
ports the expression of CON6 and CON10, which support early
and later conidiation stages in Neurospora crassa (Roberts &
Yanofsky, 1989). Som1 and Vta3 are required for general conidia
formation and regulate the expression of conidiation factors
ABA1 and VTA2. The SOM1 promoter itself contains a binding
site for Aba1 (Fig. 11a,b), which is located in the central conidia-
tion control pathway for the transition from vegetative hyphae in
Aspergilli (Tao & Yu, 2011; Son et al., 2013) and Vta2/Con7 is
essential for conidia formation in V. dahliae (Tran et al., 2014).
Verticillium dahliae VTA3 overexpression can partially restore the
expression of CON8, which is downregulated in the SOM1 dele-
tion strain, which might be an indirect CON8 regulation by
Som1 through controlling the expression of VTA3. Neurospora
crassa Con8 is expressed early during conidiation and required
for sporulation (Roberts & Yanofsky, 1989).

Microsclerotia resting structures are formed in dead plants and
are necessary for reinfection after winter (Pegg & Brady, 2002).
Microsclerotia are not formed without Som1 and only in a
reduced number without Vta3. Som1 and Vta3 control the
expression of VDH1 encoding a key factor of microsclerotia for-
mation (Klimes & Dobinson, 2006). Som1 activation of VTA3
results in the activation of VTA1 encoding a putative transcrip-
tion factor located in the melanin biosynthesis cluster, which can
also rescue adherence in yeasts (Duressa et al., 2013; Tran et al.,
2014). The lack of VDH1 and VTA1 may be important for the
microsclerotia formation defect in SOM1 and VTA3 deletion
strains. An additional effect might be the interplay of Vta3 with
the SFL1 gene and with Ssn6/Cyc8 as an important factor for
resting structure development (Li et al., 2015).

Fungal infection requires an accurate stress response against
ROS produced by plant hosts (Tanabe et al., 2011; Youseff et al.,
2012). Som1 increases and Vta3 decreases the fungal oxidative
stress tolerance, suggesting antagonising roles of both transcrip-
tion factors. Vta3 as well as its yeast homolog Rfx1 as part of a
multiplex represses the expression of INO1 encoding an inositol-
3-phosphate synthase, which can enhance tolerance to inhibitors
(Sugiyama & Nikawa, 2001; Gavin et al., 2002; Wang et al.,
2015). Only Som1, but not Vta3, activates stress response genes
such as CPX2, corresponding to a secreted catalase-peroxidase in
M. oryzae and SOD3 for a superoxide dismutase in Histoplasma
capsulatum, which both function in fungal defense against
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oxidative stress (Tanabe et al., 2011; Youseff et al., 2012). Som1
also controls the expression of VEL1 for a velvet domain tran-
scription factor in which the corresponding homolog VeA of
A. flavus is involved in the oxidative stress response (Baidya et al.,
2014). Velvet domain proteins link fungal development and sec-
ondary metabolism and require an accurate specific protein sta-
bility control system including the COP9 signalosome (CSN;
Braus et al., 2010; Bayram & Braus, 2012). The CSN complex
plays a key role in the oxidative stress response. The CSN com-
plex might physically interact with Fbx15, which is required for
oxidative stress tolerance and development in Aspergillus (von
Zeska Kress et al., 2012; Joehnk et al., 2016).

Som1 is required for normal hyphal branching and septum
positioning. Alterations in the colony phenotype might be
directly connected to hyphal development and intracellular pro-
cesses. The genetic mechanisms underlying hyphal branching are
still elusive in filamentous fungi and it remains to be analysed
whether there is a connection between Som1 and the proteins
controlling septa positioning. A phenotype of the V. dahliae
SOM1 deletion strain is reminiscent of the dipA deletion strain of
A. nidulans, which causes increased numbers of septa (Schinke
et al., 2016).

Plant and human pathogenic fungi share common pathogenic-
ity factors that are important for understanding common aspects
of infection and virulence to develop novel antifungal strategies
and fungicides to control pathogen growth (Fones et al., 2017; Yu
et al., 2017). The transcription factor AfSomA plays important
roles in adhesion, conidia formation and virulence in the human
pathogenic fungus A. fumigatus (Lin et al., 2015). AfSomA of the
human pathogenic fungus A. fumigatus and VdSom1 of the plant
pathogen V. dahliae fulfil similar functions. AfSomA does not only
rescue growth, adhesion, and conidia formation, but also repro-
grams microsclerotia formation in V. dahliae. This process does
not exist in A. fumigatus. Moreover, AfSomA can restore
Arabidopsis root colonisation. This pathogenicity factor of a plant

invader and its counterpart in human pathogenic fungi are highly
conserved. It will be interesting for future studies to evaluate
whether there are also similarities between V. dahliae Vta3 and its
counterpart in a human pathogen. Results generated from such
studies could help to understand penetration and virulence path-
ways not only in plant pathogenic fungi but also in human
pathogens. Antifungal azoles are widely used in agriculture and
also in the clinic to control pathogenic fungi and have induced
antifungal resistance in which A. fumigatus often hardly responds
to azole treatment (Fones et al., 2017). It is necessary to develop
new fungicides against pathogenic fungi. Controlling the interplay
between the Som1 and Vta3 genetic networks includes several
interesting targets for antifungal intervention of human and plant
pathogens that could reduce fungal growth, impair fungal develop-
ment and reduce virulence.
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