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The 24-kDa subunit of mitochondrial 
complex I regulates growth, microsclerotia 
development, stress tolerance, and virulence 
in Verticillium dahliae
Huan Li1,2, Ying Liu1, Dan Wang4, Ya-Hong Wang1, Ruo-Cheng Sheng1,2, Zhi-Qiang Kong2,3, 
Steven J. Klosterman5, Jie-Yin Chen2,3, Krishna V. Subbarao6*, Feng-Mao Chen1* and Dan-Dan Zhang2,3* 

Abstract 

Background The complete mitochondrial respiratory chain is a precondition for maintaining cellular energy supply, 
development, and metabolic balance. Due to the evolutionary differentiation of complexes and the semi-autonomy 
of mitochondria, respiratory chain subunits have become critical targets for crop improvement and fungal control. In 
fungi, mitochondrial complex I mediates growth and metabolism. However, the role of this complex in the pathogen-
esis of phytopathogenic fungi is largely unknown.

Results In this study, we identified the NADH: ubiquinone oxidoreductase 24-kDa subunit (VdNuo1) of complex 
in vascular wilt pathogen, Verticillium dahliae, and examined its functional conservation in phytopathogenic fungi. 
Based on the treatments with respiratory chain inhibitors, the mitochondria-localized VdNuo1 was confirmed to regu-
late mitochondrial morphogenesis and homeostasis. VdNuo1 was induced during the different developmental stages 
in V. dahliae, including hyphal growth, conidiation, and melanized microsclerotia development. The VdNuo1 mutants 
displayed variable sensitivity to stress factors and decreased pathogenicity in multiple hosts, indicating that VdNuo1 
is necessary in stress tolerance and full virulence. Comparative transcriptome analysis demonstrated that VdNuo1 
mediates global transcriptional effects, including oxidation and reduction processes, fatty acid, sugar, and energy 
metabolism. These defects are partly attributed to impairments of mitochondrial morphological integrity, complex 
assembly, and related functions. Its homologue (CgNuo1) functions in the vegetative growth, melanin biosynthesis, 
and pathogenicity of Colletotrichum gloeosporioides; however, CgNuo1 does not restore the VdNuo1 mutant to normal 
phenotypes.

Conclusions Our results revealed that VdNuo1 plays important roles in growth, metabolism, microsclerotia develop-
ment, stress tolerance, and virulence of V. dahliae, sharing novel insight into the function of complex I and a potential 
fungicide target for pathogenic fungi.
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Background
Mitochondria are well known for their role as cellular 
powerhouses, providing adenosine triphosphate (ATP), 
the primary energy currency. In eukaryotes, these double 
membrane-bound organelles perform various functions 
such as the oxidative metabolism, maintenance of cel-
lular calcium and iron homeostasis, degradation of tox-
ins, and feedback on integrated stress responses, as well 
as mitochondrial-to-nuclear communication [1–4]. Fur-
thermore, the intermediaries of mitochondrial metabo-
lism promote epigenetic modification [5] and participate 
in the biosynthesis of heme and amino acids [6]. Among 
these, components of oxidative phosphorylation have 
become a focus for mitochondrial research due to their 
importance in mitochondrial origin hypothesis, disease 
occurrence, microbial stress tolerance, host–pathogen 
interactions, and as targets for the innovation of new fun-
gicides [7, 8].

The oxidative phosphorylation that occurs in the mito-
chondrial electron transport chain (ETC) comprises five 
inner mitochondrial membrane (IMM)-embedded enzy-
matic complexes (complex I, II, III, IV, and V) and two 
mobile electron carriers (ubiquinone and cytochrome c) 
[9, 10]. Functionally, the ETC utilizes the changes in the 
oxidation and reduction states of substrates to establish 
electron flow coupled with the accumulation of a pro-
ton electrochemical gradient across the IMM to produce 
ATP [3, 9, 11, 12]. Besides electron transport, the ETC 
also generates metabolites tightly associated with redox 
homeostasis, aging, signal transduction, and other physi-
ological and biological functions [5, 13]. For example, a 
byproduct of oxidative phosphorylation,  NAD+, is crucial 
in inducing mitochondrial development and autophagy 
[14]. The mitochondrial reactive oxygen species (mtROS) 
trigger mitochondrial membrane depolarization and act 
as a signal to mediate mitochondria-nuclear communica-
tion [5, 15].

Mitochondria are recognized to have evolved from 
endosymbiotic α-proteobacteria. Thus, as one of the 
semi-autonomous organelles, they independently 
regulate the coding of 13 ETC subunits (complex I, 
III, IV, and V contain 7, 1, 3, and 2 subunits, respec-
tively) [16–18], and thus collaboration with the nucleus 
is important for complex assembly and ultimately 
ATP synthesis. Complex I is the largest respiratory 
chain unit with 45, 49, and 42 subunits in mammals, 
plants, and yeast, respectively [3, 10, 19]. Although 
about 30 components of complex I are evolutionarily 

independent, its 14 core subunits are highly conserved 
in mammals, plants, yeast, and bacteria [20]. Based on 
hydrophilic and hydrophobic characteristics, the 14 
core subunits distributed on the peripheral and mem-
brane arms of complex I are divided into N, Q, and P 
modules of 3, 4, and 7 core subunits, respectively [3, 
18]. The P module is embedded in the membrane arm 
of the IMM connected with peripheral arm by the Q 
module, while the tip N module of the peripheral arm is 
immersed in the mitochondrial matrix. These modules 
form an L-like membrane-spanning skeleton and func-
tion in proton pumping, quinone reduction, and NADH 
oxidation, respectively [9, 21, 22]. Notably, the effects 
of mis-assembly and damage of complex I on cells are 
global. In humans, complex I dysfunction or loss causes 
20 ~ 30% of mitochondrial diseases, such as Leigh syn-
drome, Parkinson’s disease, lactic acidosis, neuropathy, 
and myopathy [23, 24]. Complex I is involved in plant 
development and seed maturation, and its function in 
mtROS metabolism confers plant resistance to biotic 
and abiotic stresses [18, 25].

In fungi, complex I mediates vegetative growth, stress 
tolerance, metabolism, and virulence. The defects of 
subunit Ndi1p resulted in the abolishment of sporula-
tion in yeast [26]. Citrinin and pigment biosynthesis are 
negatively correlated with complex I activity in Monascus 
purpureus [27]. The subunit Nuo2 of complex I in Can-
dida albicans regulates commensalism and plays a vital 
role in carbon source utilization, hyphal growth, biofilm 
formation, and virulence [28]. The mtROS, and espe-
cially superoxide anions produced by electron leakage 
of complex I, can attack the IMM and induce mitochon-
drial autophagy [29]. Moreover, the two subunits, NDE1 
and NDE2, have been found to cooperatively maintain 
mtROS by regulating catalase activity [30]. Furthermore, 
due to evolutionary differences of complex I among 
mammals, plants, and fungi, complex I is also a novel 
fungicide target. For example, the mono-alkyl lipophilic 
cations (MALCs) fungicide  C18-SMe2

+ inhibits oxida-
tive phosphorylation by reducing NADH oxidation and 
depolarizing the IMM and induces mtROS accumula-
tion to trigger fungal apoptosis [8]. Mitochondrial inher-
itance and its functions in homeostasis are essential for 
virulence of fungal pathogens [31, 32]; however, the role 
of complex I in homology, growth, stress resistance, and 
pathogenicity of plant pathogenic fungi remains obscure.

Verticillium dahliae is a notorious soil-borne phy-
topathogenic fungus in the genus Verticillium. It causes 
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destructive Verticillium wilt in more than 200 dicotyle-
don plants, including a variety of economically important 
crops and trees [33–35]. V. dahliae is difficult to control, 
owing to the melanized dormant microsclerotia with 
long-term vitality and adaptability in soil [36, 37]. The 
microsclerotia give rise to hyphae that invade the plant 
through the roots and proliferate upward through xylem 
vessels. During this process, various secreted effectors 
and toxic metabolites of V. dahliae and defense responses 
of the plant contribute to vascular clogging and wilt [38]. 
Infected plants exhibit developmental retardation, leaf yel-
lowing and wilting, vascular tissue discoloration, and even 
death [34, 39]. Studies in V. dahliae focusing on secondary 
metabolism, signaling pathways, posttranslational modi-
fications, transcriptional regulation, and effector protein 
activities have revealed the roles of these processes in 
growth, host adaptability, melanized microsclerotia devel-
opment, stress resistance, and pathogenicity [38, 40–44]. 
Some evidence indicates that the disturbance of mito-
chondrial ATP output and mtROS metabolism inhibits 
growth and virulence and induces apoptotic cell death 
in V. dahliae [45, 46]. Differences in virulence between 
strains of V. nonalfalfae, with a mitochondrial genome 
closely related to V. dahliae, have also been attributed to 
both nuclear and mitochondrial genomes of the causal 
strains [16]. Hence, the functional analysis of complex I 
subunits is a valuable undertaking to elucidate develop-
mental characteristics and pathogenesis of V. dahliae.

In this study, the NADH: ubiquinone oxidoreductase 
24-kDa subunit (VdNuo1) of complex I in V. dahliae was 
demonstrated to mediate vegetative growth, melanin bio-
synthesis, microsclerotia development, stress tolerance, and 
pathogenicity. Further, comparison of the transcriptional 
profiles of the VdNuo1 mutant and the wild-type strain 
provided global views of the role of VdNuo1 in metabo-
lism, oxidation–reduction, transcriptional regulation, and 
mitochondrial function of V. dahliae. The contribution of 
VdNuo1 to the integrity of mitochondrial membrane system 
was also determined by transmission electron microscopy. 
Taken together, our results revealed pleiotropic functions 
of the core subunit VdNuo1 in V. dahliae. Analyses of the 
homology between VdNuo1 and its orthologs suggested 
that although Nuo1 functions are conserved in develop-
ment and pathogenicity of Colletotrichum gloeosporioides, 
CgNuo1 is incompatible in V. dahliae.

Results
Mitochondrion‑localized NADH: ubiquinone 
oxidoreductase 24‑kDa subunit (VdNuo1) is conserved 
in filamentous fungi
In our previous study, a genomic sequence fragment 
encoding 10 homologues was identified as conserved 
in V. dahliae and C. gloeosporioides [43]. Among these 

homologues, two zinc finger proteins, VdZFP1 and 
VdZFP2, were confirmed to positively regulate the hyphal 
growth, melanin biosynthesis, and microsclerotia devel-
opment of V. dahliae by interacting with VdCmr1 [43]. 
Notably, the NADH: ubiquinone oxidoreductase 24-kDa 
subunit coding gene named VdNuo1 (DK185_04253 
in AT13 (https:// db. cngb. org/ Verti cilli- Omics/); 
VDAG_08642 in VdLs.17 [33]) is adjacent to the VdZFPs. 
As the core subunit of complex I, the exact function of 
NADH: ubiquinone oxidoreductase 24-kDa subunit is 
largely unknown in plant pathogenic fungi.

To determine whether VdNuo1 is a component of the 
mitochondrion where it may function in the respiratory 
chain, we initially examined its subcellular localization. 
The plasmid containing green fluorescent protein (GFP) 
fused with VdNuo1 was transformed into the WT V. 
dahliae strain AT13. As predicted, the GFP signal of the 
VdNuo1-eGFP fusion strain (WT-VdNuo1::eGFP) was co-
localized with the red fluorescence of the mitochondrial 
probe CMXRos (Fig. 1A). The intensity of green and red 
fluorescence was also consistent (Fig.  1C). These results 
indicated that VdNuo1 is localized in mitochondria. In 
contrast, the GFP signal of eGFP-integrated strain (WT-
eGFP) was present in the cytoplasm (Fig. 1A and B).

Subsequently, the sequence information and three-
dimensional structure of VdNuo1 were predicted by 
the SMART, InterPro, MitoFates, and SWISS-MODEL 
online tools. VdNuo1 encodes 265 aa (amino acids), 
and possesses a conserved mitochondrial presequence 
(N-terminal 23 aa, Fig. 1D) and a TRX-like [2Fe-2S] ferre-
doxin family domain (from 130 to 211 aa, Fig.  1D) that 
facilitates electron transfer [9]. Spatial models indicate 
that residues 136C, 141C, 179C, and 183C in VdNuo1 are 
involved in binding of iron-sulfur (FeS) clusters (Fig. 1E). 
Phylogenetic analysis showed that VdNuo1 shared the 
closest evolutionary relationship within Verticillium spp., 
while the clustering result revealed that VdNuo1 and its 
homologues in filamentous fungi were evolutionarily 
conserved and shared the same ancestral origin (Fig. 1F).

VdNuo1 is crucial for respiratory chain homeostasis 
and metabolism
To investigate the physiological and biological functions 
of VdNuo1, VdNuo1 deletion mutants (ΔVdNuo1) and 
ectopic complemented transformants  (ECΔVdNuo1) were 
obtained by homologous recombination and reintroduc-
tion of VdNuo1 into the deletion mutants, respectively. 
All mutants were verified by multiple diagnostic PCR 
assays (Fig. S1A–C).

Given the importance of the 24-kDa subunit in com-
plex I enzyme activity [47], three respiratory chain 
inhibitors of complex I, II, and III were introduced to 

https://db.cngb.org/Verticilli-Omics/
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assess the effects of Vdnuo1 deletion on the mitochon-
drial ETC in V. dahliae. Rotenone and dimercaprol spe-
cifically block the electron transfer process from FeS 
centers to ubiquinone and from QH2 to cytochrome 
c, respectively, whereas carboxin inhibits activity of 

succinate dehydrogenase [7, 48, 49]. The WT, ΔVdNuo1, 
and VdNuo1 complemented strains were inoculated 
on Czapek-Dox agar (Czapek) medium supplemented 
with the three inhibitors independently for analyses of 
respiratory chain tolerance. Compared with the WT 

Fig. 1 The mitochondria-localized VdNuo1 from Verticillium dahliae is conserved in filamentous fungi. A Subcellular localization of VdNuo1 in V. 
dahliae. A VdNuo1-GFP fusion was introduced into the WT strain AT13, and the positive transformants were incubated on hydrophobic glass 
slides in the dark at 25 °C for 16 h. Before observation, the germinating hyphae of the WT, VdNuo1 mutants, and complemented strains were 
stained using the mitochondrial probe (CMXRos). The GFP and RFP signals were observed by fluorescence microscopy. Scale bar = 10 μm. B and C 
Fluorescence intensity analysis of GFP and RFP signals in A. The co-located images were split into GFP and RFP channels, and the signal strength 
was obtained by ImageJ software. D Domains within the protein sequence of VdNuo1 were predicted by multiple pipelines of MitoFates, SMART, 
InterPro, and Pfam. The FeS cluster, NuoE motif, and putative mitochondrial presequence were labeled by IBS software (Illustrator for Biological 
Sequences). Scale bar = 40 amino acids. E Three-dimensional structure prediction of VdNuo1. The spatial structure and core cysteine residues were 
analyzed using SWISS-MODEL. F Phylogenetic analysis of VdNuo1 from V. dahliae and its homologues from other fungi. The protein sequences 
were downloaded from the National Center for Biotechnology Information database (https:// www. ncbi. nlm. nih. gov/). The phylogenetic tree 
was constructed using MEGA 7.0 with neighbor-joining algorithm. The branch nodes were evaluated using 1000 bootstrap replications

https://www.ncbi.nlm.nih.gov/
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and complemented strains,  VdNuo1-deletion mutants 
showed different sensitivities to inhibitors. Deletion of 
VdNuo1 resulted in significant tolerance of V. dahliae 
to both complex I and II inhibitors, but greater sensitiv-
ity to dimercaprol (Fig.  2A). The levels of growth inhi-
bition of VdNuo1 mutants on 12 μM rotenone and 20 
μM carboxin plates were nearly half that of WT strain, 
while growth of 100 μM dimercaprol-treated mutants 
increased by 60% (Fig. 2B). Complementation of VdNuo1 
restored these defects (Fig. 2A and B). These results sug-
gested that VdNuo1 is essential to maintain mitochon-
drial respiratory chain homeostasis in V. dahliae.

Fungal sugar and fatty acid metabolism are mainly 
dependent on mitochondrial activity [27]. Sugar and 
fatty acid utilization of each strain was examined. To 
eliminate the influence of various sugars on the growth 
of the WT strain, we examined the diameter ratio of 

VdNuo1 mutants to WT to evaluate the role of VdNuo1 
in sugar metabolism. The ratios illustrated that VdNuo1 
is important for sugar metabolism in V. dahliae (Fig. 
S2A and B). Fatty acids are required for fungal devel-
opment, energy supply, and virulence. However, excess 
fatty acids are harmful to fungi [50, 51]. Colony phe-
notypes and inhibition rates showed that the VdNuo1 
deletion mutants were more sensitive (increase inhi-
bition rate by approximately 40%) to linoleic acid 
and linolenic acid than the WT and complementary 
strains (Fig. S2C and D). Quantitative analysis of fatty 
acids also confirmed that the deletion of VdNuo1 sig-
nificantly reduced (about 90%) the fatty acid content 
(Fig. S2E). More importantly, the metabolic balance of 
unsaturated fatty acids in VdNuo1 mutants was dis-
turbed. About 30% of monounsaturated fatty acids 
were replaced by polyunsaturated fatty acids (Fig. S2F). 

Fig. 2 VdNuo1 functions in the mitochondrial respiratory chain of Verticillium dahliae. A The response of WT, VdNuo1 mutants, and complemented 
strains to mitochondrial complex I, II, and III inhibitors. The colony morphology of WT, VdNuo1 mutants, and complemented strains grown 
on Czapek medium were supplemented with different concentrations of inhibitors at 25 °C in the dark. Each strain was inoculated on at least 
three plates and three independent experiments were carried out. B, C, and D The inhibition rates of inhibitors. Colony diameter of indicated 
strains on medium with 8 μM rotenone, 20 μM carboxin, and 100 μM dimercaprol. Error bars are standard errors calculated from six plates, and this 
experiment was replicated three times. *P < 0.05, **P < 0.01 (Student’s t-test)
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These results indicated that VdNuo1 is important for 
metabolism of fatty acids and sugars in V. dahliae.

VdNuo1 is involved in V. dahliae growth, conidiation, 
and development
To determine the role of VdNuo1 in V. dahliae growth, 
WT, ΔVdNuo1, and  ECΔVdNuo1 strains were cultured on 

potato dextrose agar (PDA), Czapek, and different car-
bon source media for 7 days. Consistent with sugar utili-
zation phenotypes, deletion of VdNuo1 severely impaired 
the radial growth of V. dahliae (Fig. 3A–C). Starch, pec-
tin, and sodium carboxymethyl cellulose (CMC-Na) were 
used to simulate host components of V. dahliae. Growth 
retardation on each carbon source (Fig.  3A and D–F) 

Fig. 3 Vdnuo1 mediates vegetative growth in Verticillium dahliae. A The colony phenotypes of WT, VdNuo1 mutants, and complemented 
strains in response to different carbon sources. All strains were cultured on PDA and Czapek salt medium containing either sucrose, starch, 
pectin, or sodium carboxymethyl cellulose (CMC-Na) at 25 °C in the dark for 7 days. Each strain was inoculated on at least three plates and three 
independent experiments were carried out. B, C, D, E, and F The colony diameter of the indicated strains in A. Error bars are standard errors 
calculated from six plates, and this experiment was replicated three times. *P < 0.05, **P < 0.01 (Student’s t-test). H Relative expression of VdNuo1 
in WT life cycle cultured in the laboratory. The strains were cultured on BMM medium at 25 °C in the dark. The RNA samples were collected at 2, 3, 
4, 5, 7, 10, and 14 dpi. RT-qPCR detection was independently repeated three times with 0 dpi (conidia) as control, and the results were conducted 
using the  2−ΔΔCT method. Error bars represent standard errors of the mean, **P < 0.01, and ***P < 0.001 (one-way ANOVA). I Hyphal morphology 
of WT, VdNuo1 mutants, and the complemented strains. The conidial suspensions of all strains were incubated on hydrophobic glass slides in a dark 
at 25 °C for 16 h. CFW was used to stain the chitin of each strain. The germinating hyphae and distribution of chitin were observed by fluorescence 
microscopy. Scale bar = 10 μm
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further confirmed the importance of VdNuo1-mediated 
vegetative growth. Meanwhile, the number of conidia 
of each strain cultured on PDA medium suggested that 
deletion of VdNuo1 can significantly compromise the 
conidiation of V. dahliae (Fig. 3G). The colony diameter 
and conidiation of the complemented strains were simi-
lar to that of the WT strain.

The developmental phases in the growth cycle of V. 
dahliae include hyphal growth, production of conidia, 
microsclerotia precursor formation, and microscle-
rotia maturation [41]. To explore whether VdNuo1 is 
involved in these developmental phases, we analyzed 
the gene expression profile in V. dahliae incubated on 
modified basal agar medium (BMM) from 0 to 14 dpi 
(day post inoculation). The persistent upregulation of 
expression levels of VdNuo1 (Fig.  3H) suggested that 
VdNuo1 is important for development and even dor-
mancy of V. dahliae. A decrease in the diameter of the 
ΔVdNuo1 strain was observed, likely due to polar growth 
defects. To examine the potential effect of VdNuo1 on 
polar growth, the conidia of each strain were incubated 
on hydrophobic glass slides for 12 h. The germinating 
hyphae were stained with Calcofluor White (CFW) and 
observed by fluorescence microscopy. The normal hyphal 
morphology and chitin distribution at the hyphal apex 
among WT, deletion mutants, and complemented strains 
suggested that deletion of VdNuo1 did not impair polar 
growth (Fig.  3I). Overall, these results indicated that 
VdNuo1 participates in growth, conidiation, and develop-
ment of V. dahliae.

VdNuo1 mediates development and melanization 
of microsclerotia
Microsclerotia are melanized survival structures and the 
primary inoculum of V. dahliae [34, 37]. Melanin was 
observed in mutants (Fig. 3A), and the expression profile 
indicated that the expression of VdNuo1 is induced dur-
ing microsclerotia maturation (Fig. 3H). To examine this 
further, the WT, ΔVdNuo1, and  ECΔVdNuo1 strains were 
incubated on BMM medium and the formation and mat-
uration of microsclerotia were observed regularly with a 
stereoscopic microscope. At 5 dpi, the WT and comple-
mented strains formed swollen and moniliform micro-
sclerotia precursors accompanied by melanin deposition 
(Fig. 4A). However, the hyphae of VdNuo1 mutants were 
transparent and relatively smooth (Fig. 4A). The mature 
microsclerotia of WT and complemented strains con-
tinued forming until 7 days, but only limited precursors 
accumulated melanin in VdNuo1 deletion mutants on 
BMM medium (Fig. S3). Although mature microsclerotia 
formed in all strains at 14 dpi, their density, size, and mel-
anization were different between strains (Fig. 4A). Specif-
ically, compared with the WT and complemented strains, 

more (~ 50% increase) and smaller (~ 40% reduction in 
volume) microsclerotia formed in VdNuo1 mutants, also 
exhibiting melanin deposition defects (reduce ~ 50%) 
(Fig. 4B–D). Microsclerotia melanization is accompanied 
by the strong expression of melanin biosynthesis genes 
[52]. Remarkably, only the genes of the melanin pathway, 
but not upstream regulators (VdZFP1 and VdZFP2), were 
suppressed in the VdNuo1 mutant, and mutant comple-
mentation rescued these defects (Fig. 4E). Together, these 
results suggested that VdNuo1 acts as a positive regulator 
of microsclerotia development and melanin biosynthesis 
in V. dahliae.

Previous studies confirmed that VdSho1 contributes 
to the formation of penetration pegs in hyphopodia and 
also positively regulates melanin biosynthesis [53]. Thus, 
given the correlation between melanin accumulation and 
invasive hyphae formation, VdNuo1 was examined for 
its potential role in initial colonization of V. dahliae. The 
WT, VdNuo1 mutants, and complemented strains were 
inoculated on MM (minimal) medium covered with a 
cellophane membrane to simulate penetration of the host 
epidermis. After 3 days of incubation, all strains displayed 
a similar ability to penetrate the cellophane membrane 
(Fig. 4F). These results suggested that VdNuo1-mediated 
melanin accumulation is associated with microsclerotia 
development rather than penetration in V. dahliae.

VdNuo1 participates in abiotic stress tolerance 
and pathogenicity
Melanins confer various functions in fungi and are 
involved in maintaining homeostasis, development of 
resistant survival structures, adaptation to environmen-
tal cues, niche competition, and host infection [43, 54]. 
In V. dahliae, melanin is mainly deposited at the cell wall 
of microsclerotial cells to ensure their survival in extreme 
environments, but its production is not required for 
pathogenicity [36]. To explore the environmental abiotic 
stress response of VdNuo1, the WT, VdNuo1 mutants, 
and the complemented strains were cultured on the PDA 
medium supplemented with 1.2 M sorbitol, 0.8 M NaCl, 
1 M KCl, 0.4 M  CaCl2, 0.02% SDS (sodium dodecyl sul-
fate), and 200 μg/mL CR (congo red) for 7 days, respec-
tively. The inhibition rate showed that VdNuo1 mutants 
was more sensitive to cell membrane permeability (NaCl, 
KCl, and  CaCl2) and cell wall integrity (SDS and CR) 
stresses than the WT and complemented strains, whereas 
these were more tolerant to osmotic pressure (sorbitol) 
(Fig. 5A–G). This suggested that VdNuo1 is necessary for 
V. dahliae to resist abiotic stresses.

To evaluate the contribution of VdNuo1 to virulence, 
seedlings of susceptible shantung maple and cotton were 
inoculated with conidial suspensions of WT, VdNuo1 
mutants, and the complemented strains. The 1-month-old 
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shantung maple seedlings first exhibited Verticillium wilt 
symptoms on the 14th day after inoculation with the WT 
and complemented strains. At 30 to 35 dpi, all plants inoc-
ulated with the WT and complemented strains showed 
defoliation, wilting, and death (Fig.  5H). In contrast, 
the plants inoculated with the VdNuo1 mutant strains 
were healthy, but displayed a slight reduction in height 
(Fig. 5H). Since the pathogen could not be re-isolated and 
there was low fungal biomass in stems, this suggested that 
the deletion of VdNuo1 reduced the ability of the fungus 

to proliferate in the infected maple plants (Fig. 5I). Simi-
larly, at 21 dpi, more than 85% of the infected cotton 
seedlings exhibited foliar wilting, defoliation, vascular 
discoloration, and even death (Fig. S4A). Until 21 dpi, the 
seedlings inoculated with VdNuo1 mutants showed only 
mild foliar yellowing (Fig. S4A). In addition, the pathogen 
biomass of VdNuo1 mutants on cotton was much lower 
than that of the WT and complemented strains (Fig. S4B). 
These results suggested that VdNuo1 is a critically impor-
tant for the pathogenicity of V. dahliae.

Fig. 4 VdNuo1 mediates melanin biosynthesis and microsclerotia development in Verticillium dahliae. A Microsclerotia morphology of WT, VdNuo1 
mutants, and complemented strains. Each strain was cultured on the BMM medium covered with cellophane membranes. The development 
of microsclerotia was observed at 5 and 14 dpi after incubation at 25 °C in the dark with a stereoscope. This experiment was repeated three 
times independently. Scale bar = 100 μm. B, C, and D Analysis of differences in the number, size, and melanin coverage of microsclerotia 
between WT, VdNuo1 mutants, and complemented strains. All strains were cultured on BMM medium at 25 °C in the dark. After incubating 
for 14 days, the diameter of 150 mature microsclerotia of each strain were measured, while the number or melanin coverage of microsclerotia 
was calculated from 60 or 30 visual fields, respectively. B microsclerotia number, C microsclerotia diameter, and D melanin coverage 
of microsclerotia. Error bars represent the standard deviation of each independent experiment, and all experiments were performed with three 
replicates, ***P < 0.001 (Student’s t-test). E Analyses of the relative expression of melanin-related genes during the microsclerotia development 
among WT, VdNuo1 mutants, and complement strains. All strains were inducted on BMM medium at 25 °C in the dark and collected at 7 dpi. 
Compared with WT strain, the expression level of each gene in VdNuo1 mutants and complement strains was detected by RT-qPCR for 3 repetitions 
using the  2−ΔΔCT method. Quantitative detection was repeated three times, **P < 0.01, ***P < 0.001 (one-way ANOVA). F The penetration ability of WT, 
VdNuo1 mutants, and complemented strains. The hyphal blocks were inoculated on MM medium covered with cellophane membranes at 25 °C 
in the dark. The cellophane membranes were removed at 3 dpi. All strains continued to grow for an additional 5 days. This experiment performed 
with three replicate experiments with six plates per experiment
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Nuo1 homologue is functionally conserved in C. 
gloeosporioides
The proximity in genetic distance (Fig. 1F) indicated that 
the homologues of Nuo1 may share conserved functions 
in V. dahliae and C. gloeosporioides. To determine if the 
VdNuo1 homologue is functional in C. gloeosporioides, 
we initially obtained the deletion mutants (ΔCgNuo1) and 
complementary strains  (ECΔCgNuo1) (Fig. S5A and B). As 
expected, deletion of CgNuo1 inhibited the radial growth 
of C. gloeosporioides (Fig. 6A and B). The conidia of each 
strain were collected and incubated for observations of 
appressoria, which is accompanied by melanin deposi-
tion in C. gloeosporioides to produce functional penetra-
tion pegs [55]. Compared with the WT strain, the CgNuo1 
mutants formed significantly fewer melanized appresso-
ria, which were replaced with more hyaline appressoria 
(Fig.  6A and C). Additionally, each strain was inoculated 
on Liriodendron chinensis × tulipifera leaves, revealing that 
the deletion of CgNuo1 severely compromised the lesion 
expansion (Fig.  6D and E). The complemented strains 
restored all these defects (Fig. 6A–E). Taken together, these 
results confirm that CgNuo1 is crucial for growth, appres-
soria melanization, and pathogenicity of C. gloeosporioides.

To explore the interspecies compatibility and subcel-
lular localization of CgNuo1, we fused CgNuo1 with GFP 
fragments in an overexpression plasmid. The recombi-
nant plasmid was transferred to the VdNuo1 mutant, and 
the positive transformants were identified by diagnostic 
PCR (Fig. S5C). The heterologous complemented strains 
(ΔVdNuo1_OECgNuo1−GFP) not only failed to recover 
colony morphology, but also inhibited the growth of 
VdNuo1 mutants (Figs. 6F and S5B). The fluorescent sig-
nals of GFP-tagged CgNuo1 co-localized with the red 
fluorescence of the mitochondrial probe (Fig.  6G), indi-
cating that CgNuo1 was also localized in mitochondria of 
VdNuo1 mutant. We thus concluded that the functions of 
VdNuo1 homologues are conserved in filamentous fungi, 
but may be incompatible across species.

Comparative transcriptome analysis reveals 
VdNuo1‑mediated mitochondrial functions in V. dahliae
To reveal the potential mechanism of the effects mediated 
by VdNuo1 on development, metabolism, and virulence, a 
comparative transcriptome analysis was carried out. The 
raw data of RNA sequencing (RNA-seq) was filtered and 
subsequently mapped to the reference genome. In total, 
compared with the WT, deletion of VdNuo1 resulted in 
2904 (about a third of total genes of V. dahliae) differen-
tially expressed genes (fold change ≥ 2.0, P < 0.01, 1480 
DEGs upregulated) (supplementary Table  S4). Gene 
ontology (GO) enrichment analysis showed that the 
DEGs were involved in several functional types, such as 
transcriptional regulation (GO:0005506, GO:0008270, 
GO:0003700, and others), oxidation–reduction process 
(GO:0016491, GO:0055114, GO:0020037, and others), oxi-
dative stress (GO:0004096, GO:0004601, GO:0015035, and 
others), energy metabolism (GO:0005975, GO:0006629, 
GO:0006807, and others), and mitochondria-related pro-
cess (GO:0005743, GO:0005759, GO:0005758, and oth-
ers) (Fig. 7A and B; supplementary Table S4). Meanwhile, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis suggested that the deletion of VdNuo1 dis-
rupts a variety of biological processes, including energy 
metabolism (lipid, fatty acid, carbohydrate, and amino 
acid), secondary metabolism, aging, and signaling path-
ways (Fig. 7C; supplementary Table S4). Hence, the terms 
associated with these DEGs are naturally correlated with 
morphological development and other biological pro-
cesses mentioned above. Further, mitochondria-related 
genes, especially those related to mitochondrial respira-
tory chain, were overrepresented. Notably, mitochon-
dria-related genes encoding complex subunits, assembly 
components, electron transfer carriers, cytochrome C oxi-
dase, and others were abundant in DEGs (Fig. 7D and Fig. 
S6A; supplementary Table S4). These results were consist-
ent with the hypothesis that VdNuo1 is essential for mito-
chondrial function.

(See figure on next page.)
Fig. 5 VdNuo1 contributes to stress response and pathogenicity of Verticillium dahliae. A Colony morphology of WT, VdNuo1 mutants, 
and complemented strains grown on medium supplemented with abiotic stressors. The strains were cultured on PDA medium supplemented 
with 1.2 M sorbitol, 0.8 M NaCl, 1 M KCl, 0.4 M  CaCl2, 0.02% SDS, and 200 μg/mL CR at 25 °C in the dark for 7 days. Each strain was inoculated 
on at least 3 plates and the experiment was replicated three times. B–G Sensitivity of the indicated strains to stress factors (sorbitol, NaCl, KCl,  CaCl2, 
SDS, and CR, respectively). The inhibition rate of above strains responsible for various stressors in A was calculated upon colony diameter. Error bars 
are standard errors calculated from six replicates with PDA plates as controls, and this experiment was replicated three times. *P < 0.05, **P < 0.01, 
***P < 0.001 are probabilities associated with the Student’s t-tests. H Pathogenicity assay of WT, VdNuo1 mutants, and complemented strains 
on shantung maple. Shantung maple seedlings were inoculated with indicated strains, while the  H2O treatment served as a negative control. The 
Verticillium wilt symptoms were photographed at 35 dpi. Ten 1-month-old plants were inoculated one time, and the experiment was replicated 
three times. The pathogen was re-isolated from treated seedlings on V8 medium after incubation for 4 days in the dark at 25 °C. I Quantification 
of the fungal biomass in maple stems by qPCR following inoculation of the indicated strains. Samples were collected from the stem base of infected 
seedlings at 35 dpi. The At18S gene of shantung maple was used as an endogenous control to evaluate the colonization of V. dahliae by quantifying 
VdEF-1α. The fungal biomass was calculated from three independent biological replicates. Error bars represent standard errors of the mean. 
***P < 0.001 is the probability associated with the one-way ANOVA
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Given the mitochondrial localization of VdNuo1 and 
the changed transcriptomic profile in mutants, the mor-
phology of mitochondria was observed by transmission 
electron microscopy. In the WT and complemented 

strains, the mitochondria were intact and their cristae 
were clear (Fig. S6B). However, the deletion of VdNuo1 
led to the formation of giant lipid droplets, dispersion 
of outer mitochondrial membrane, and the fusion of the 

Fig. 5 (See legend on previous page.)
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matrix with cristae (Fig. S6B). These results suggested 
that VdNuo1 mediates aspects of morphological integ-
rity of mitochondria. To identify VdNuo1 as a potential 
control target, mtROS inducers (menadione) and several 

fungicides, including melanin inhibitor (tricyclazole), 
ergosterol inhibitors (terbinafine and voriconazole), 
and pleiotropic fungicides (tubermycin B), were tested. 
The significantly increased sensitivity of the mutant to 

Fig. 6 Nuo1 homologues of Verticillium dahliae and Colletotrichum gloeosporioides are functionally conserved, but incompatible in heterologous 
expression analysis. A Colony morphology and appressoria of WT, CgNuo1 mutants, and complemented strains. The strains were grown on PDA 
plates in the dark at 25 °C for 5 days. Each strain was inoculated on at least three plates and three independent experiments were carried out. The 
conidia of each strain were incubated on hydrophobic glass slides for 12 h to observe the appressoria melanization (arrows). For each strain, 120 
appressoria were observed, and the experiment was replicated three times. B and C Colony diameter and appressoria number of the indicated 
strains in A. Error bars are standard errors calculated from six colony diameters (B), ***P < 0.001 (Student’s t-test). The appressoria were divided 
into four levels, and the hyaline and melanized appressoria were counted (C). Error bars represent standard errors. **P < 0.01, ***P < 0.001 (Student’s 
t-test). These experiments were replicated three times. D and E Pathogenicity assay of the indicated strains on L. chinense. The conidial suspensions 
of each strain were inoculated on one leaf after being punctured at 25 °C in the dark for 4 days (D). The diameters were calculated from the lesions 
of each strain on six leaves (E). Error bars represent standard errors. ***P < 0.001 (Student’s t-test). This experiment was repeated 3 times, with 6 
leaves inoculated in each experiment. F Colony morphology of CgNuo1 heterologous expression strains. The GFP-fused recombinant plasmid 
was transferred in VdNuo1 mutants. The positive transformants, VdNuo1 mutant, and WT strain grown on PDA plates in the dark at 25 °C for 7 
days. Each strain was inoculated at least three plates and three independent experiments were carried out. G The fluorescence signal observation 
of CgNuo1 heterologous expression strains. The indicated positive transformants in F were incubated on hydrophobic glass slides in a dark at 25 °C 
for 16 h. The germinating hyphae were stained by the mitochondrial probe (CMXRos), then the GFP and RFP signals were observed by fluorescence 
microscopy. Scale bar = 10 μm
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Fig. 7 RNA-seq analysis reveals altered transcription in the VdNou1 deletion mutant of Verticillium dahliae. A Transcriptome comparison of VdNou1 
deletion mutant compared with the WT strain. Distribution of differentially expressed genes (DEGs) among gene ontology terms of transcription 
factors, redox reaction, energy metabolism, response to oxidative stress, and mitochondrial process in V. dahliae DK185 genome. The DEGs 
of VdNou1 deletion mutant versus WT with cutoff log2 ratio ≥ 2 and P value < 0.01. B Fold change range of DEGs regulated by VdNou1. The 
significance is calculated by the values of log2(fold change) in transcription factors, redox reaction, energy metabolism, responses to oxidative 
stress, and mitochondrial process-related DEGs compared with total DEGs. The P values are from two-tailed Wilcoxon rank sum test. C KEGG 
enrichment analyses between wild-type and VdNou1 deletion mutant of V. dahliae. KEGG enrichment analysis was performed using TBtools with P 
value < 0.05. D Heat map for the transcriptional expression of respiratory chain complex-related genes, including complex subunits, complex 
assembly regulatory components, and mitochondria-related genes. The fold change is the value of the log2 ratio; the corresponding gene ID (AT13 
strain) is at the top of the colored blocks
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menadione indicated that VdNuo1 contributes to mito-
chondrial superoxide anion detoxification (Fig. S6B and 
C). Overall, these results suggested that mitochondria-
related effects of VdNuo1 are multifunctional and global 
in V. dahliae.

Discussion
The transmembrane complex I is conserved among 
mammals, plants, and fungi and serves as an entry for 
electrons from NADH into the ETC [9, 18]. So far, homol-
ogous subunits of complex I have been identified and 
investigated in many species [3, 21, 27, 28]. However, the 
functions of complex I in fungi, especially in filamentous 
fungi, have not been fully explored. Herein, we identified 
the complex I 24-kDa subunit (VdNuo1) in V. dahliae 
and verified its subcellular localization, carried out three-
dimensional structure prediction, and examined its phy-
logeny (Fig.  1). VdNuo1 is important for mitochondrial 
morphogenesis and mediates vegetative growth, metabo-
lism, melanin biosynthesis, microsclerotia development, 
stress tolerance, and virulence in V. dahliae. We further 
confirmed that at least one of its homologues shares 
similar functions but the results suggest that these are 
relatively independent in plant pathogenic fungi. Moreo-
ver, comparative transcriptome analysis of the WT and 
VdNuo1 deletion strain provides a blueprint to analyze 
the global role of VdNuo1 in V. dahliae. The multiple 
physiological and pathological functions indicate that it is 
an excellent site for controlling the pathogen.

Among the 42 subunits of fungal mitochondrial com-
plex I, the 24-kDa and 51-kDa subunits are coupled and 
spatially located at the entrance of the redox centers (N 
module) [3, 9]. Although the 24-kDa subunit may be dis-
pensable in electron transport, it plays a critical role in 
the assembly and enzyme activity of complex I [21, 47, 
56]. The loss of VdNuo1 in V. dahliae deprives NADH: 
ubiquinone oxidoreductase activity and ultimately exhib-
its resistance to rotenone (Fig.  2A and B). The differen-
tial response of mutants to inhibitors (Fig.  2A, C, and 
D) suggests that VdNuo1 has a systematic impact on the 
mitochondrial respiratory chain. Dysfunction of complex 
II and III can disrupt histone methylation and mtROS 
levels, respectively [6, 8, 57, 58]. These respiratory chain 
defects are consistent with mitochondrial morphologi-
cal phenotypes (Fig. S6B). As the first step in the ETC, 
the integrity of complex I is essential for mitochondrial 
metabolism. In fungi and mammals, the ATP deficiency 
caused by ECT disruption can be compensated by glu-
coneogenesis or negatively regulating fatty acid trans-
port and β-oxidation [27, 59]. The RNA-seq results 
showed that expression levels of genes (DK185_V008205, 
DK185_V000141, DK185_V001371, DK185_V008341, 
DK185_V007731, DK185_V008392, DK185_V000812, 

and others) associated with gluconeogenesis and fatty 
acid biosynthesis in VdNuo1 mutants were disordered 
compared with the WT (supplementary Table S4). These 
findings may further explain disruption of mitochondrial 
sugar and fatty acid metabolism in VdNuo1 mutants (Fig. 
S2A–E). In addition, the formation of large lipid droplets 
(Fig. S6B) may be attributed to the accumulation of poly-
unsaturated fatty acids. The content of unsaturated fatty 
acids affects the fluidity and permeability of the mem-
brane [60, 61]. The imbalance of unsaturated fatty acids 
(Fig. S2F) may also be a response to ROS to reduce cell 
damage caused by lipid peroxidation.

Dysfunction of the respiratory chain complex I impairs 
cell development in almost all organisms. For fungi, sev-
eral complex I subunits have reported to be involved in 
sporulation, sexual reproduction, and vegetative growth 
[26, 27, 62]. These predictable defects emerged in 
VdNuo1 mutants, such as delayed growth and decreased 
conidiation (Fig. 3A–G). This is supported by the RNA-
seq results, which showed disturbances in energy 
metabolism, mitochondrial activity, and synthesis of vari-
ous cellular components (Figs.  7 and S6). In V. dahliae, 
defective polar growth leads to decreased hyphal growth 
[63, 64]. In this study, VdNuo1 mutants did not display 
defective polar growth as assessed by chitin staining and 
conidial germination (Fig. 3I). The expression of VdNuo1 
throughout the life cycle of V. dahliae, but particularly 
at the time of microsclerotia production (Fig.  3H), sug-
gests that VdNuo1 plays a role in a unique developmen-
tal phase, during the formation and melanization of 
microsclerotia.

The 1,8-dihydroxynaphthalene melanin (DHN mela-
nin) is ubiquitous in the microbial kingdom with a kalei-
doscope of functions [54]. In this study, we observed 
that the 24-kDa subunit VdNuo1 positively regulates 
melanin biosynthesis (Figs. 4A–E, 6C and E). In V. dahl-
iae, the metabolic regulation and function of melanin 
are obscure. Melanin production is tightly coupled to 
microsclerotia formation, hyphal growth, and resist-
ance to various stresses [37, 41, 43, 53, 63], but its pro-
duction is not required for pathogenicity [36]. Although 
VdNuo1 mutants did not affect penetration (Fig. 4F), they 
were more sensitive to high ion concentrations and cell 
wall stresses, which may be partially attributed to insuf-
ficient melanin biosynthesis (Fig. 5A and C–G). Moreo-
ver, the sensitivity to ion may also be related to changes 
in mitochondrial IMM permeability, stress, and calcium 
homeostasis caused by complex I functional disorders 
[65]. Few studies have revealed the relationship between 
complex I and virulence [25, 28, 66]. Obviously, the 
absence of 24-kDa Nuo1 subunits significantly reduces 
the pathogenicity of both in V. dahliae and C. gloeospori-
oides (Figs.  5H, I, 6D, E, and S4). Indeed, the reduced 
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pathogenicity of C. gloeosporioides is most likely due to 
insufficient melanization in appressoria. Since there is no 
direct evidence to suggest that melanin is a pathogenic-
ity factor in V. dahliae [36, 67], the reduced pathogenic-
ity is most likely due to the multiple pleiotropic effects on 
metabolism, though increasing studies indicate crosstalk 
between melanin biosynthesis and other signaling path-
ways that regulate pathogenicity [37, 40–42]. Thus, fur-
ther research on VdNuo1 will provide new insights into 
the correlation between the lack of melanin production 
and pathogenesis in V. dahliae.

The VdNuo1 homologue in C. gloeosporioides also 
showed functional conservation in vegetative growth 
(Fig.  6A and B). Meanwhile, CgNuo1 was expressed in 
V. dahliae and localized in mitochondria but could not 
recover the growth phenotype (Fig. 6F and G). This incom-
patibility could be explained by multiple factors. First, 
different species are subjected to different evolutionary 
selection pressures, and thus the two orthologous subunits 
are not clustered on the same evolutionary branch (Fig. 1F). 
Second, phylogenetic analysis of mitochondrial genome 
has placed V. dahliae in the Verticillium spp. lineage [16]. 
Mitochondria may have functions in species-specific niche 
adaptation, infection, and morphogenesis of V. dahliae. The 
deficiency of complex I enzyme activity may be corrected 
by transfection with homologues, while the majority of 
subunits are acquired independently along various evolu-
tionary lineages [20, 68] that define the uniqueness of each 
subunit in each species. Moreover, variable tRNA abun-
dances lead to codon usage bias among species. Ribosome 
elongation efficiency and protein stability depend on this 
[69]. Thus, the optimization of codons between V. dahliae 
and C. gloeosporioides should also be considered.

Currently, the overuse of antibiotics has led to the 
evolution of drug-resistant microbes, posing significant 
challenges to food safety, and human and plant health. 
Targets within fungal mitochondria hold an untapped 
potential for the development of fungicides owing to the 
fact that their protein composition and enzyme activ-
ity differs from those of mammals and plants [8, 18, 70]. 
Mitochondrial morphogenesis mediated by VdNuo1 (Fig. 
S6B) is fundamental to multiple biological functions and 
the global transcriptional regulation in V. dahliae. Tests 
of fungicides (Fig. S6C and D) suggest that disrupting 
mitochondrial superoxide anion metabolism may be 
an effective strategy to control V. dahliae. The role of 
VdNuo1 in this process remains to be explored further.

Conclusions
In conclusion, we identified the 24-kDa subunit VdNuo1 
associated with mitochondrial development that is 
important for growth, metabolism, mitochondrial 

homeostasis, microsclerotia development, resistance 
to stress, and virulence in V. dahliae. Furthermore, the 
conserved mitochondrial localization and functions of 
homologues suggest that Nuo1 may provide an effective 
target for precise control of Verticillium wilt and other 
phytopathogenic fungi.

Methods
Fungal strains and growth conditions
The wild-type V. dahliae strain AT13 was isolated from 
infected shantung maple [71]. The homologues were 
cloned from C. gloeosporioides strain SMCG1#C, the 
anthracnose pathogen of Cunninghamia lanceolata and 
L. chinensis × tulipifera [72], was previously stored in a 
laboratory.

The WT, mutants, and (heterologous) complemented 
V. dahliae and C. gloeosporioides strains in this study 
were stored at − 80 °C in 25% glycerin and were cultured 
on PDA (200 g potato, 20 g glucose, and 15 g agar per 
liter) medium at 25 °C in the dark. Resistant strains were 
screened on medium supplemented with hygromycin (50 
μg/mL) and/or geneticin (50 μg/mL) (500 μg/mL for C. 
gloeosporioides mutants). All strains were shaken in liq-
uid complete medium (CM, 6 g yeast extract, 6 g acid-
hydrolyzed casein, 10 g sucrose per liter) about 2 days at 
25 °C for collecting conidia.

The ATMT (Agrobacterium tumefaciens mediated-
transformation) method and medium (MM and IM) were 
described by Maruthachalam et  al. [73]. Colony pheno-
types of vegetative growth, stress or inhibitor tolerance, 
carbon source, or fatty acid utilization were analyzed on 
PDA and Czapek (2 g  NaNO3, 1 g  K2HPO4, 0.5 g KCl, 0.5 
g  MgSO4, 0.01 g  FeSO4, 30 g sucrose, 15 g agar and add 
water to 1 L; sucrose was replaced by 17 g starch, 10 g 
pectin, and 10 g sodium carboxymethyl cellulose, respec-
tively) medium at 25 °C in the dark for 7 days.

The development of microsclerotia was examined fol-
lowing incubation on BMM medium (5 g glucose, 0.2 g 
 NaNO3, 0.52 g KCl, 0.52 g  MgSO4·7H2O, 1.52 g  KH2PO4, 
3 μM vitamin B1, 0.1 mM vitamin H, 15 g agar, with the 
pH adjusted to 7.5 and water added to 1 L). The MM 
medium was also used to permeation assays.

Characterization and phylogenetic analysis
The analyses of the FeS cluster and the NuoE motif were 
conducted using online bioinformatics analysis tools 
such as InterPro (http:// www. ebi. ac. uk/ inter pro/), Pfam 
(http:// pfam. xfam. org/), and SMART (http:// smart. embl- 
heide lberg. de/), with the threshold e value <  10−5. The 
mitochondrial presequences were predicted by MitoFates 
(https:// mitf. cbrc. pj. aist. go. jp/ MitoF ates), then these 
domains were presented by IBS (Illustrator for Biological 

http://www.ebi.ac.uk/interpro/
http://pfam.xfam.org/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://mitf.cbrc.pj.aist.go.jp/MitoFates
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Sequences). The three-dimensional protein structure was 
predicted and drawn by SWISS-MODEL (https:// www. 
expasy. org/ resou rces/ swiss- model). The homologues in 
fungi were identified using the National Center for Bio-
logical Information (NCBI) database (https:// www. ncbi. 
nlm. nih. gov/). Based on the protein sequences of hom-
ologues, the phylogenetic tree was constructed using 
MEGA 7.0 with the NJ algorithm (http:// www. megas 
oftwa re. net/).

Gene deletions, mutant complementation, 
and heterologous expression
To obtain deletion mutants and complemented strains, 
genomic DNA was extracted using a DNA isolation kit 
(Vazyme, Nanjing, China). The RNA required in this 
study was extracted and reverse transcribed by the kits 
(Aidlab Biotech, Beijing, China; TransGen Biotech, 
Beijing, China). All steps followed the manufacturer’s 
instructions.

The 5′- and 3′-flanking regions (0.8–1.5 kb) of the tar-
get genes were amplified with specific primers listed in 
supplementary Table S1 and the flanks were inserted in 
a hygromycin resistance gene cassette (hyg) in plasmid 
pDHt2 [74]. The plasmid was linearized by endonucle-
ase EcoRI and XbaI, and the flanks were incorporated 
by homologous recombination using a Clon Express II 
One Step Cloning Kit (Vazyme, Nanjing, China). Simi-
larly, the fragments including the native promoters 
(0.8–1.2 kb) and terminators (0.5–0.8 kb) of the target 
genes were fused with a XbaI/EcoRI-digested pCOM 
vector [74] containing the geneticin resistance cassette 
(G418) to construct the complementary vector. To gen-
erate the plasmid for heterologous expression, the CDS 
(coding sequence) of homologous gene was amplified 
from cDNA of C. gloeosporioides and inserted into an 
XbaI/SacI-digested pCOM-T0161 vector (pCOM vector 
added with TrpC promoter). The recombinant plasmids 
were transferred into Agrobacterium tumefaciens strain 
AGL-1 to carry out the ATMT [73] in the correspond-
ing strains. The positive transformants were identified by 
antibiotic resistance evaluation and the transformations 
were confirmed by multiple diagnostic PCR with specific 
primers listed in supplementary Table S1.

Subcellular localization and chitin staining
To generate the GFP-fusion strains, the CDS regions 
of VdNuo1 and CgNuo1 without stop codons and GFP 
fragment were amplified and inserted into a XbaI/SacI-
digested pCOM-T0161 vector by homologous recom-
bination. The sequenced recombinant plasmids were 
transferred to the WT and VdNuo1 deletion strains by 
ATMT. The specific primer pairs related to the above 
experiments are listed in supplementary Table S1. Before 

single-spore purification, resistant transformants were 
detected by GFP signal observation using a Carl Zeiss 
Imager.M2 light microscopy system.

To observe fluorescence and chitin distribution, the 
conidial suspensions of each strain were collected and 
diluted into  104 spores/mL. Each conidial suspension (10 
μL) was incubated on hydrophobic glass slides in the dark 
at 25 °C. After 16 h, preheated 200 nM mitochondrial 
probe (Mito-Tracker Red CMXRos, Beyotime Biotech-
nology, Shanghai, China) and 20 μg/mL CFW (Sigma, 
USA) were used for staining followed by a rinse. The 
fluorescence signals were observed using GFP (excita-
tion wavelength (Ex) 470 nm, emission wavelength (Em) 
525 nm), RFP (Ex 545 nm, Em 605 nm), and DAPI (Ex 
365 nm, Em 445 nm) channels. The fluorescence intensity 
was determined by ImageJ.

The samples (conidia) of mitochondrial morphol-
ogy were collected from Czapek plates and observed by 
transmission electron microscopy (HITACHI HT7800, 
Japan) at 80 kV voltage and in HC mode. Before slicing 
(Leica EM UC7, Germany) and staining (uranyl acetate 
and lead citrate), samples were pre-washed (0.2 M phos-
phate buffer and 1% osmium tetroxide), fixed (2.5% gluta-
raldehyde), dehydrated (30% to 100% ethanol), infiltrated 
(1:2, 1:1 and pure resin), and polymerized.

Evaluation of morphology, tolerance, penetration, 
and microsclerotia formation
All strains were grown on PDA at 25 °C in the dark for 5 
days. The hyphal blocks were cut from the edge of each 
colony and were inoculated on corresponding plates for 
observation of growth and inhibition phenotypes, pene-
tration, and microsclerotia development. All the reagents 
used were purchased from Solarbio (Beijing Solarbio Sci-
ence and Technology). Each experiment was repeated 
three times independently.

To investigate the growth and resistance of V. dahliae to 
respiratory chain inhibitors, fungicides, and other stress-
ors, each strain was cultured on Czapek (salt) or PDA 
medium supplied with carbon sources (sugars and plant 
cell wall components), respiratory chain (complex I, II, 
and III) inhibitors, fungicides (terbinafine, voriconazole, 
tricyclazole, tubermycin B, and menadione), and abi-
otic factors (high-osmosis, cation, and cell wall integrity 
stress). All these treatments were cultured in the dark at 
25 °C for 7 days. The colony cross diameters were meas-
ured to characterize vegetative growth. The inhibition 
rates were obtained from the formula: 100% × (control 
diameter − treatment group diameter)/control diam-
eter. The effect of sugar on each strain was calculated by 
100% × treatment group diameter/control diameter.

In simulated penetration experiments, each strain was 
incubated on MM medium covered with cellophane 

https://www.expasy.org/resources/swiss-model
https://www.expasy.org/resources/swiss-model
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.megasoftware.net/
http://www.megasoftware.net/
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membranes (Beijing Solarbio Science and Technology) 
at 25 °C in the dark. The membranes were removed at 
72 hpi, and the strains were grown for another 5 days. 
Five replicates of each medium were inoculated per 
experiment.

To measure the conidiation of each strain, five 0.5 mm 
diameter hyphal plugs were collected with a hole puncher 
from the edge of the colonies that were grown on PDA 
medium for 7 days, and then shaken in sterile water con-
taining 0.1% Tween-20 for 1 min. Conidia were counted 
using a hemocytometer, with three repeats for each 
strain. Subsequently, the conidia were used to perform 
germination experiments. Before observation of hyphae 
and appressoria morphology, the conidial suspensions of 
each strain were diluted to  104 spores/mL and incubated 
on hydrophobic glass slides in the dark at 25 °C for 16 
(hyphae) or 12 h (appressoria). The germination and mel-
anization rate of 120 appressoria were tested.

Microsclerotia induction was examined using meth-
ods of a previous study [37]. Briefly, the diluted conidial 
suspensions (3 ×  106/mL) of each strain were coated (20 
μL) on BMM medium covered by cellophane membranes 
at 25 °C in the dark. The morphology of microsclerotia 
was observed under a stereomicroscope at 5, 7, and 14 
dpi. Each strain was inoculated on five plates. The num-
ber, size, and melanization ratio were calculated from 60 
fields (0.25  mm2), 150 diameters, and 30 pictures (gray 
value calculated by ImageJ) of the microsclerotia.

Analysis of fatty acid composition and RNA‑seq
The analysis of fatty acid composition of the samples was 
conducted by Suzhou PANOMIX Biomedical Tech Co., 
LTD. Prior to this analysis, all strains were grown on 
Czapek medium covered with cellophane membranes at 
25 °C in the dark for 5 days. Fifty milligrams of hyphae 
was ground with liquid nitrogen and was ultrasonically 
extracted with 1 mL chloroform methanol solution (2: 1, 
V/V). After centrifugation, the supernatant was shaken 
with 2 mL of 1% methanol sulfate solution, and esterifi-
cation at 80 °C for 30 min. The esterified products were 
extracted with 1 mL n-hexane and centrifuged. Twenty 
microliters of dehydrated supernatant was diluted with 
n-hexane to 400 μL. Finally, 20 μL methyl salicylate (500-
ppm) was supplemented as internal standard for GC–
MS/MS (Trace 1310-ISQ 7000, USA). GC condition: 
Thermo TG-FAME (50 m*0.25 mm ID*0.20 μm); injec-
tion volume: 1 μL; oven temperature program started at 
80 °C, held for 1 min, and was raised (1) with a rate of 20 
°C  min−1 to 160 °C, held for 1.5 min; (2) with a rate of 3 
°C  min−1 to 196 °C, held for 8.5 min; and (3) with a rate of 
20 °C  min−1 to 250 °C, held for 3 min. Helium was used 
as the carrier gas with a column flow of 0.63 mL  min−1. 
The MS condition included an electron impact ionization 

mode (70 eV) with selected ion monitoring (SIM). The 
contents of each fatty acid are shown in supplementary 
Table S3.

The sample preparation, sequencing, and data analysis 
followed methods from a previous study [37]. In brief, 
samples of the WT and VdNuo1 mutants of V. dahliae 
for RNA extraction were cultured on Czapek medium 
for 5 days. Illumina HiSeq XTen was used to construct 
and sequence the library. The detailed statistics for the 
RNA-seq are listed in supplementary Table  S4, includ-
ing the raw read numbers, clean reads, RNA RIN scores, 
and mapping rates. Raw data were filtered to obtain clean 
reads through SOAPnuke with the parameters as -l 15 
-q 0.2 -n 0.1 -Q 2 (https:// github. com/- flexl ab/ SOAPn 
uke). The clean reads were mapped to the V. dahliae 
strain AT13 (DK185) genome using the HISAT2 (v0.1.6-
bata) [75]. The RSEM (v1.2.12) was used to quantify the 
expression of genes and transcripts to obtain FPKM val-
ues [76]. DEseq2 was performed to detect the differen-
tial genes with the parameters of fold change ≥ 2.00 and 
an adjusted P value of ≤ 0.05. For the RNA-seq analysis, 
differentially expressed genes (DEGs, in supplementary 
Table S4) from three biological replicates of the mutant 
and WT were identified by Deseq R with a false discovery 
rate of 1% (fold change ≥ 2.0, P < 0.01). Based on the value 
of fold change in the expression of genes, the DEGs were 
analyzed using gene ontology (GO) analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis, 
including biological process, molecular function, cellular 
component, and various metabolic and response path-
ways. The threshold for the significant enrichment of GO 
terms was P < 0.05.

Pathogenicity and colonization assay
The cotton (Junmian No.1) and shantung maple seed-
lings were grown 3–4 weeks in a greenhouse at 25 
°C. The conidial suspensions of each strain were col-
lected and diluted. The inoculation of the pathogen was 
accomplished using a root-dip inoculation method [36]. 
Seedlings were removed from the soil medium, then 
the washed roots were immersed in the conidial sus-
pensions (5 ×  106 for cotton and 5 ×  107 spores/mL for 
maple) for 30 min. Twenty cotton or 10 maple seedlings 
were inoculated with each strain. This experiment was 
repeated independently for 3 times with water treated 
seedlings as negative controls. Based on the progres-
sion of disease in different hosts, we observed the Ver-
ticillium wilt symptoms and collected cotton and maple 
samples for fungal biomass analyses and reisolation at 21 
and 35 dpi. Subsequently, the stems of cottons were lon-
gitudinally dissected to observe vascular discoloration, 
while the inoculated stems near the rachis of each maple 
seedling were cut and placed on V8 medium (200 mL V8 

https://github.com/-flexlab/SOAPnuke
https://github.com/-flexlab/SOAPnuke
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vegetable juice, 2 g  CaCO3, and 15 g agar per liter) to rei-
solate the pathogens.

For the pathogenicity assays with C. gloeosporioides, 
conidial suspensions (1 ×  106 spores/mL) of each strain 
were obtained by overnight shaking in PDB medium at 
25 °C. The leaves of L. chinensis × tulipifera that were col-
lected from the Nanjing Forestry University were washed 
and inoculated after being stabbed with a needle. All 
strains were inoculated on one leaf at 25 °C in a dark for 
4 days. This experiment was repeated three times, with 6 
leaves inoculated in each experiment.

Analysis of relative gene expression and fungal biomass
To detect the expression profile of VdNuo1 during the life 
cycle, 20 μL of WT strain conidial suspension of 5 ×  106 
spores/mL was coated on the cellophane membrane cov-
ered on the BMM medium. The samples were collected 
at 2, 3, 4, 5, 7, 10, and 14 dpi described in previous study 
[41], and the conidia were used as control. Similarly, the 
relative expression levels of melanin-related genes in 
each strain were detected in the samples collected on 
the 7th day of microsclerotia observation. The fungal 
biomass samples of cottons and maples were collected 
after pathogenicity assays at 21 and 35 dpi, respectively. 
These samples were stored at − 80 °C until use. The sam-
ples required for validation of RNA-seq results refer to 
sequencing sample preparation.

Total RNA (gene expression samples) and DNA (fungal 
biomass samples) were extracted; the RNA was further 
reverse-transcribed into cDNA. In the fungal biomass 
analysis, qPCR (quantitative PCR) was carried out with 
the cotton and maple 18S rDNA gene (Gh18S and At18S) 
as internal reference genes to quantify DNA of V. dahliae 
using the target of elongation factor 1α gene VdEF-1α. 
For analyses relative gene expression, the VdEF-1α of 
V. dahliae was used as normalization to quantify the 
expression of related genes by reverse transcription-
quantitative PCR (RT-qPCR).

The amplification reactions were carried out using 
2 × Top Green qPCR SuperMix (TransGen Biotech, Bei-
jing, China) and the QuantStudio3 Real-Time PCR system 
(Thermo Fisher Scientific, USA). The reaction volumes of 
both RT-qPCR and qPCR included 20 μL (10 μL Super-
Mix, 1.2 μL primer pair, 1.5 μL cDNA or gDNA, and 7.3 
μL  ddH2O). The reaction procedures included pre-dena-
turation at 95 °C for 3 min, followed by 40 cycles of 95 °C 
denaturation for 15 s, 60 °C annealing for 20 s, and 72 °C 
extension for 20 s (signal collection), followed by a termi-
nation step. There were three replicates for each qPCR 
and RT-qPCR experiment, enabling calculations of mean 
and standard error. The  2−ΔΔCT method [77] was used to 
calculate the relative expression levels or pathogen bio-
mass contents. Each assay was independently repeated 

3 times to ensure the consistency of results. The primer 
pairs of genes related to this experiment were listed in 
supplementary Table  S2. The cDNA was used in a five-
step tenfold dilution standard curve (50 ng to 5 pg) to 
test the amplification efficiency of primer pairs. All assays 
were between 90 and 100% efficient.

Statistical analysis
All experiments were conducted independently 3 times, 
and each contained at least 3 biological replicates. The 
mean ± SD was calculated from data obtained from these 
replicates, which included 3 replicates for expression or 
biomass levels, 6 for colony diameters, 150 for microscle-
rotia diameters, and microsclerotia number and melanin 
coverage in 60 and 30 visual fields, respectively. These 
calculations were performed only after the assumptions 
of normality and equal variance were met. Significant 
differences in the colony or lesion diameter, conidiation, 
appressoria development, and inhibition rate of each 
treatment, as well as the numbers, size, and gray value of 
microsclerotia, were analyzed by an ordinary Student’s 
t-test using Microsoft Excel. Moreover, significant differ-
ences of gene expression levels and fungal biomass were 
identified using one-way analysis of variance (ANOVA) 
followed by mean separation test using least significant 
difference to determine treatment differences, while the 
effect of sugar on each strain was analyzed by multivari-
ate analysis of variance (MANOVA). Statistical analyses 
were performed using the SPSS version 19 software pack-
age (SPSS Inc., Chicago, IL, USA).
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