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Abstract: In model fungi, mitochondrial transport proteins (MTPs), also known as “mitochondrial
carriers” (MC), are known to facilitate the exchange of biochemical substances across the mitochon-
drial inner membrane. In this study, we characterized an MTP in Botrytis cinerea homologous to
the known MTPs in Saccharomyces cerevisiae designated BcMtp1. The BcMtp1 deletion mutant phe-
notype was strikingly defective in vegetative development, conidiation, and sclerotia production.
In addition, ∆BcMtp1 showed increased sensitivity to osmotic stress, oxidative stress, and cell wall
biogenesis inhibitors. In the pathogenicity assay, ∆BcMtp1 displayed compromised virulence on
various host-plant tissues. The BcMtp1 deletion mutant phenotype was rescued by transforming the
wild-type BcMtp1 variant into the mutant. Together, these data indicate that BcMtp1 is critical for
vegetative development, asexual reproduction, stress tolerance, and virulence of B. cinerea.
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1. Introduction

Botrytis cinerea causes the gray mold which is responsible for substantial pre- and
post-harvest losses in agriculture world-wide. B. cinerea is a necrotrophic plant pathogen
with more than 1200 host plants [1]. Based on its economic and scientific importance, this
pathogen has been rated second among the top ten fungal pathogens [2]. Like most fungi,
B. cinerea responds to changing environmental cues by alternating between vegetative
growth, conidiation, and overwintering stages. However, B. cinerea has a diverse arsenal
of molecular tools which permit its broad host range and resistance to environmental
stress. As a result, B. cinerea is able to cause infection in nearly any agricultural context [3].
Therefore, vast challenges are faced across the world in controlling gray mold due to its
inherent resilience. The most effective way to improve the control of B. cinerea is to improve
our understanding of the biochemical mechanisms underlying its growth, reproduction,
and virulence [4]. At present, sequencing technology, bioinformatics, and various molecular
biotechnology tools have accelerated our understanding of B. cinerea, the most important
and extensively studied plant-pathogenic fungus [2].

In eukaryotic cells, mitochondria are key organelles involved in energy metabolism,
and the regulation of various physiological pathways. These pathways include lipid,
sterol, and heme biosynthesis; regulation of programmed cell death (PCD), and many
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others [5–8]. In mitochondria, the proton gradient necessary for ATP production is pro-
duced by the electron transfer chain (ETC), a respiratory complex which sequentially
reduces and oxidizes its components before finally reducing oxygen to form water. This
successive redox flux drives protons from the mitochondrial matrix into the intermembrane
space. The resulting electrochemical gradient produces the electrical potential which actu-
ates ATP synthase’s (F0-F1 ATP-synthesis complex V) oxidative phosphorylation of ADP
into ATP [9,10]. Various mitochondrial transfer proteins exist in the mitochondrial inner
membrane, almost all of which are in the mitochondrial carrier family (MCF). MCF proteins
catalyze the transport of specific inorganic anions, metabolites, nucleotides and coenzymes
across the mitochondrial or peroxisomal membrane [11–15]. These proteins are important
regulators of mitochondrial function and produce profound effects on cell physiology. The
ADP/ATP carrier (AAC) is one important mitochondrial transfer protein (MTP) involved
in the import of ADP into the mitochondrial matrix [16,17]. In Saccharomyces cerevisiae, three
AAC paralogs are encoded by AAC1, AAC2, and AAC3 [18,19]. The expression of AAC1 can
be slightly detected only under aerobic conditions [20], but AAC3 is expressed only under
anaerobic conditions [19]. AAC2, by contrast, encodes the major ADP/ATP transporter
involved in oxidative phosphorylation, and is required for cell growth on non-fermentation
carbon sources, such as ethanol, glycerol, and lactate [21,22].

In the presence of O2, the transcription level of AAC1 is very low, and is inhibited
during anaerobic growth [23]. AAC1 supports the growth of the AAC2R96H yeast dominant
gain-of-function mutant only in aerobic conditions using a multicopy native promoter [20].
However, compared with AAC2, AAC1 is 75% less effective in ADP/ATP transport [18,19].
ADP/ATP transport is most important in yeast under the anaerobic conditions [19]. When
the yeast aac2 deletion mutant is grown under anaerobic conditions, AAC3 function is
required for growth [24]. This implies that AAC3 performs the majority of ATP transport
during anaerobic growth [19]. In yeast, the AAC2 deletion mutant was compromised in
respiratory growth, vegetative growth, and stress tolerance [25].

The MC family in S. cerevisiae consists of 35 members, nearly all of which have been
functionally characterized. In the S. cerevisiae genome, a gene designated YPR011C was
identified on chromosome 16, which encodes a protein containing motifs characteristic
of the mitochondrial carrier family (MCF) [12,26]. YPR011C consists of three repeats of
one hundred amino acids. Each repeat contains two transmembrane α-helices punctu-
ated by hydrophilic loop domains [27,28]. YPR011C is known to transport sulfate ions,
3′-phospho-adenosine 5′-phosphosulfate (APS) and almost all proprietary phosphate, by
the reverse-exchange mechanism. YPR011C has multiple inhibitors including Bongkrekic
acid and other inhibiting factors. In addition, YPR011C transports APS from the inner
membrane space to the cytosol under conditions of thermal stress [29].

A BLAST search showed that the B. cinerea genome contains a YPR011C homolog,
which we designated BcMtp1. Based on previous studies of MTPs, we hypothesized
that BcMtp1 might regulate the vegetative development and virulence of B. cinerea. We
characterized the biological functions of BcMtp1 in an attempt to verify that hypothesis.
However, through a reverse genetics approach, we demonstrate that BcMtp1 plays a
role in the vegetative development, asexual reproduction, stress tolerance, and virulence
of B. cinerea.

2. Materials and methods
2.1. Strain, Medium, and Incubation Conditions

The Botrytis cinerea strain B05.10 was used as a parent strain for the transformation
experiments [30]. All strains in this study were incubated on potato dextrose agar (PDA)
(1 L medium contains 200 g potato, 20 g glucose, 26 g agar), minimal medium (MM)
(1 L medium contains 10 mM KH2PO4, 10 mM K2HPO4, 2.5 mM NaCl, 4 mM (NH4)2SO4,
0.45 mM CaCl2, 2 mM MgSO4, 10 mM glucose, 9 µM FeSO4, at pH 6.9) or complete medium
(CM) (1 L medium contains 2 g peptone, 10 g glucose, 1 g casamino acids,1 g yeast extract,
20 mL nitrate salts, 0.1 mL vitamins trace elements, and pH 6.5) for mycelia growth analysis.
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Additionally, for the conidiation assay, each strain was incubated on autoclaved potato
slices, and PDA.

Mycelial growth inhibition of each strain under different conditions was analyzed
on PDA plates supplemented with the following compounds: Congo red, caffeine, NaCl,
KCl, paraquat, and H2O2 at concentrations as shown in the figure caption. A 5 mm
mycelial plug of each strain cut from the margin of the colony grown on PDA was used to
inoculate the 9-mm medium plates. The inhibitory rate of mycelia growth was calculated as
[(C − N)/(C − 5)] × 100, where C is the colony diameter of the control and N is the colony
diameter of the colony exposed to the experimental treatment. There were three replicates
for each treatment. This experiment was repeated three times.

2.2. Sequence Analysis of BcMtp1

BcMtp1 (XP_001550923.1) was first identified in the B. cinerea genome database (NCBI
web site) using BLASTP, with the YPR011C [29] as the query. To analyze the structure of
BcMtp1, RNA was isolated from mycelia of B05.10 using a commercial RNA isolation kit
(Bio-Teke, Beijing, China) and a reverse transcription Kit (TaKaRa, Kusatsu, Japan), used for
cDNA synthesis according to the manufacturer’s instructions. The cDNA coding BcMtp1
was amplified from the above synthetic total cDNA with the primer pair P1/P2 (Table S1),
and the PCR product was used for sequencing. Moreover, the homology tween BcMtp1
and its homologous protein in various fungi was analyzed via BLASPT, using the amino
acid sequences of BcMtp1 and the phylogenetic tree generated by the neighbor-joining
method, with Mega 4.1 software on the basis of the deduced their amino acid sequences.
Among these fungi, Saccharomyces cerevisiae and Schizosaccharomyces pombe represent model
fungi; Candida albicans represent model pathogenic fungi; Neurospora crassa represent model
filamentous fungi; Aspergillus nidulans represent model pathogenic filamentous fungi;
Fusarium graminearum, Fusarium oxysporum, and Magnaporthe oryzae. Sclerotinia sclerotiorum
represent typical plant pathogenic filamentous fungi.

2.3. The Deletion and Complementation of BcMtp1

To investigate the function of BcMtp1 in B. cinerea, we constructed a BcMtp1 deletion
mutant. This gene replacement construct was generated according to the previous method
with some modifications [31,32]. First, 1328 bp upstream and 1202 bp downstream flanking
fragments of BcMtp1 were amplified from the B05.10 genomic DNA using P3/P4 and P5/P6
primer pairs, respectively (Table S1, Figure S2). Second, a 1764 bp HPH fragment containing
the trpC promoter (resistant to hygromycin B) was amplified from the pKHT plasmid using
the P7/P8 primer pairs according to established plasmid amplification protocols [33,34].
Third, the two BcMtp1 flanking fragments and the HPH cassette were mixed in a 1:1:3
molar ratio and used as the template for double-joint PCR [35] (Figure S2). A 3645 bp DNA
fragment was obtained as a result of the double-joint fusion PCR amplification with the
P9/P10 primer pair, and was used for the transformation of B05.10 protoplasts.

To generate and transform B. cinerea protoplasts, we modified previously established
methods [33]. Mycelial plugs cut from the edge of a 3-day-old colony on PDA were put
into YEPD liquid medium (3 g/L yeast extract, 20 g/L glucose, and 10 g/L peptone), and
then incubated for 18 h with shaking (25 ◦C, 170 rpm). Fresh mycelia were isolated using
an autoclaved gauze and washed three times with sterilized water. A total of 0.25 g of
mycelia were incubated in 10 mL 1.5% lysing enzyme solution (0.6 M KCl, 50 mM CaCl2)
for 1.5 h at 85 rpm and 30 ◦C. The solution was filtered through mirror paper to remove
the mycelial residues. The protoplasts were washed twice using STC solution (0.05 M Tris,
0.8 M sorbitol, 50 mM CaCl2, pH 8.0,) and re-suspended in STC-SPTC solution (STC: SPTC = 4:1)
(STC with 40% PEG6000). The protoplast transformation was performed according to pre-
vious methods [31]. In the transformation, 108 protoplasts in 500 µL of SPT-SPTC solution,
30 µg of replacement construct, and 15 µL spermidine (5 µM) were combined and left on
ice for 90 min. One microliter of SPTC was added into the suspension and incubated for
30 min at 25 ◦C. Next, the protoplast suspension was poured into 200 mL RM medium
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(0.5 g/L casein hydrolysate, 0.5 g/L yeast extract, 0.7 M sucrose, and 13 g/L agar) at 43 ◦C.
This medium was then poured into 9 mm petri plates and incubated for 16h at 25 ◦C, in the
dark. The RM plates were then covered with SRM medium (0.5 g/L casein hydrolysate,
1 M sucrose, 0.5 g/L yeast extract, and 12 g/L agarose) with 100 mg/L hygromycin B.
The plates were incubated for four days at 25 ◦C, in the dark. The transformants were
transferred to the PDA medium with 100 µg/mL hygromycin B for the PCR identification.
In the transformant verification assay, PCR amplification of genomic DNA was performed
with different primer pairs (Figure S2A, Table S1), and genomic DNA digested with DraI
and hybridized with a labelled probe for the Southern-blot analysis (Table S1, Figure S2B).

To verify that the phenotypes of ∆BcMtp1 were due to the deletion of the BcMtp1
gene, a complemented strain ∆BcMtp1C was generated with the full-length BcMtp1. The
BcMtp1 complemented plasmid construct pNEO-Mtp1-C was generated with the pNEO
plasmid [33]. The full-length BcMtp1 fragment containing the 659 bp promoter and 887 bp
terminator region was amplified from genomic DNA of B05.10 with the P19/P20 primer
pair (Table S1), and subsequently cloned into the BamHI–HidIII site of pNEO to construct the
complemented construct pNEO-Mtp1-C. After the complemented plasmid pNEO-Mtp1-C
was verified by sequencing, the construct was transformed into the BcMtp1 deletion mutant.
The transformation procedure was performed as described above. Then, protoplasts
suspension was poured into 200 mL RM medium at 43 ◦C, poured into 9 mm-petri plate,
and incubated for 16 h at 25 ◦C, in the dark. Then, RM plates were covered with SRM
medium with 100 µg/mL neomycin. The plates were incubated for four days at 25 ◦C, in
the dark, and the transformants were then transferred to PDA medium with 100 mg/L
neomycin. Isolated genomic DNA was digested with DraI and hybridized with a labelled
probe for the Southern blot identification (Table S1, Figure S2A).

2.4. Standard Molecular Methods

Fungi whole-genomic DNA was isolated according to previous methods [31], and was
digested with DraI using for the Southern blot assay. Plasmid DNA was extracted using a
commercial plasmid miniprep purification kit (Omega Bio-tek, Norcross, GA, USA). The
Southern blot assay of BcMtp1 in B. cinerea was conducted with a commercial Kit (Roche,
Germany), using the 674 bp downstream fragment as the probe (Figure S2). There were
three replicates for each treatment. The Southern blot was repeated three times.

2.5. qRT-PCR

For total RNA isolation, mycelial plugs of each strain were incubated in YEPD for
2 d (25 ◦C; 175 rpm), in the dark. Total RNA was isolated from the mycelia of each strain
using a commercial kit (Bio-Teke, Beijing, China). The cDNA synthesis was conducted
with a commercial reverse transcription kit (TaKaRa, Kusatsu, Japan). The qRT-PCR assay
was performed using the ABI 7500 analysis equipment (Applied Biosystems, Waltham,
MA, USA) [31,33]. The primer pairs used for qRT-PCR analysis are listed in Table S1. The
expression levels of the target gene were normalized to the expression of internal reference
gene actin, and relative changes in gene expression levels were analyzed with ABI software
(Applied Biosystems, Waltham, MA, USA). There were three replicates for each treatment.
This experiment was repeated three times.

2.6. Fungicide Sensitivity Assay

To analyze the sensitivity of each strain to fungicides, a 5 mm mycelial plug was cut
from the edge of fresh colonies of each strain and incubated on PDA plates amended with
fluazinam, tebuconazole, fludioxonil, and boscalid. Concentrations of each fungicide are
indicated in table caption. After incubation for 3 d at 25 ◦C, in the dark, the colony diameter
was measured, and an EC50 value for fungicides against each strain was determined, using
DPS software (Reifeng Information Technology, Hangzhou, China) [36]. There were three
replicates for each treatment. This experiment was repeated three times.
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2.7. Glycerol Accumulation Assay

Each strain was used to inoculate YEPD liquid medium. This was incubated for
36 h (25 ◦C, 175 rpm) in the dark, and either untreated or treated with 0.7 M NaCl for 2 h.
After this period, the mycelia of each strain were isolated and ground into powder using
liquid nitrogen. The powder (0.2 g) was put into a 2 mL centrifuge tube containing 0.8 mL
glycerol isolation solution (Applygen). The tubes were vortex three times for 45 s each and
centrifuged at 9000 rpm for 35 min. Then, 0.01 mL of supernatant from this centrifugation
was mixed with 0.19 mL detection solution in a new tube. This mixture was incubated at
37 ◦C for 20 min. The glycerol concentration was analyzed using the microplate reader
system at 550 nm (SpectraMax M5) [33,37]. There were three replicates for each treatment.
This experiment was repeated three times.

2.8. Virulence Assays

To research the role of BcMtp1 virulence in B. cinerea, mycelial plugs, taken from the
edge of fresh colonies grown on PDA, were used to inoculate the completely unfolded
strawberry and cucumber leaves, as well as apple, grape, and tomato fruit. Before inocula-
tion, host plant tissues were damaged with the autoclaved needle to facilitate the infection
of the fungi into host plant tissue. The inoculated plant tissues were incubated at 25 ◦C
with 16 h of daylight and 85% humidity. The disease lesion diameter of each leaf and fruit
was measured after the time indicated in the figure caption. There were three replicates for
each treatment. The experiment was repeated three times.

2.9. Statistical Analysis

All analyses were conducted using the statistical software SAS GLM (SAS Institute,
Inc., Cary, NC, USA). The EC50 of the strains were estimated by linear regression of the
log of the colony diameter versus fungicide concentration. Significance tests adopted least
significance difference (LSD)and Duncan methods. There were three replicates for each
treatment. Bars denote standard errors from three independent experiments, and values on
the bars followed by the same letter are not significantly different at p = 0.05.

3. Results
3.1. Identification of the BcMtp1 Gene

Based on the amino acid similarity to the mitochondrial transport protein (MTP) coded
by YPR011C in S. cerevisiae, BcMtp1 (BC1G_10647) was identified using a BLAST search in
the genome data of B. cinerea (NCBI web site). The primer pair P1/P2 can amplify both
the 1282 bp and 984 bp fragments from genomic DNA and cDNA. The 1282 bp and 984 bp
PCR product were sequenced and the sizes and sites of introns of BcMtp1 identified. The
BcMtp1 encoded a 327 amino acid long protein sequence, and the conserved domain was
identified in various fungi, which indicated that the Mtp1 was conserved among fungi in
the evolution process (Figure S1).

3.2. Deletion of BcMtp1 and Complementation

To investigate the function of BcMtp1 of B. cinerea, the BcMtp1 deletion mutant was
generated via homologous replacement tactics (Figure S2). We obtained three BcMtp1
deletion mutants in 103 hygromycin-resistant transformants with the described PCR ampli-
fication method, using specific primer pairs (Figure S2; Table S1). The 459 bp fragment was
amplified in the parent strain B05.10 but not in the ∆BcMtp1, using the P11/P12 primer pair.
A 475 bp fragment amplified from the HPH gene was only obtained in ∆BcMtp1, using
the primer pair P13/P14. Then, the 2677 bp upstream and 2524 bp downstream flanking
regions were amplified in ∆BcMtp1, but not in the parent strain B05.10, using P15/P16 and
P17/P18 primer pairs (Figure S2), respectively. These results suggest that the replacement
construct successfully substituted the BcMtp1 through homologous recombination. In
the Southern blot analysis, we probed using a 674 bp 3′-flanking segment of BcMtp1. The
∆BcMtp1 produced a 5.7 kb band that lacked a 3.9 kb band, which was consistently detected
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in the parent strain parent and complemented strains. These results verified that ∆BcMtp1
was generated by a single homologous recombination at the BcMtp1 site, and there was a
single copy of the BcMtp1 in the complemented strain ∆BcMtp1C.

3.3. BcMtp1 Is Involved in Vegetative Growth

Each strain was incubated on PDA, CM, or MM plates for 3 d at 25 ◦C, in the dark.
After this incubation period, the mean colony diameter of each strain was measured. As
shown in Figure 1, on the PDA and CM medium, the mycelial growth rate of ∆BcMtp1
was slower than that of B05.10 and ∆BcMtp1C. In addition, B05.10 and ∆BcMtp1C grew
normally on the MM medium, but ∆BcMtp1 was unable to grow. These results indicate
that BcMtp1 influences vegetative growth processes in B. cinerea.
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Figure 1. Effect of BcMtp1 deletion on mycelia growth. (A) The wild-type strain B05.10, the BcMtp1
deletion mutant ∆BcMtp1, and the complemented strain ∆BcMtp1C were grown on solid media
[potato dextrose agar (PDA), complete medium (CM), and minimal medium (MM)] for 3 d at 25 ◦C,
in the dark. (B) The colony diameter of B05.10, ∆BcMtp1, and ∆BcMtp1C on PDA, CM, and MM for
3 d at 25 ◦C, in the dark. Bars denote standard errors from three repeated experiments.
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3.4. BcMtp1 Is Required for Conidiation and Sclerotia Production

To analyze conidiation, each strain was incubated on autoclaved potato plugs for
12 days. B05.10 and ∆BcMtp1C produced dense mycelial mats covered with conidia,
however, ∆BcMtp1 only produced sparse mycelia, without any conidia (Figure 2A,B).
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Figure 2. Function of BcMtp1 on conidial and sclerotial formation. (A) Comparison of conidiation
among B05.10, ∆BcMtp1, and ∆BcMtp1C after 12 d incubation on sterilized potato plugs at 25 ◦C
in dark. (B) The number of conidia produced by each strain on potato dextrose agar (PDA) plates
(diameter, 9 cm). Bars denote standard deviation from three experiments. Values on the bars followed
by the same letter are not significantly different at p = 0.05. (C) Comparison of sclerotial formation
among B05.10, ∆BcMtp1, and ∆BcMtp1C after 4 weeks of incubation on PDA, complete medium (CM)
and minimal medium (MM) at 25 ◦C, in darkness. (D) The number of sclerotia was measured on
PDA, CM, and MM. Bars denote standard deviation from three experiments. Values on the bars
followed by the same letter are not significantly different at p = 0.05.

We also analyzed the role of BcMtp1 in sclerotia formation by incubating each strain
on PDA, CM, or MM in the dark for four weeks at 16 ◦C. As expected, B05.10 and the
∆BcMtp1C produced extensive sclerotia. By comparison, ∆BcMtp1 failed to produce any
sclerotia (Figure 2C,D). These results demonstrate that ∆BcMtp1 exhibit compromised
conidiation and sclerotia formation in B. cinerea.

3.5. The Role of BcMtp1 in Stress Response

After observing vegetative growth defects in ∆BcMtp1, we analyzed the sensitivity
of ∆BcMtp1 to various stresses including cell wall biogenesis inhibitors (Congo red and
caffeine), oxidative stressors, and osmotic stressors. ∆BcMtp1 exhibited dramatically in-
creased sensitivity to cell wall-related stress caused by 0.3 g/L or 5 mM caffeine, compared
to the parent strain B05.10 and the complemented strain ∆BcMtp1C (Figure 3). Additionally,
the sensitivity of ∆BcMtp1 to osmotic stress, generated by 1.0 M NaCl or 1.2 M KCl, and
oxidative stress, generated by 5 mM paraquat or 24 mM H2O2, were significantly increased
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compared to B05.10 and ∆BcMtp1C (Figure 3). The results may indicate that the deletion of
BcMtp1 increases the sensitivity of B. cinerea to various stresses.
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Figure 3. Sensitivity of B05.10, ∆BcMtp1 and ∆BcMtp1C to various stresses. (A) Comparisons were
performed on PDA medium supplemented with Congo red, caffeine, NaCl, KCl, paraquat, and
H2O2, indicated in the figure. (B) Inhibition of mycelial growth was analyzed after each strain was
incubated for 3 d on PDA supplemented with different compound, as described in the figure. Bars
denote standard deviation from three experiments. Values on the bars followed by the same letter are
not significantly different at p = 0.05.

3.6. BcMtp1 Is Required for Glycerol Accumulation

The glycerol production capacity was analyzed in B05.10, ∆BcMtp1, and ∆BcMtp1C
after treatment with 0.7 M NaCl for 2 h. Low glycerol accumulation was detected in
B05.10, ∆BcMtp1, and ∆BcMtp1C under normal growth conditions. In the experimental
trial, NaCl stress clearly stimulated glycerol accumulation in B05.10 and ∆BcMtp1C, but
no such accumulation was observed in ∆BcMtp1 (Figure 4A). These results indicated that
BcMtp1 may influence glycerol accumulation in B. cinerea.

3.7. BcMtp1 Is Involved in the Transcriptional Regulation of the Genes Related to
Environmental Stress

BcMtp1 exhibited enhanced sensitivity to cell wall biogenesis inhibitors, indicating
that BcMtp1 might be related to the maintenance of cell wall integrity in B. cinerea. We
determined the expression level of the B. cinerea homologs of Mkk1 and Gls2, designated
BcMkk1 and BcGls2. BcMkk1 and BcGls2 expression were strongly downregulated in the
∆BcMtp1, compared to B05.10 and ∆BcMtp1C. Moreover, RT-PCR analysis indicated that
osmotic stress related BcSak1 was expressed less in ∆BcMtp1 compared to B05.10 and
∆BcMtp1C, under osmotic stress conditions (Figure 4B). As shown in Figure 4B, the expres-
sion level of oxidative stress associated gene BcYap1 was markedly decreased in ∆BcMtp1,
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relative to B05.10 and ∆BcMtp1C. These results demonstrate that BcMtp1 is likely an indirect
transcriptional regulator of stress response genes.
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Figure 4. Involvement of BcMtp1 in glycerol accumulation and expression levels of various stress
response genes (A) Glycerol content in mycelia of B05.10, ∆BcMtp1, and ∆BcMtp1C. The glycerol
was extracted from the mycelia of each strain untreated or treated with 0.7 M NaCl (NaCl treatment)
for 2 h after growth in YEPD, in the dark. The cultures without treatment were used as controls
(CK). Bars denote standard errors from three repeated experiments. Values on the bars followed by
the same letter are not significantly different at p = 0.05. (B) Expression levels of cell-wall integrity
relation genes (BcMkk1 and BcGls2) and oxidative stress relation gene (BcYap1 and BcSak1) in each
strain. RNA samples were extracted from the mycelia of each strain after being grown in YEPD for
2 d (25 ◦C, 175 rpm), in the dark. Bars denote standard deviation from three repeated experiments.
Values on the bars followed by the same letter are not significantly different at p = 0.05.

3.8. Involvement of BcMtp1 in the Sensitivity of B. cinerea to Fungicides

In the fungicide sensitivity assay neither ∆BcMtp1, B05.10, nor the complemented
strain exhibited a significant difference in their sensitivities to boscalid, tebuconazole,
and fludioxonil. Interestingly, the sensitivity of ∆BcMtp1 to fluazinam was significantly
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decreased, compared to that of B05.10 and the ∆BcMtp1C (Table 1). This might suggest that
fluazinam plays some disruptive role on MC protein function.

Table 1. Sensitivity of the wild-type progenitor B05.10 and the BcMtp1 deletion mutants ∆BcMtp1
and the complemented strain ∆BcMtp1C to different fungicides.

Strain EC50 (µg mL−1) a

Fluazinam Boscalid Fludioxonil Tebuconazole

B05.10 0.02379 B 3.0572 A 0.0172 A 0.3985 A
∆BcMtp1 0.2176 A 2.9714 A 0.0169 A 0.4057 A

∆BcMtp1C 0.02209 A 3.0136 A 0.0162 A 0.3986 A
a Data in the columns are the averages of three experiments. Values in the columns followed by the same letter
are not significantly different according to a Fisher’s least significant difference (LSD) test at p = 0.05. Fluzinam
(0, 0.0125, 0.025, 0.05, 0.1, or 0.2 µg ml−1), Fludioxonil (0, 0.00625, 0.0125, 0.025, 0.05, or 0.1 µg ml−1), Tebuconazole
(0, 0.05, 0.1, 0.2, 0.4, or 0.8 µg ml−1), and Boscalid (0, 0.25, 0.5, 1, 2, or 4 µg ml−1).

3.9. BcMtp1 Is Required for Virulence of B. cinerea

The effect of BcMtp1 on virulence of B. cinerea was analyzed on various host plant
tissues. Since ∆BcMtp1 was severely compromised in conidiation, we used mycelial plugs
instead of spore suspensions to inoculate various host plant tissues in these virulence
assays. On wounded leaves of strawberry and cucumber, apple, grape, and tomato, the
B05.10 and ∆BcMtp1C caused a consistent and expected severity of disease symptoms on
host plant tissues. ∆BcMtp1 was not able to cause any obvious lesions on these host plant
tissues compared to the wild-type and complemented strain controls (Figures 5 and 6).
These results indicate that BcMtp1 is involved in the virulence of B. cinerea.
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Figure 5. Pathogenicity assays on wounded cucumber leaves following inoculation with the wild-
type B05.10 strain, the mutant ∆BcMtp1, and the complemented strain ∆BcMtp1C. Agar plugs without
fungal mycelia were used as negative controls (CK). Disease symptoms were analyzed 60 h post
inoculation (h.p.i.).
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Figure 6. Pathogenicity analysis on various plant tissue, following inoculation with the parental
strain B05.10, ∆BcMtp1, and ∆BcMtp1C. Agar plugs were used as negative controls (CK). (A) Disease
symptoms on wounded strawberry leaves after 80 h post inoculation (h.p.i.), (B) wounded apple
fruits 80 (h.p.i), (C) wounded grape fruits 72 (h.p.i), (D) wounded tomato fruits 72 (h.p.i), and
(E) Diameter of disease lesion on various plant tissue. Bars denote the standard deviation of four
repeated experiments. Values on the bars followed by the same letter are not significantly different
at p = 0.05.

4. Discussion

Mitochondrial carrier proteins are likely a convergent node for various metabolic
pathways, as they facilitate the exchange of biochemical compounds across the mitochon-
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drial inner membrane. These data indicate that BcMtp1 plays a critical role in vegetative
development, asexual reproduction, stress tolerance, and virulence. The yeast mitochon-
drial carrier protein AAC2 was essential for the cell viability, with almost all of laboratory
strains showing a lethal phenotype when the AAC2 was disrupted [38,39]. In this study,
the ∆BcMtp1 showed defects in mycelial growth on PDA and CM, and strikingly lost its
ability to grow on MM. These results suggest that this mitochondrial carrier protein may be
required for vegetative development in several fungi. Asexual reproduction as measured
by conidiation also appeared to be compromised.

It is well-established that conidiation is a critical process or secondary infection pro-
cesses in B. cinerea [40]. In addition, the sclerotia produced in dying host tissues is perhaps
the most important mechanism underlying the persistent nature of B. cinerea [3]. In our
study, the results showed that the effects of the deletion of BcMtp1 on the conidia pro-
duction and the sclerotia development indicate that BcMtp1 is involved in the secondary
infection and survival ability of B. cinerea, which are essential for the gray mold formation
and extension.

In yeast, deletion of YPR011C also exhibited decreased stress tolerance (high tem-
perature: 45 ◦C) [29]. In this study, the results showed that ∆BcMtp1 exhibited increased
sensitivity to various stresses including cell wall biogenesis inhibitors (Congo red and
Caffeine), inducers of oxidative and osmotic stress, compared to B05.10 and ∆BcMtp1C.
This suggests that this mitochondrial carrier protein is involved in mounting an appropriate
response to stress. In previous studies, osmotic stress was demonstrated to enhance glycerol
accumulation in fungi, primarily through HOG pathway activation [41,42]. The Mkk1 and
Gls2 proteins are involved in the maintenance of cell wall integrity in S. cerevisiae [43].
The previous study showed that BcSak1 regulated the sensitivity of B. cinerea to osmotic
stress [44,45], and Yap1 was a significant regulation factor in the sensitivity of S. cerevisiae
to oxidative stress [46–48]. In this study, we found that the glycerol accumulation and
expression of genes related to stress tolerance were significantly lower in ∆BcMtp1 than
in B05.10 and ∆BcMtp1C. From this, we inferred that BcMtp1 might be involved in the
sensitivity of B. cinerea to environmental stress by regulating the expression of glycerol
accumulation and stress response related genes (BcMkk1, BcGls, BcSak1, and BcYap1). This
conclusion needs to be explored further in subsequent research. The fungicide sensitivity
analysis demonstrated the unexpected result that the response of ∆BcMtp1 to fluzinam was
decreased, relative to control. In previous research, the fungicidal effect of fluazinam for
fungal pathogens was the disruption of oxidative phosphorylation [49]. Therefore, BcMtp1
may be compromised in overall respiration, leading to the decreased sensitivity to the
fluzinam in ∆BcMtp1.

In the virulence assay, ∆BcMtp1 was significantly less virulent on various plant tissues.
Whether this is merely a result of the compromised metabolic function observed in this
mutant, or if BcMtp1 plays a specific role in virulence remains unclear. Not only was the
growth rate of ∆BcMtp1 slower than B05.10 and BcMtp1C, but ∆BcMtp1 also exhibited
increased sensitivity to cell wall biogenesis inhibitors. In previous studies, the cell wall
has been demonstrated to be essential for the ability of B. cinerea to successfully infect its
host [50–52]. Therefore, the observed defect in cell wall maintenance observed in ∆BcMtp1
might be responsible for the weak virulence of ∆BcMtp1 on various plant tissues. Further,
the ability to adapt to changing osmotic conditions in planta was also demonstrated to be a
critical process for B. cinerea virulence [44,53]. Accordingly, ∆BcMtp1 exhibited increased
sensitivity to osmotic stress, which may represent an additional reason why this mutant
was compromised in virulence. The sensitivity of ∆BcMtp1 to oxidative stress was also
significantly increased, relative to the wild-type and complement strain controls. Reactive
oxygen species (ROS) are a critical component of the plant-pathogen interaction. Plants
potentiate oxidative bursts to rapidly enhance their defense against pathogens. Successful
necrotrophs like B. cinerea rely upon a robust resistance to the antimicrobial effects of ROS
to maintain virulence. In B. cinerea, this process is mediated through a series of oxidative
stress detoxification systems including peroxidases and catalases [54,55]. Therefore, the
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increased sensitivity of ∆BcMtp1 to oxidative stress might partially explain the weaker
virulence of this mutant on host plants.

This reverse genetics approach to characterization clearly implicated BcMtp1 in various
biological processes critical for normal function in B. cinerea. While vegetative development,
asexual reproduction, fungicide sensitivity, pathogenicity, and stress tolerance were the
phenotypic metrics we used to characterize this gene, we do not exclude the possibility that
further phenotypes remain to be elucidated. A clear phenotypic characterization, however,
is the first step towards identifying an exact biochemical mechanism. Without a clear
understanding of the organism-wide effects of gene deletion, one cannot begin to logically
infer which biochemical assays to perform, in the pursuit of that goal. Given the critical
function that the BcMtp1 protein plays in almost every relevant phenotypic process, it
does not escape our attention that this gene might represent an important target for future
fungicides to be used in the control of B. cinerea.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof9010025/s1, Figure S1: Alignment of BcMtp1 from Botrytis
cinerea with those from Saccharomyces cerevisiae and other fungi. (A) The alignment of the amino
acid sequences of BcMtp1 with those from Aspergillus nidulans, Neurospora crassa, Candida albicans,
Fusarium graminearum, Fusarium oxysporum, Magnaporthe oryzae, Sclerotinia sclerotiorum,
Schizosaccharomyces pombe and Saccharomyces cerevisiae. (B) Phylogenetic tree generated by the
neighbour-joining method with Mega 4.1 software on the basis of the deduced amino acid sequences
of BcMtp1 from Botrytis cinerea strain B05.10 and those from other fungi. Figure S2: Generation
and identification of the BcMtp1 deletion mutant of Botrytis cinerea. (A) Gene replacement strategy
for BcMtp1. The hygromycin resistance cassette (hph) is denoted by the large grey arrow. Primer
(P3-P18) binding sites are indicated by arrows (see Table S1 for the primer sequences). (B) Southern
blot hybridization analysis of strains using the 5′-flanking region of BcMtp1 as a probe. Genomic
DNA of the wild-type progenitor B05.10, BcMtp1 deletion mutant ∆BcMtp1 and complemented
strain ∆BcMtp1C were digested with DraI. Figure S3: Identification of the BcMtp1 deletion mutant
of Botrytis cinerea with PCR method. (A) Primer pair P11/P12 was used to specifically amplify the
partial BcMtp1. (B) Primer pair P13/P14 was used to validate the se-lectable marker hph, Primer
pairs P15/P16 and P17/P18 were used to amplify the two homologous arms with a partial fragment
of the connecting area. Table S1: Primers used in this study.

Author Contributions: All authors contributed to the study conception and design. W.S., Y.Z., Y.X.
and C.C. performed experimental design and wrote the manuscript draft. W.S. and Y.Z. conceived
and performed all experiments and analyzed the results and corresponding data. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Science Foundation of China (No. 31672065,
NO. 31801680 and 31901828); the Special Fund for Agro-scientific Research in the Public Interest
(No. 201303023 and 201303025); Jiangsu Agriculture Science and Technology Innovation Fund
(CX(22)3072);Zhejiang Provincial Natural Science Foundation of China (GN22C140757); the Research
Development Fund of Zhejiang A&F University (NO. 2017FR037).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all participants included in
the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fillinger, S.; Elad, Y. Botrytis-the Fungus, the Pathogen and Its Management in Agricultural Systems; Springer: Berlin/Heidelberg,

Germany, 2016.
2. Dean, R.; Van Kan, J.A.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann, R.;

Ellis, J. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 414–430. [CrossRef] [PubMed]
3. Williamson, B.; Tudzynski, B.; Tudzynski, P.; Van Kan, J.A. Botrytis cinerea: The cause of grey mould disease. Mol. Plant Pathol.

2007, 8, 561–580. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jof9010025/s1
https://www.mdpi.com/article/10.3390/jof9010025/s1
http://doi.org/10.1111/j.1364-3703.2011.00783.x
http://www.ncbi.nlm.nih.gov/pubmed/22471698
http://doi.org/10.1111/j.1364-3703.2007.00417.x
http://www.ncbi.nlm.nih.gov/pubmed/20507522


J. Fungi 2023, 9, 25 14 of 15

4. Amselem, J.; Cuomo, C.A.; van Kan, J.A.; Viaud, M.; Benito, E.P.; Couloux, A.; Coutinho, P.M.; de Vries, R.P.; Dyer, P.S.; Fillinger,
S. Genomic analysis of the necrotrophic fungal pathogens Sclerotinia sclerotiorum and Botrytis cinerea. PLoS Genet. 2011,
7, e1002230. [CrossRef] [PubMed]

5. Neupert, W. Protein import into mitochondria. PLoS Genet. 1997, 66, 863–917. [CrossRef] [PubMed]
6. Newmeyer, D.D.; Ferguson-Miller, S. Mitochondria: Releasing power for life and unleashing the machineries of death. Cell 2003,

112, 481–490. [CrossRef]
7. Green, D.R.; Kroemer, G.J.S. The pathophysiology of mitochondrial cell death. Science 2004, 305, 626–629. [CrossRef]
8. Lill, R.; Mühlenhoff, U. Iron–sulfur-protein biogenesis in eukaryotes. Trends Biochem. Sci. 2005, 30, 133–141. [CrossRef]
9. Bratic, I.; Trifunovic, A. Mitochondrial energy metabolism and ageing. Biochim. Biophys. Acta (BBA)-Bioenerg. 2010, 1797, 961–967.

[CrossRef]
10. Reid, R.; Moyle, J.; Mitchell, P. Synthesis of adenosine triphosphate by a protonmotive force in rat liver mitochondria. Nature

1966, 212, 257–258. [CrossRef]
11. Palmieri, F.; Agrimi, G.; Blanco, E.; Castegna, A.; Di Noia, M.A.; Iacobazzi, V.; Lasorsa, F.M.; Marobbio, C.M.; Palmieri, L.; Scarcia,

P. Identification of mitochondrial carriers in Saccharomyces cerevisiae by transport assay of reconstituted recombinant proteins.
Biochim. Biophys. Acta (BBA)-Bioenerg. 2006, 1757, 1249–1262. [CrossRef]

12. Palmieri, F. The mitochondrial transporter family SLC25: Identification, properties and physiopathology. Mol. Asp. Med. 2013,
34, 465–484. [CrossRef]

13. Marobbio, C.M.; Giannuzzi, G.; Paradies, E.; Pierri, C.L.; Palmieri, F.J. α-Isopropylmalate, a leucine biosynthesis intermediate in
yeast, is transported by the mitochondrial oxalacetate carrier. J. Biol. Chem. 2008, 283, 28445–28453. [CrossRef]

14. Traba, J.; Froschauer, E.M.; Wiesenberger, G.; Satrústegui, J.; Del Arco, A. Yeast mitochondria import ATP through the calcium-
dependent ATP-Mg/Pi carrier Sal1p, and are ATP consumers during aerobic growth in glucose. Mol. Microbiol. 2008, 69, 570–585.
[CrossRef]

15. Castegna, A.; Scarcia, P.; Agrimi, G.; Palmieri, L.; Rottensteiner, H.; Spera, I.; Germinario, L.; Palmieri, F.J. Identification and
functional characterization of a novel mitochondrial carrier for citrate and oxoglutarate in Saccharomyces cerevisiae. J. Biol. Chem.
2010, 285, 17359–17370. [CrossRef]

16. Pebay-Peyroula, E.; Dahout-Gonzalez, C.; Kahn, R.; Trézéguet, V.; Lauquin, G.J.-M.; Brandolin, G. Structure of mitochondrial
ADP/ATP carrier in complex with carboxyatractyloside. Nature 2003, 426, 39–44. [CrossRef]

17. Nury, H.; Dahout-Gonzalez, C.; Trezeguet, V.; Lauquin, G.; Brandolin, G.a.; Pebay-Peyroula, E. Relations between structure and
function of the mitochondrial ADP/ATP carrier. Annu. Rev. Biochem. 2006, 75, 713–741. [CrossRef]

18. Gawaz, M.; Douglas, M.; Klingenberg, M.J. Structure-function studies of adenine nucleotide transport in mitochondria. II.
Biochemical analysis of distinct AAC1 and AAC2 proteins in yeast. J. Biol. Chem. 1990, 265, 14202–14208. [CrossRef]

19. Drgon, T.; Sabova, L.; Gavurnikova, G.; Kolarov, J. Yeast ADP/ATP carrier (AAC) proteins exhibit similar enzymatic properties
but their deletion produces different phenotypes. FEBS Lett. 1992, 304, 277–280. [CrossRef]

20. Lawson, J.; Douglas, M.G.J. Separate genes encode functionally equivalent ADP/ATP carrier proteins in Saccharomyces cerevisiae.
Isolation and analysis of AAC2. J. Biol. Chem. 1988, 263, 14812–14818. [CrossRef]

21. Adrian, G.; McCammon, M.; Montgomery, D.; Douglas, M. Sequences required for delivery and localization of the ADP/ATP
translocator to the mitochondrial inner membrane. Mol. Cell. Biol. 1986, 6, 626–634.

22. Fontanesi, F.; Palmieri, L.; Scarcia, P.; Lodi, T.; Donnini, C.; Limongelli, A.; Tiranti, V.; Zeviani, M.; Ferrero, I.; Viola, A.M.
Mutations in AAC2, equivalent to human adPEO-associated ANT1 mutations, lead to defective oxidative phosphorylation in
Saccharomyces cerevisiae and affect mitochondrial DNA stability. Hum. Mol. Genet. 2004, 13, 923–934. [CrossRef] [PubMed]

23. Gavurníková, G.; Šabova, L.; KiŠŠová, I.; Haviernik, P.; Kolarov, J. Transcription of the AAC1 gene encoding an isoform of
mitochondrial ADP/ATP carrier in Saccharomyces cerevisiae is regulated by oxygen in a heme-independent manner. Eur. J.
Biochem. 1996, 239, 759–763. [CrossRef] [PubMed]

24. Kolarov, J.; Kolarova, N.; Nelson, N.J. A third ADP/ATP translocator gene in yeast. J. Biol. Chem. 1990, 265, 12711–12716.
[CrossRef] [PubMed]

25. Chen, X.J.; Clark-Walker, G.D. The petite mutation in yeasts: 50 years on. Int. Rev. Cytol. 1999, 194, 197–238.
26. Palmieri, F.; Pierri, C.L.; De Grassi, A.; Nunes-Nesi, A.; Fernie, A.R. Evolution, structure and function of mitochondrial carriers: A

review with new insights. Plant J. 2011, 66, 161–181. [CrossRef]
27. Palmieri, L.; Rottensteiner, H.; Girzalsky, W.; Scarcia, P.; Palmieri, F.; Erdmann, R. Identification and functional reconstitution of

the yeast peroxisomal adenine nucleotide transporter. EMBO J. 2001, 20, 5049–5059. [CrossRef]
28. Palmieri, L.; Palmieri, F.; Runswick, M.J.; Walker, J.E. Identification by bacterial expression and functional reconstitution of the

yeast genomic sequence encoding the mitochondrial dicarboxylate carrier protein. FEBS Lett. 1996, 399, 299–302. [CrossRef]
29. Todisco, S.; Di Noia, M.A.; Castegna, A.; Lasorsa, F.M.; Paradies, E.; Palmieri, F. The Saccharomyces cerevisiae gene YPR011c

encodes a mitochondrial transporter of adenosine 5′-phosphosulfate and 3′-phospho-adenosine 5′-phosphosulfate. Biochim.
Biophys. Acta (BBA)-Bioenerg. 2014, 1837, 326–334. [CrossRef]

30. An, B.; Li, B.; Qin, G.; Tian, S. Function of small GTPase Rho3 in regulating growth, conidiation and virulence of Botrytis cinerea.
Fungal Genet. Biol. 2015, 75, 46–55. [CrossRef]

31. Zhang, Y.; Chen, W.; Shao, W.; Tan, S.; Shi, D.; Ma, H.; Chen, C. FaSmi1 Is Essential for the Vegetative Development, Asexual
Reproduction, DON Production and Virulence of Fusarium asiaticum. J. Fungi 2022, 8, 1189. [CrossRef]

http://doi.org/10.1371/journal.pgen.1002230
http://www.ncbi.nlm.nih.gov/pubmed/21876677
http://doi.org/10.1146/annurev.biochem.66.1.863
http://www.ncbi.nlm.nih.gov/pubmed/9242927
http://doi.org/10.1016/S0092-8674(03)00116-8
http://doi.org/10.1126/science.1099320
http://doi.org/10.1016/j.tibs.2005.01.006
http://doi.org/10.1016/j.bbabio.2010.01.004
http://doi.org/10.1038/212257a0
http://doi.org/10.1016/j.bbabio.2006.05.023
http://doi.org/10.1016/j.mam.2012.05.005
http://doi.org/10.1074/jbc.M804637200
http://doi.org/10.1111/j.1365-2958.2008.06300.x
http://doi.org/10.1074/jbc.M109.097188
http://doi.org/10.1038/nature02056
http://doi.org/10.1146/annurev.biochem.75.103004.142747
http://doi.org/10.1016/S0021-9258(18)77287-6
http://doi.org/10.1016/0014-5793(92)80637-V
http://doi.org/10.1016/S0021-9258(18)68111-6
http://doi.org/10.1093/hmg/ddh108
http://www.ncbi.nlm.nih.gov/pubmed/15016764
http://doi.org/10.1111/j.1432-1033.1996.0759u.x
http://www.ncbi.nlm.nih.gov/pubmed/8774724
http://doi.org/10.1016/S0021-9258(19)38402-9
http://www.ncbi.nlm.nih.gov/pubmed/2165073
http://doi.org/10.1111/j.1365-313X.2011.04516.x
http://doi.org/10.1093/emboj/20.18.5049
http://doi.org/10.1016/S0014-5793(96)01350-6
http://doi.org/10.1016/j.bbabio.2013.11.013
http://doi.org/10.1016/j.fgb.2015.01.007
http://doi.org/10.3390/jof8111189


J. Fungi 2023, 9, 25 15 of 15

32. Lalève, A.; Gamet, S.; Walker, A.S.; Debieu, D.; Toquin, V.; Fillinger, S. Site-directed mutagenesis of the P225, N230 and H272
residues of succinate dehydrogenase subunit B from Botrytis cinerea highlights different roles in enzyme activity and inhibitor
binding. Environ. Microbiol. 2014, 16, 2253–2266. [CrossRef]

33. Shao, W.; Lv, C.; Zhang, Y.; Wang, J.; Chen, C. Involvement of BcElp4 in vegetative development, various environmental stress
response and virulence of Botrytis cinerea. Microb. Biotechnol. 2017, 10, 886–895. [CrossRef]

34. Zhang, Y.; Mao, C.X.; Zhai, X.Y.; Jamieson, P.A.; Zhang, C.Q. Mutation in cyp51b and overexpression of cyp51a and cyp51b confer
multiple resistant to DMIs fungicide prochloraz in Fusarium fujikuroi. Pest Manag. Sci. 2021, 77, 824–833. [CrossRef]

35. Yu, J.-H.; Hamari, Z.; Han, K.-H.; Seo, J.-A.; Reyes-Domínguez, Y.; Scazzocchio, C. Double-joint PCR: A PCR-based molecular tool
for gene manipulations in filamentous fungi. Fungal Genet. Biol. 2004, 41, 973–981. [CrossRef]

36. Shao, W.; Yang, Y.; Zhang, Y.; Lv, C.; Ren, W.; Chen, C. Involvement of BcS tr2 in methionine biosynthesis, vegetative differentiation,
multiple stress tolerance and virulence in Botrytis cinerea. Mol. Plant Pathol. 2016, 17, 438–447. [CrossRef]

37. Yang, Q.; Yan, L.; Gu, Q.; Ma, Z. The mitogen-activated protein kinase kinase kinase BcOs4 is required for vegetative differentiation
and pathogenicity in Botrytis cinerea. Appl. Microbiol. Biotechnol. 2012, 96, 481–492. [CrossRef]

38. Fujita, A.; Misumi, Y. Fission yeast ucp3 gene encodes a putative Arf6 GTPase-activating protein. Mol. Biol. Rep. 2011,
38, 3875–3882. [CrossRef]

39. Chen, X.J. Sal1p, a calcium-dependent carrier protein that suppresses an essential cellular function associated with the Aac2
isoform of ADP/ATP translocase in Saccharomyces cerevisiae. Genetics 2004, 167, 607–617. [CrossRef]

40. Nair, N.; Nadtotchei, A.J. Sclerotia of Botrytis as a source of primary inoculum for bunch rot of grapes in New South Wales,
Australia. J. Phytopathol. 1987, 119, 42–51. [CrossRef]

41. De Vries, R.P.; Flitter, S.J.; Van De Vondervoort, P.J.; Chaveroche, M.K.; Fontaine, T.; Fillinger, S.; Ruijter, G.J.; D’Enfert, C.; Visser, J.
Glycerol dehydrogenase, encoded by gldB is essential for osmotolerance in Aspergillus nidulans. Mol. Microbiol. 2003, 49, 131–141.
[CrossRef]

42. Fillinger, S.; Ruijter, G.; Tamás, M.J.; Visser, J.; Thevelein, J.M.; d’Enfert, C. Molecular and physiological characterization of the
NAD-dependent glycerol 3-phosphate dehydrogenase in the filamentous fungus Aspergillus nidulans. Mol. Microbiol. 2001,
39, 145–157. [CrossRef] [PubMed]

43. Rodriguez, R.J.; Low, C.; Bottema, C.D.; Parks, L.W. Multiple functions for sterols in Saccharomyces cerevisiae. Biochim. Biophys.
Acta (BBA)-Lipids Lipid Metab. 1985, 837, 336–343. [CrossRef]

44. Segmüller, N.; Ellendorf, U.; Tudzynski, B.; Tudzynski, P. BcSAK1, a stress-activated mitogen-activated protein kinase, is involved
in vegetative differentiation and pathogenicity in Botrytis cinerea. Eukaryot. Cell 2007, 6, 211–221. [CrossRef] [PubMed]

45. Yang, Q.; Jiang, J.; Mayr, C.; Hahn, M.; Ma, Z. Involvement of two type 2 C protein phosphatases B c P tc1 and B c P tc3 in the
regulation of multiple stress tolerance and virulence of Botrytis cinerea. Environ. Microbiol. 2013, 15, 2696–2711. [PubMed]

46. Lu, J.M.-Y.; Deschenes, R.J.; Fassler, J.S. Saccharomyces cerevisiae histidine phosphotransferase Ypd1p shuttles between the
nucleus and cytoplasm for SLN1-dependent phosphorylation of Ssk1p and Skn7p. Eukaryot. Cell 2003, 2, 1304–1314. [CrossRef]

47. He, X.J.; Fassler, J.S. Identification of novel Yap1p and Skn7p binding sites involved in the oxidative stress response of Saccha-
romyces cerevisiae. Mol. Microbiol. 2005, 58, 1454–1467. [CrossRef]

48. Kuge, S.; Jones, N.; Nomoto, A. Regulation of yAP-1 nuclear localization in response to oxidative stress. EMBO J. 1997,
16, 1710–1720. [CrossRef]

49. Guo, Z.-J.; Miyoshi, H.; Komyoji, T.; Haga, T.; Fujita, T. Uncoupling activity of a newly developed fungicide, fluazinam [3-chloro-
N-(3-chloro-2, 6-dinitro-4-trifluoromethylphenyl)-5-trifluoromethyl-2-pyridinamine]. Biochim. Biophys. Acta (BBA)-Bioenerg. 1991,
1056, 89–92. [CrossRef]

50. Tiedemann, A. Evidence for a primary role of active oxygen species in induction of host cell death during infection of bean leaves
with Botrytis cinerea. Physiol. Mol. Plant Pathol. 1997, 50, 151–166. [CrossRef]

51. Govrin, E.M.; Levine, A. The hypersensitive response facilitates plant infection by the necrotrophic pathogen Botrytis cinerea.
Curr. Biol. 2000, 10, 751–757. [CrossRef]
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