
RESEARCH ARTICLE

Fusarium graminearum pyruvate
dehydrogenase kinase 1 (FgPDK1) Is Critical
for Conidiation, Mycelium Growth, and
Pathogenicity
Tao Gao1,2,3, Jian Chen1,2,3*, Zhiqi Shi1,2,3*

1 Institute of Food Quality and Safety, Jiangsu Academy of Agricultural Sciences, Nanjing, China, 2 Key Lab
of Food Quality and Safety of Jiangsu Province-State Key Laboratory Breeding Base, Nanjing, China, 3 Key
Laboratory of Control Technology and Standard for Agro-product Safety and Quality, Ministry of Agriculture,
Nanjing, China

* jacksonchen206@gmail.com (JC); shizhiqi@jaas.ac.cn (ZS)

Abstract
Pyruvate dehydrogenase kinase (PDK) is an important mitochondrial enzyme that blocks

the production of acetyl-CoA by selectively inhibiting the activity of pyruvate dehydrogenase

(PDH) through phosphorylation. PDK is an effectively therapeutic target in cancer cells, but

the physiological roles of PDK in phytopathogens are largely unknown. To address these

gaps, a PDK gene (FgPDK1) was isolated from Fusarium graminearum that is an economi-

cally important pathogen infecting cereals. The deletion of FgPDK1 in F. graminearum
resulted in the increase in PDH activity, coinciding with several phenotypic defects, such as

growth retardation, failure in perithecia and conidia production, and increase in pigment for-

mation. The ΔFgPDK1 mutants showed enhanced sensitivity to osmotic stress and cell

membrane-damaging agent. Physiological detection indicated that reactive oxygen species

(ROS) accumulation and plasma membrane damage (indicated by PI staining, lipid peroxi-

dation, and electrolyte leakage) occurred in ΔFgPDK1 mutants. The deletion of FgPDK1
also prohibited the production of deoxynivalenol (DON) and pathogenicity of F. grami-
nearum, which may resulted from the decrease in the expression of Tri6. Taken together,

this study firstly identified the vital roles of FgPDK1 in the development of phytopathogen

F. graminearum, which may provide a potentially novel clue for target-directed development

of agricultural fungicides.

Introduction
Pyruvate, the end-product of glycolysis, is an important branch point in the sugar metabolism
of most organisms [1]. Pyruvate can be metabolized by pytruvate dehydrogenase complex
(PDC) that is composed of pyruvate dehydrogenase (PDH, E1), dihydrolipoamide acetyltrans-
ferase (E2), and dihydrolipoamide dehydrogenase (E3). PDC converts pyruvate into acetyl-

PLOSONE | DOI:10.1371/journal.pone.0158077 June 24, 2016 1 / 19

a11111

OPEN ACCESS

Citation: Gao T, Chen J, Shi Z (2016) Fusarium
graminearum pyruvate dehydrogenase kinase 1
(FgPDK1) Is Critical for Conidiation, Mycelium
Growth, and Pathogenicity. PLoS ONE 11(6):
e0158077. doi:10.1371/journal.pone.0158077

Editor: Yin-Won Lee, Seoul National University,
REPUBLIC OF KOREA

Received: April 26, 2016

Accepted: June 9, 2016

Published: June 24, 2016

Copyright: © 2016 Gao et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This study was supported by the National
Natural Science Foundation of China (no. 31501692),
http://www.nsfc.gov.cn/. The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0158077&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nsfc.gov.cn/


CoA by a process called pyruvate decarboxylation. This multi-enzyme complex is related struc-
turally and functionally to the oxoglutarate dehydrogenase and branched-chain oxoacid dehy-
drogenase multi-enzyme complexes. PDC activity is primarily regulated through
phosphorylation (inhibition) and dephosphorylation (activation) of PDH on serine residues
293, 300, and 232 of the E1α subunit [2]. In mammals, the entrance of pyruvate into the tricar-
boxylic acid cycle is strictly regulated by the activity of the PDC. Pyruvate dehydrogenase
kinase (PDK) is a mitochondrial enzyme that can result in the selective inhibition of PDH
activity through phosphorylation and decrease the transition from glucose oxidation to acetyl-
CoA production by the tricarboxylic acid (TCA) cycle, which further causes a bioenergetically
disadvantageous increase in glycolysis, relative to glucose oxidation [3]. PDK has been widely
studied in mammalian cells because of its clinical relevance. The inhibition of PDK alters the
metabolism of cancer cells from glycolysis to glucose oxidation (GO) and reactivates mitochon-
dria-dependent apoptosis [4]. In plants, PDK-repressed PDH activity has been suggested to
modulate respiration and fatty acid biosynthesis [5–7]. Besides PDH, PDK is also capable of
phosphorylating other proteins in eukaryotic cells [8]. Two PDKs have been found to modulate
yeast growth by phosphorylating Pda1p, the α-subunit of PDH [9,10], but the study for the
role of PDK in the regulation of fungal metabolism is still very limited.

The phytopathogen Fusarium graminearum Schwabe (teleomorph: Gibberella zeae) belong-
ing to filamentous ascomycete causes Fusarium head blight (FHB) that is an economically
important disease all over the world [11]. F. graminearum not only results in severe yield losses
of crops by infecting cereals but also causes food safety incidents by producing mycotoxins
[12]. However, F. graminearum populations can easily develop resistance to currently-used
fungicides [13,14]. To develop the controlling strategy, it is important to deeply understand the
regulatory mechanism for the growth, virulence, and toxin production of F. graminearum.
PDK is considered as a novel therapeutic target in oncology [4]. To date, the physiological role
of PDK in plant pathogens is still unclear. Therefore, it is of interest to investigate whether and
how PDK regulates the intrinsic physiology of F. graminearum.

The aim of the present study was to identify the biological function of a putative PDK
(FgPDK1) in F. graminearum. Genetic evidences supported the fact that FgPDK1 played vital
role in the regulation of PDH activity, fungal development, stress responses, toxin production,
and pathogenicity of F. graminearum. The possible mechanism of FgPDK1 driving these physi-
ological processes, and their significance, were discussed as well.

Methods

Strains and culture conditions
Wild-type wheat-pathogenic Fusarium graminearum strain PH-1 was used as the wild-type
strain for transformation in this study [15]. The strains were grown on potato glucose agar
(PDA), complete medium (CM) [16], and minimal medium (MM) [17] for mycelial growth
assays described in the figure legends. The mung bean broth (MBB) medium was used for spor-
ulation assays [18]. The YEPD medium was used for conidial germination assays. The glucose
yeast extract peptone (GYEP, 5% glucose, 0.1% yeast extract, and 0.1% peptone) was used for
fungal culture prior to quantitative real-time RT-PCR (qRT-PCR) analysis for gene expression
[19].

Sequence analysis of FgPDK1
The sequence of PDK1 (also named as PKP1) from Saccharomyces cerevisiae was used as query
for BLASTP search in the genome of F. graminearum (http://www.broadinstitute.org/annotation/
genome/fusarium_group/MultiHome.html). to obtain the putative FgPDK1 (accession number
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FGSG_01963.3). The full-length genomic DNA and cDNA of FgPDK1were amplified, sequenced,
and then compared with other fungi. The conserved domains and functional sites of FgPDK1
were analysed by using “Conserved domain database (CDD)” [20]. The multialignment of amino
acid sequences was performed with ClustalX 2.0 and DNAMAN 5.2.2 [21]. Phylogenetic analysis
was performed by the neighbour-joining method using MEGA v. 4.0.2 software [22].

DNA and RNA extraction
Genomic DNA was isolated from mycelia using the optimized CTAB procedure [23]. RNA
samples were isolated with the RNeasy kit (Tian gen, China) from 2-day-old mycelia grown in
YEPD and GYEP liquid medium. First-strand cDNA was synthesized with the PrimeScript1
RT reagent kit (TaKaRa). All qRT-PCR reactions were performed with an ABI 7500 real-time
detection system (Applied Biosystems, USA). Primers used for qRT-PCR analysis are listed in
S1 Table.

Construction of the FgPDK1 gene replacement vector
In order to analyse the function of the FgPDK1 gene, an FgPDK1 deletion mutant (ΔFgPDK1)
was constructed in the PH-1 genetic background. The deletion vectors for FgPDK1 were gener-
ated as described by our previous study [24]. First, the 1.0 kb upstream (1.0-up) and 1.0 kb
downstream (1.0-down) of FgPDK1 were amplified by using primer pairs A1+A2 and A3+A4
(S1 Table), respectively. The primers HTF/HTR were used to amplify a 1.5-kb fragment encod-
ing the HPH-tk cassette containing the hygromycin resistance gene. This cassette was initially
amplified from the PtrpChptA-PItk plasmid (data not shown) (S1 Table). Then, the double-
joint PCR was applied to connect the amplified three fragments (1.0-up, 1.5-hph, and
1.0-down) [25]. Finally, the deletion vector was obtained by PCR amplification using the
primer pair of P1+P4 by using the double-joint PCR products as the template. The PCR prod-
ucts were purified by using AxyPreTP DNA Gel Extraction Kit (Axygen Biosciences, China)
according to the manufacturer’s instructions. The deletion vector was confirmed by restriction
enzymes and sequencing.

Transformation of F. graminearum
The transformation F. graminearum was performed according the previously published
method [26]. The single-spore isolation were used to purify the putative transformants and
were followed by the transfer to PDA plates with and without 100 μg/ml of hygromycin B. The
deletion of FgPDK1 was identified with the amplification using primer pair A5+A6 (S1 Table).
Then primer pairs A7+R1 and F1+A8 (S1 Table) were used to amplify the fragment of the con-
necting area in order to confirm that hph was inserted into the original location of FgPDK1 in
the genome. The deletion mutants were further confirmed by using Southern blotting analysis.
Basically, the genomic DNA of the transformants was digested with SacI and hybridized with
probe1 (484 bp) by using primers P1+P2 (S1 Fig, S1 Table). Southern blotting was performed
with the Dig High Primer DNA Labeling and Detection Starter Kit I (cat. no. 11745832910;
Roche, Germany) were used to perform Southern blotting based on the manufacturer’s
instructions.

Complementation of FgPDK1 deletion mutants
The FgPDK1 deletion mutant (ΔFgPDK1) was complemented with the full-length of original
FgPDK1 to confirm the phenotypic changes of FgPDK1 deletion mutants. The original FgPDK1
gene amplified with primers A9/ A10 (S1 Table) was inserted into pYF11 (bleomycin resistance)
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vector. Then the construct was used for protoplast transformation of the ΔFgPDK1mutant. The
obtrained transformants were first screened by phenotypic characterization, followed by PCR
amplification, and verified by fully restored growth.

Test of sensitivity to compounds causing osmotic stress, cell wall stress,
and cytoplasmmembrane stress
Mycelial growth tests with strains PH-1, ΔFgPDK1, and ΔFgPDK1-C were performed on PDA
plates supplemented with the NaCl, KCl, caffeine, congo red, and SDS (sodium dodecyl sulfo-
nate), respectively. Each plate was inoculated with a 5-mm-diameter mycelial plug taken from
the edge of a 3-day-old colony. The percentage of mycelial radial growth inhibition (RGI) was
calculated by using formula (1).

RGI ¼ ððA� BÞ=ðA� 5ÞÞ � 100 ð1Þ
A and B indicate the colony diameter of the control treatment, respectively. Each experi-

ment was independently repeated three times [27].

Test of conidiation and perithecium production
For a conidiation assay with strains PH-1, ΔFgPDK1, and ΔFgPDK1-C, five mycelial plugs (5
mm diameter) obtained from the edge of a 3-day-old colony were cultured in a flask containing
100 ml of MBB (170 rpm, 25°C, with light) [28]. The spores were counted with a hemacytome-
ter after 7 days. Each strain was performed by three replicate flasks, and the experiment was
repeated three times independently.

For a perithecium production assay for all the tested strains, ten mycelial plugs (5 mm diam-
eter) obtained from the edge of a 3-day-old colony were transferred to sterile 50-mL flasks con-
taining moist and autoclaved wheat seeds (cultivar Yangmai no. 49, about 30 seeds per flask).
After maintain at 25°C for 7 days, the seeds were transferred to 9-cm-diameter Petri plates cov-
ered with sterile wet sand, and placed in a humid room (RH 80%, 25°C, 12-h photoperiod).
After another 15 days, the seeds were scored as ‘+++’, ‘++’, or ‘+’ when perithecia covered more
than 2/3, between 1/3 and 2/3, or less than 1/3 of each seed, respectively. Each strain was per-
formed by three replicate flasks, and the experiment was repeated twice independently.

Determination of relative conductivity and lipid peroxidation
The relative conductivity of strains PH-1, ΔFgPDK1, and ΔFgPDK1-C were measured accord-
ing to the method described previously [29]. Mycelial plugs (5 mm diameter) from the margins
of 3-day-old colonies on PDA were placed in 250 mL flasks (5 plugs per flask) containing 100
mL of PDB. The flasks were placed on a rotary shaker (175 rpm at 25°C). After 48 h, mycelia
were collected on double gauze and washed twice with double-distilled water. After filtration in
vacuum for 20 min, 0.5 g of mycelia per sample was suspended in 20 mL of double-distilled
water. The electrical conductivity of the double-distilled water was measured with a conductiv-
ity meter (CON510 Eutech/Oakton, Singapore) at 0, 10, 20, 40, 60, 80, 100, 120, 140, 160 and
180 min, respectively, to assess the extent of leaching of cell contents through cell membranes.
After 180 min, the mycelia were boiled for 5 min for the measurement of final conductivity.
The relative conductivity of mycelia was calculated with formula (2).

Relative conductivity ð%Þ ¼ Conductivity � 100=Final conductivity ð2Þ
The concentration of malondialdehyde (MDA) was determined as an indicator of the level

of lipid peroxidation in F. graminearum. A MDA detection kit (A003; Nanjing Jiancheng
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Bioengineering Institute, Nanjing, China) was selected to determine the MDA level based on
the spectrophotometric determination of the reaction between MDA and 1,3-diethyl-2-thio-
barbituric acid (TBA) assisted by trichloroacetic acid (TCA) [30].

Histochemical detection of cell membrane permeability and ROS
(reactive oxygen species) accumulation
The cell membrane permeability was detected with fluorescent probe PI (propidium iodide)
that can only enter membrane-compromised cells [31]. Fresh mycelia were harvested and incu-
bated in 2 μM of PI for 20 min, and rinsed with distilled water for three times followed by the
visualization with a fluorescence microscope (excitation 535 nm and emission 615 nm)
(ECLIPSE, TE2000-S, Nikon).

Intracellular ROS was visualized using fluorescent probe DCFH-DA (20,70-dichlorofluores-
cein diacetate) described in our previous study [32]. Fresh mycelia were harvested and incu-
bated in 1 μM of DCFH-DA for 20 min, and rinsed with distilled water for three times
followed by the visualization with a fluorescent microscope (excitation 488 nm and emission
525 nm) (ECLIPSE, TE2000-S, Nikon).

Determination of PDH activity
A PDH detection kit (MAK183; SIGMA-ALDRICH) was selected to determine the PDH activ-
ity assay was based on NADH production. PDH activity is determined using a coupled enzyme
reaction, which results in a colorimetric (450 nm) product proportional to the enzymatic activ-
ity present. One unit of pyruvate dehydrogenase is the amount of enzyme that will generate
1 μmole of NADH per minute at 37°C.

Analysis of DON production and expression levels of Tri5 and Tri6
For the quantification of DON production in vitro, conidia of strains PH-1, ΔFgPDK1, and
ΔFgPDK1-C were collected and suspended in GYEP liquid medium at a concentration of
1×105 conidia/ml. The young mycelium was filtered, dried, and weighed after 7 days at 28°C in
the dark. The volume of collected filtrate was recorded. Then 20 ml of filtrate was extracted
with 20 ml of ethyl acetate and was distilled to obtain a DON sample The DON sample was re-
suspended in 100 ml of TMSI: TMCS (100:1) followed by incubation at 37°C for 1 h. After that,
1 ml of isooctane and 800 μl of sterile water were added to the mixture. After the aqueous and
organic layers were completely separated, the top phase was analysed by using GC-ECD (gas
chromatography-election capture detector). Nitrogen was used as the carrier gas at a constant
flow rate of 1 ml/min through an Agilent HP-5 (30 m × 320 μm × 0.25 μm) capillary column
with an injector temperature of 300°C. DON production was represented as per mg of
mycelium.

For the quantification of the expression levels of two trichothecene biosynthesis genes (Tri5
and Tri6), mycelia of each strain were added to GYEP liquid medium and cultured at 28°C for
2 days in the dark. Total RNA was extracted from the mycelia of each sample by using Trizol
(Invitrogen) according to the manufacturer’s instructions. The expression levels of Tri5 and
Tri6 were determined with real-time quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR) (Applied Biosystems 7500 Fast Real-Time PCR System, LifeTechnologies).
The primer pairs (P17+P18) and (P19+P20) were used for the amplification of Tri5 and Tri6,
respectively (S1 Table).
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Test of pathogenicity on flowering wheat heads and fresh tomatoes
Wheat plants (cultivar Yangmai no. 49) grown from seed were used to test the virulence of
strains PH-1, ΔFgPDK1, and ΔFgPDK1-C as described previously [33]. One mycelial plug
(about 2 mm2) of each strain taken from the edge of a 4-day-old colony was injected to the two
outer florets of the centre spikelet, then 10 μl of distilled water was supplied to maintain mois-
ture. Wheat spikes injected with one medium plug and distilled water were used as control
group. Thirty replicated heads were prepared for each tested strain. Disease severity was calcu-
lated as the percentage of blighted spikelets in each head after inoculation for 16 days.

Fresh tomatoes were inoculated with mycelia as previously described [34]. After 5 days at
30°C with 12 h of light per day, the lesions were measured. Each mutant or strain was repre-
sented by three replicate fruits, and the experiment was performed three times independently.

Statistical analysis
Data shown are mean standard deviation (SD) of at least three replicated measurements. Sig-
nificant differences between treatments were statistically evaluated by SD and one-way analysis
of variance (ANOVA) using SPSS 2.0. Two specific different treatments were compared statis-
tically by ANOVA, followed by F-test if the ANOVA result was significant at P<0.05. For mul-
tiple comparison analyses, least significant difference test (LSD) was performed on all data
after ANOVA when significant differences (P<0.05) were detected among different
treatments.

Results

Characterization of the FgPDK1 gene
The FgPDK1 gene (accession number FGSG_01963.3) was retrieved from F. graminearum
genome sequence deposited in the Broad Institute (http://www.broadinstitute.org) by using
BLAST. The FgPDK1 gene is interrupted by two introns. The first intron is 159 bp long and is
located between the 34th and 194th nucleotides; the second intron is 59 bp long and is located
between the 257th and 317th nucleotides (Fig 1A). It has an open reading frame (ORF) that
encodes 423 amino acids containing two typical PDK domains: a BCDHK (mitochondrial
branched-chain alpha-ketoacid dehydrogenase kinase) domain (24 aa-202 aa) and a HATPase
(hisdine kinase-like ATPase) domain (248 aa-412 aa) (Fig 1B). FgPDK1 shares a high similarity
with other fungal PDK proteins, such as Ustilaginoidea virens GAO15741.1, Sclerotinia borealis
ESZ97745.1, and Botrytis cinerea EMR87909.1 (Fig 1C). The multialignment suggested that
PDKs from different species contained all the conserved functional sites, such as ATP binding
sites, Mg2+ binding sites, and G-X-G motif (Fig 1D). In Arabidopsis thialiana, the His-121 resi-
due located in BCDHK domain is essential for phosphotransfer during PDK-conducted phos-
phorylation activity [6]. Here we also found the His-126 in FgPDK1, and this residue is
conserved in the PDKs from human, yeast, A. thialiana, and U. virens (Fig 1D).

Targeted knockout of the FgPDK1 gene and complementation in F.
graminearum
To examine the cellular function of FgPDK1, a gene replacement construct (S1A Fig) was made
by ligation PCR and the ΔFgPDK1 mutant allele was used to transform PH-1 to obtain the
ΔFgPDK1 mutant(s). The expected size of the whole transformation fragment was 3785 bp.
The primer pairs P7+R1 and F1+P8 amplified 2,181-bp and 2,301-bp fragments from the
FgPDK1 deletion mutant ΔFgPDK1 but did not amplify any fragments from the wild-type
strain PH-1 (S1B Fig). In southern blot hybridization analyses, the deletion mutant ΔFgPDK1,
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but not wild-type PH-1, produced an anticipated 2,879-bp band detected with probe1 (S1C
Fig). The ΔFgPDK1 mutant was complemented with the parental gene FgPDK1. The putative
complementation was examined by Southern blot analysis as well (S1C Fig).

FgPDK1 is essential for the repression of PDH activity and
morphogenesis of F. graminearum
To address the question of whether the FgPDK1 is an essential prerequisite for the regulation
of mitochondrial PDH activity, the mitochondria of the null mutant strains were isolated and
tested for PDH activity by monitoring the production of NADH in the presence of pyruvate as
a substrate. As expect, the deletion of FgPDK1 resulted in the significant increase in the activity
of mitochondrial PDH compared with wild-type and the complemented strain (Fig 2).

The growth of the ΔFgPDK1 mutants was evaluated on PDA, CM, and MM plates. The
ΔFgPDK1 mutants showed different growth patterns as compared with that of the wild-type
and the complemented mutant strain (ΔFgPDK1-C) (Fig 3A and Table 1). ΔFgPDK1 grew
slightly slower than the wild-type parent and the hyphae turned yellow and white on PDA
medium. Expression of the yellow pigment-formation genes AurO and AurR2 were signifi-
cantly up-regulated in the deletion mutants while the expression of red pigment-formation
genes AurJ and AurF were not changed significantly (S2 Fig). It is interesting to notice that the
deletion mutant grew significantly slower on MMmedium with limited carbon source (only
sucrose) while it grew normal on CMmedium (Table 1 and Fig 3A). Microscopic examination

Fig 1. Sequence analysis of FgPDK1. (A) Structure of nucleic acid sequence of FgPDK1. (B) Analysis of conserved domains in
FgPDK1 and its homologues from other fungi. (C) The phylogenetic analysis of PDK1s from different fungi. The phylogenetic tree
was constructed using the Neighbour-Joining method. Evolutionary analyses were conducted in MEGA4. (D) The multialignment of
PDK1 from F. graminearum, A. thialiana, S. cerevisiae, U. virens, andH. spiens. Dark shadingwithwhite letters and grey shadingwith
black letters indicate 100% and 75% sequence similarity, respectively. The black dot indicates ATP binding site. The asterisk
indicates G-X-G motif. The red box indicates Mg2+ binding site. The black arrow indicates conserved His working for
phosphotransfer.

doi:10.1371/journal.pone.0158077.g001
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showed that the deletion of FgPDK1 did not change the morphology of aerial hyphae com-
pared with the wild-type parent (Fig 3B). Perithecium can release ascospore (S3 Fig), which is
responsible for the sexual reproduction of F. graminearum. Compared to wild-type strain and
the complemented strain, the ΔFgPDK1 mutant failed to produce any perithecia on autoclaved
wheat seeds (Fig 3C). Conidium is important for F. graminearum to finish asexual reproduc-
tion. In the present study, after growing in MBB medium for 7 days, the ΔFgPDK1 mutant
failed to produce any conidia (Table 1). All of these growth characteristics were restored in the

Fig 2. Effect of FgPDK1 deletion on PDH activity in F. graminearum. The PDH activity was determined in
mycelia of wild-type strain PH-1, the FgPDK1 deletion mutant (ΔFgPDK1), and the complemented strain
(ΔFgPDK1-C), respectively. The mean values of three replicates followed by different letters indicated
significance of difference between the treatments (P<0.05, ANOVA, LSD).

doi:10.1371/journal.pone.0158077.g002

Fig 3. Effect of FgPDK1 deletion on F. graminearum colonymorphology and perithecia production. (A) The wild-type strain (PH-1), FgPDK1 deletion
mutant (ΔFgPDK1), and complemented strain (ΔFgPDK1-C) were grown on PDA, CM, and MM for 4 days at 25°C. (B) Micrographs of hyphae of PH-1,
ΔFgPDK1, and ΔFgPDK1-C. (C) Black perithecia production on autoclaved wheat seeds.

doi:10.1371/journal.pone.0158077.g003
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complemented mutant ΔFgPDK1-C. These results suggested that the deletion of FgPDK1
remarkably impacted both sexual and asexual development of F. graminearum.

The stress responses of ΔFgPDK1 deletion mutant
In order to ascertain the possible role of FgPDK1 in stress responses of F. graminearum, the
ΔFgPDK1 mutants were exposed to several stress-induced reagents (Fig 4). The growth of
ΔFgPDK1 mutants was inhibited pronouncedly compared to wild-type strain and the comple-
mented strain under the exposure of NaCl and KCl (Fig 4A), suggesting that the deletion of
FgPDK1 increased the sensitivity of F. graminearum to osmotic stress. Treatment with SDS, an
inducer of cell membrane damage, resulted in the significant increase in the inhibition rate of
mycelial growth of ΔFgPDK1 mutants than that of wild-type and the complemented strain (Fig
4B). However, there were no remarkable changes in mycelial growth among all the tested
strains under the exposure of Congo red that can destroy cell wall integrity (Fig 4B). These
results suggested that FgPDK1 may be an important regulator of cell membrane in stress
responses of F. graminearum.

Involvement of FgPDK1 in the regulation of cell membrane permeability
To test the cell membrane integrity, we performed PI staining that can only enter membrane-
compromised cells to bind nucleic acids [31]. The PI-stained hyphae of ΔFgPDK1 mutants
showed more extensive red fluorescence than that of wild-type and the complemented strain
(Fig 5). As an important factor for damaging cell membrane, the endogenous ROS detected by
specific probe DCFH-DA increased in ΔFgPDK1 mutants than that of wild-type and the com-
plemented strain (Fig 6).

The increase in cell membrane permeability results in the increase in electrolyte leakage,
which can be indicated by relative conductivity. In a time-course experiment, the relative con-
ductivities obtained from the distilled water containing mycelia of ΔFgPDK1 mutants were
higher than that of wild-type progenitor and the complemented strain (Fig 7A). MDA concen-
tration has been frequently used as an index of lipid peroxidation, indicating the oxidative
injury of cell plasma membrane [35]. Compared to wild-type and the complemented strain,
the deletion of FgPDK1 led to the significant increase in MDA content in mycelia (Fig 7B).
These results suggested that FgPDK1 was important for maintaining cell membrane integrity
of F. graminearum.

Table 1. Biological properties of the F. graminearum deletionmutantΔFgPDK1, the complemented strainΔFgPDK1-C, and the wild-type strain
PH-1.

Strain Growth rate in vitro (mm/day) Conidia produced
in vitro (×105/ml)

Perithecia
production

Pathogenicity on
wheat spike (%)PDA CM MM

PH-1 20±0.29a 21.33±0.29a 13.77±0.62a 1.58±0.39a +++ 57.3±11.3a

ΔFgPDK1-1 7.33±0.29b 3.11±0.45b 3.44±0.45b 0b – 6±1.22b

ΔFgPDK1-2 7.22±0.45b 3.22±0.62b 3.89±0.45b 0b – 7.6±2.18b

ΔFgPDK1-C 20.22±0.45a 20.89±0.17a 13.11±0.46a 2.13±0.45a +++ 56.7±12.9a

“+++” indicates that perithecia cover more than 2/3 of the wheat seed surface. “–” indicates that perithecia are not found on the surface of wheat seed.

Values are the means±standard error of three replicates. Means in a column followed by the same letter are not significantly different according to the

LSD test at P<0.05. The perithecia production was tested on autoclaved wheat seeds. The pathogenicity of strains on wheat spike was detected as the

percentage of blighted spikelets per wheat head 16 days after inoculation of flowering.

doi:10.1371/journal.pone.0158077.t001
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Involvement of FgPDK1 in the regulation of DON biosynthesis
DON (deoxynivalenol), belonging to trichothecene family, is one of most frequently studied
mycotoxins produced by F. graminearum. DON not only poses threat to food safety but also
acts as a probable virulence factor that helps the fungus establish and spread within spikes
[36,37]. In the present study, the wild-type and the complemented strain produced three-times
more DON than ΔFgPDK1 mutant (Fig 8A). Additionally, we investigated the expression levels
of two trichothecene biosynthesis genes Tri5 and Tri6 by quantitative real-time PCR using
RNA extracted from mycelia grown in GYEP medium. The expression levels of Tri5 and Tri6
were significantly lower in ΔFgPDK1 mutant than in wild-type and complemented strain

Fig 4. Stress response of the wild-type strain PH-1, the FgPDK1 deletionmutant (ΔFgPDK1), and the
complemented strain (ΔFgPDK1-C). The strains were grown in medium containing different chemicals as
indicated. Then the photographs were taken (A), and the inhibition of mycelial growth were measured (B).
The mean values of three replicates followed by different letters indicated significance of difference between
the treatments (P<0.05, ANOVA, LSD).

doi:10.1371/journal.pone.0158077.g004
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(Fig 8B). These data indicated that FgPDK1 played an important role in the regulation of DON
biosynthesis in F. graminearum.

Involvement of FgPDK1 in the regulation of F. graminearum
pathogenicity
Both wheat spikes and tomatoes were selected to test the pathogenicity of ΔFgPDK1 mutants.
Fifteen days after flowering wheat heads were point inoculated with mycelial plug, the wild-

Fig 5. The fluorescent staining of membrane permeability in the mycelia of PH-1, the FgPDK1 deletionmutant
(ΔFgPDK1), and the complemented strain (ΔFgPDK1-C).Mycelia were incubated with PI followed by the
fluorescent microscopic observation.

doi:10.1371/journal.pone.0158077.g005

Fig 6. The fluorescent staining of ROS in the mycelia of PH-1, the FgPDK1 deletionmutant (ΔFgPDK1), and the
complemented strain (ΔFgPDK1-C).Mycelia were incubated with DCFH-DA followed by the fluorescent
microscopic observation.

doi:10.1371/journal.pone.0158077.g006
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type and the complemented strain induced scab symptoms on>50% of the inoculated wheat
head while ΔFgPDK1 had reduced symptoms only near the point of inoculation (Fig 9A and
Table 1). The similar results were also obtained from tomatoes, which wild-type and
ΔFgPDK1-C produced serious lesions while ΔFgPDK1 mutants failed to infect tomatoes (Fig
9B). All these results demonstrated that the full virulence of F. graminearum required FgPDK1.

Fig 7. Relative conductivity (a) and MDA content (b) of mycelia in PH-1, the FgPDK1 deletionmutant
(ΔFgPDK1), and the complemented strain (ΔFgPDK1-C). The mean values of three replicates followed by
different letters indicated significance of difference between the treatments (P<0.05, ANOVA, LSD).

doi:10.1371/journal.pone.0158077.g007
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Discussion
PDK is an important regulator of PDC that is related to two major energy-generating path-
ways, glycolysis and TCA cycle [38]. The pivotal role of PDK in metabolic flexibility has been
reported in mammals, plants, and yeast [10,38,39], but its biological function in plant patho-
gens remains elusive. Here we provide the evidences to suggest that FgPDK1 is a multifunc-
tional modulator in an economically important phytopathogen F. graminearum.

Fig 8. Deoxynivalenol (DON) production (A) and relative expression of Tri5 and Tri6 (B) in PH-1, the
FgPDK1 deletionmutant (ΔFgPDK1), and the complemented strain (ΔFgPDK1-C). The mean values of
three replicates followed by different letters indicated significance of difference between the treatments
(P<0.05, ANOVA, LSD).

doi:10.1371/journal.pone.0158077.g008
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PDK is a gate-keeping mitochondrial enzyme that regulates the flux of carbohydrates via
pyruvate from the cytoplasm into the mitochondria, where glucose oxidation occurs. In mam-
malian cells, the activation of PDH by the down-regulation of PDK can switch fatty acid utili-
zation to glucose catabolism [38]. This may explain the observation that the deletion of
FgPDK1mutant with enhanced activity of mitochondrial PDH showed decreased carbon utili-
zation capacity on MM containing solo carbon source (sucrose). The similar phenotype has
been also reported in yeast, which the disruption of PDK1 resulted in the retarded growth on
glucose-free media [10]. Pyruvate is an important metabolic regulator connecting glycolysis-
gluconeogenesis, TCA cycle, and lipid metabolism. Besides PDH, pyruvate also serves as sub-
strate for other carbon metabolic-related enzymes during fungal growth, such as pyruvate
decarboxylase, lactate dehydrogenase, pyruvate carboxylase, etc. In the present study, the
enhanced PDH activity resulted from the deletion of FgPDK1may impact the utilization of
pyruvate by other pathways (e.g. lipid synthesis). One of the evidences from mammalian study
is that inactivation of PDH by PDKs promotes the shift of pyruvate to fatty acid synthesis in
liver cells under the condition of energy deprivation [38,40]. Glycolysis and gluconeogenesis,
two reversible metabolic processes, are fine-tuned in filamentous fungi Aspergillus nidulans. A.
nidulans can utilize carbon sources metabolized from TCA cycle requiring gluconeogenesis

Fig 9. Pathogenicity assays for strain PH-1, the FgPDK1 deletionmutant (ΔFgPDK1), and the complemented
strain (ΔFgPDK1-C). (A) Symptoms on flowering wheat heads inoculated with water (mock) or with mycelium of strains.
Wheat heads were photographed 2 weeks after inoculation. (B) Lesions caused by the infection of different strains as
indicated. Lesions were photographed after 5 days at 100% RH at 30°C.

doi:10.1371/journal.pone.0158077.g009
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[41,42]. In our present study, the deletion of FgPDK1may disrupt the balance between glycoly-
sis and gluconeogenesis, which in turn results in the deprivation of energy generated from
TCA cycle.

In the present study, the increased MDA content and relative conductivity in ΔFgPDK1
mutants suggested that FgPDK1 was important for maintaining cell plasma membrane integ-
rity and stability. This may explained the increased sensitivity of ΔFgPDK1 mutants in
response to osmotic stress induced by salt or SDS. Stress conditions frequently induce the over-
generation of ROS, which further cause cell membrane injury through lipid peroxidation
[43,44]. The PDK1 knockout yeast mutant showed high sensitivity to hydrogen peroxide-
induced oxidative stress [45], which is similar to our current observation that the deletion of
FgPDK1 led to the accumulation of ROS in F. graminearum. Therefore, it can be concluded
that FgPDK1 may protect cell membrane from stress by decreasing ROS. The capability of
PDK1 to scavenge ROS may be attributed to lower mitochondrial respiration [46].

The disturbance of plasma membrane potential is one of the major consequences of osmotic
stress. The plasma membrane H+-ATPase is an essential enzyme for the maintenance of mem-
brane potential in osmotic tolerance [47]. Interestingly, the screening of yeast membrane
potential phenotype of protein kinase mutants suggested that PDK1 might be directly related
to the post-translational modification of H+-ATPase through phosphorylation in yeast cells
[8]. In F. graminearum, whether FgPDK1 regulates membrane potential through the similar
mechanism remains to be studied further.

DON biosynthetic enzymes and direct regulatory proteins are encoded by Tri genes [48].
Among them, Tri6 has been considered as an importantly regulatory node during the biosyn-
thesis of DON. Tri6 encodes a zine finger transcription factor capable of enhancing the expres-
sion of various Tri genes, including Tri5 encoding the trichodiene synthase that catalyses the
first biosynthetic step of DON [48–50]. In the present study, the deletion of FgPDK1 damp-
ened the production of DON, which may result from the decrease in the expression of Tri5 and
Tri6. In addition, we found that the pathogenicity of ΔFgPDK1 mutant was weakened on
wheat spikes, and the mutant almost lost pathogenicity on tomatoes. It has been reported that
the Tri6 deletion mutant of F. graminearum shows greatly reduced pathogenicity [51]. Thus,
Tri6may act downstream of FgPDK1 for the full virulence of F. graminearum. Besides, Tri6 is
a global transcription regulator in the overall growth and development of F. graminearum [52].
Therefore, the repression of Tri6 expression may be directly linked to the all the phenotype
defect of ΔFgPDK1 mutant observed in this study. Given the upstream of Tri6 is poorly under-
stood, the mechanism for the regulation of Tri6 by FgPDK1 would be an interesting topic to be
investigated in the future.

In sum, we characterize a PDK1 from phytopathogen F. graminearum. FgPDK1 plays vital
role in the regulation of the growth, toxin production, and pathogenicity of F. graminearum,
which may be mediated by Tri6. Inhibition of PDK has been suggested as an attractive thera-
peutic approach for the development of anti-cancer drugs [53]. The PDK1 null mutant of yeast
shows enhanced sensitivity to antibiotics (http://www.yeastgenome.org). Therefore, our cur-
rent study not only shed new light on the physiological role of PDK1 in phytopathogen, but
also provides a potential target for the control of FHB disease caused by F. graminearum
infection.
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S1 Table. Oligonucleotide primers used in this study and their relevant characteristics.
(DOCX)
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S1 Fig. The deletion of FgPDK1 in F. graminearum. (A) FgPDK1 fragments are denoted by
large black and gray arrows, respectively. Annealing sites of PCR primers are indicated with
arrows (see S1 Table for primer sequences). (B) PCR strategy to screen ΔFgPDK1 transfor-
mants. a: PCR performed with primer pair A7/R1; a 2.1-kb amplified fragment indicates
ΔFgPDK1 integration at the left junction. b: PCR performed with primer pair F1/A8; 2.3-kb
fragment amplification indicates ΔFgPDK1 integration at the right junction. c: PCR performed
with primer pair A5/A6; a 0.5-kb amplification fragment indicates a wild type (PH-1) locus.
Lane 1–6 indicate six replicates of transformants while lane 7 indicate wild type (PH-1). (C) A
485-bp hph fragment was used as a probe in Southern blot hybridization analyses. Genomic
DNA preparations from the wild-type strain (PH-1), the FgPDK1 deletion mutants
(ΔFgPDK1-1 and ΔFgPDK1-2), and the complemented strain (ΔFgPDK1-C) were digested
with Sac1.
(TIF)

S2 Fig. Relative expression levels of four pigment-formation genes (AurJ, AurF, AurO, and
AurR2) in wild-type strain (PH-1), the FgPDK1 deletion mutants (ΔFgPDK1-1 and
ΔFgPDK1-2), and the complemented strain (ΔFgPDK1-C). RNA was extracted from the
mycelia of each strain after growth in potato dextrose broth for 2 days. Expression levels are
relative to the amounts of cDNA in PH-1. Values are means±standard errors of three repeated
experiments.
(TIF)

S3 Fig. The micrograph of perithecium produced by F. graminearum. (A) F. graminearum
produces black perithecium with ascospores inside. (B) Ascospores are released from broken
perithecium.
(TIF)
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