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nscriptome and proteome data
reveals ochratoxin A biosynthesis regulated by pH
in Penicillium citrinum

Lina Zhao,a Yaping Peng,a Xiaoyun Zhang,a Jun Li,b Xiangfeng Zheng,a Qiya Yang,a

Maurice Tibiru Apaliyaa and Hongyin Zhang *a

Ochratoxin A (OTA) has been found in a wide range of commodities and is highly toxic to both humans and

animals. Therefore, a good understanding of the mechanisms of OTA production by fungi will contribute to

the development of eco-friendly methods to mitigate this toxin. In this study, the results showed that

Penicillium citrinum X9-4, which was isolated from infected grapes in our laboratory, produced the

highest amount of OTA at pH 5 in culture media, and toxin production was restrained under an acidic

environment (pH 3). Then, differentially expressed proteins of P. citrinum X9-4 cultured under these two

conditions were analyzed by proteomic technology. Additionally, through the analysis of the

transcriptome data of P. citrinum cultured at pH 3 and 5, the differentially expressed genes have been

found to be involved in many metabolic pathways including amino acid transport and metabolism,

transport and metabolism of carbohydrates, inorganic ion transport and metabolism, biosynthesis of

secondary metabolites, and energy and supply metabolism, which are likely to be involved in the

regulation of OTA biosynthesis. It was also revealed that the expression levels of some OTA synthesis-

related enzymes, such as acetyltransferase, acyl coenzyme A oxidase, alcohol oxidase, cytochrome

P450, acetyl xylan esterase, and turn ketol enzyme, and genes for the regulation of toxin synthesis

pathways were reduced under acidic culture conditions.
1 Introduction

Ochratoxin A (OTA) is found in a variety of plant and animal
products aer infection of the produce by lamentous species
belonging to some genera of Aspergillus and Penicillium. OTA is
classied as a possible human carcinogen (Group 2B) by the
International Agency of Research on Cancer (IARC, 1993), and it
exhibits nephrotoxicity, hepatotoxicity, neurotoxicity, teratoge-
nicity, and immunotoxicity;1–3 hence, it poses potential hazard
to human and animals. OTA is a common mycotoxin contami-
nant of a wide range of foods and their products, which
includes cereals, grapes, coffee, nuts, spices, cocoa beans, and
other products processed from these substances. Aer cereals,
grapes and its derived products are the second most contami-
nated products with OTA. The role of OTA in the etiology of
Balkan endemic nephropathy and its association with urinary
tract tumors have also been proved. OTA forms a benzoquinone
electrophile following activation by cytochrome P450 enzymes
and radical species triggered by enzymes with peroxidase
activities.4,5 OTA is particularly toxic to the human body due to
, Jiangsu University, Zhenjiang 212013,
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its high stability.6 Based on the strong toxicity and pathogenicity
of OTA, some organizations and institutions have established
official regulations and guidelines for maximum levels of OTA
content in food.

OTA was rst reported to be caused by Penicillium verrucosum
and Aspergillus ochraceus in cereals and its derived products.7

The main OTA-producing strains include Penicillium8 and
Aspergillus genera, a few Petromyces genera, and Cladosporium
strains.9–11 Black aspergilli (i.e., Aspergillus niger and Aspergillus
carbonarius) have been found to produce OTA in commodities
such as wine, grapes, and raisins in occident.12 The rate of OTA
synthesis is inuenced by the kind of substrate contamination,
environmental conditions, and geographical regions.13 In
temperate climate, OTA is mainly produced by Penicillium
species, whereas in tropical and subtropical areas, it is
produced by Aspergillus species.14

Although the pathway of OTA biosynthesis has not been
completely elucidated in detail to date, some steps of the toxin
biosynthesis pathway have been clearly elucidated.15–17 It is clear
that the pathway of ochratoxin biosynthesis involves several
crucial steps such as biosynthesis of the isocoumarin group
through a reaction catalyzed by polyketide synthase (PKS),
ligation of the isocoumarin group with amino acid phenylala-
nine through the carboxyl group in a reaction catalyzed by
a peptide synthetase, and chlorination; however, the order of
RSC Adv., 2017, 7, 46767–46777 | 46767
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the reactions is not well dened to date.18 There is a clear
evidence of the involvement of polyketide synthase in OTA
production in A. ochraceus,19 Penicillium nordicum/verrucosum,20

and A. carbonarius,21 and the involvement of the non-ribosomal
peptide synthetase (nrps) has been unequivocally demonstrated
in A. carbonarius only.22 The pathway is still fragmentary, and
some genes are missing during the virtual overlap between the
hypothesized biochemical pathway and the genes found in
putative OTA clusters of both Aspergillus and Penicillium.19,23 It is
reported that mycotoxin biosynthetic genes are oen coordi-
nately regulated and arranged in clusters.24–26

Studies based on differential expression proles are oen
performed to identify genes and proteins related to OTA
biosynthesis. To identify the putative OTA biosynthetic genes in
A. ochraceus, O'Callaghan et al.15 focused on two putative cyto-
chrome P450 monooxygenase genes by comparing their
expression proles in permissive and restrictive media. Addi-
tionally, it was reported that polyketide synthase gene (pks) and
nonribosomal peptide synthetase gene (nrps) were related to
OTA biosynthesis in P. nordicum.27 A putative OTA biosynthetic
cluster has been identied, containing biosynthetic genes
encoding (i) PKS (otapksPN), (ii) nonribosomal peptide synthe-
tase (NRPS) (otanpsPN) putatively responsible for the formation
of the peptide bond between polyketide and phenylalanine, (iii)
a gene (otachlPN) with some homology to chlorinating enzymes,
which may be involved in the chlorination step, and (iv) a gene
(otatraPN) with high homology to a transport protein hypothe-
sized to be involved in OTA export.28 An interesting thing is that
otapksPN gene is present only in P. nordicum and not in P. ver-
rucosum; this indicates that genetic differences also exist
between both OTA-producing Penicillium species.29 However,
none of the necessary genes for the biosynthesis of this harmful
toxin have been found to date.

The effect of pH on the growth and OTA production of P.
citrinum was investigated. Proteomics and transcriptomic
analysis of P. citrinum cultured at different pH values were
performed to reveal the underlying mechanisms of OTA
biosynthesis regulated by pH. This study will reveal the regu-
lation mechanisms of OTA biosynthesis, enrich the gene data-
base of OTA production genera, and assist in developing
effective strategies for the protection of food and feed from OTA
contamination.

2 Materials and methods
2.1 Fungal strains

P. citrinum X9-4 was isolated from the infected grape berries in
our laboratory and deposited in the China Center for Type
Culture Collection (CCTCC), and the collection number was
CCTCC AF 2016008. The strain P. citrinum X9-4 was incubated
on a potato dextrose agar medium (PDA: 200 mL of extract from
200 g boiled potatoes, 20 g dextrose, 20 g agar, and 800 mL
distilled water) for 7 days at 25 �C before being used for the
experiment; then, conidia were counted using a hemocytometer
and adjusted to a concentration of 1 � 106 conidia per mL with
sterile distilled water. OTA production was determined using
Czapek Yeast Extract agar (CYA, purchased from Oxoid Ltd.,
46768 | RSC Adv., 2017, 7, 46767–46777
Basingstoke, Hampshire, England), which contained (per liter
of medium) 1 g KH2PO4, 10 mL Cza-concentrate, 1 mL trace
metal solution, 5 g yeast extract, 30 g sucrose, and 15 g agar.

2.2 pH assay and determination of the growth and OTA
production of P. citrinum

The pH value of the medium was adjusted to 3, 5, 7, 9, and 11 by
adding HCl or NaOH before autoclaving. The pH value was
measured using the pH meter PHS-3B (Shanghai Lida Instru-
ment Factory, Shanghai, China). For the acidied medium (pH
3.0), agar was sterilized separately and then added to the ster-
ilized medium to avoid solidication. The pH value of each
medium was checked aer sterilization. Aliquots of 100 mL of P.
citrinum spore suspension with a concentration of 1 � 106

conidia per mL were inoculated using the Petri dish-smearing
method. Petri dishes were incubated at 25 �C in dark. Each
assay was performed in duplicate. Then, two weeks aer inoc-
ulation, mycelium and spores were obtained for protein and
RNA extraction.

To determine the mycelium growth of the strain P. citrinum
X9-4 under different culture conditions, the colony diameter
was chosen as the evaluation index. Then, 2.5 mL of 1 � 106

conidia per mL of P. citrinum X9-4 was inoculated in the single
point of the culture solid medium at 25 �C (aw¼ 90%) for 7 days;
aer this, the colony diameter was measured using a Vernier
caliper. Each plate was measured three times, and the experi-
ment was repeated twice. For the determination of OTA
production of the strain X9-4 under different pH culture
conditions, 100 mL of 1 � 106 conidia per mL of P. citrinum X9-4
was spread by a coated rod on CYA plates (containing 30 mL
CYA medium) for 2 weeks; then, a whole plate was extracted
using 5 mL methanol by shaking to obtain a uniform mixture
and deposited in dark for 3 hours. The extracts were ltered
through a 0.22 mm lter for OTA detection. OTA production was
determined by a high-performance liquid chromatograph
equipped with a uorescence detector (Agilent Technologies
1260, America). Agilent ZORBAX SB-C18 reversed-phase HPLC
analytical column (250 mm � 4.6 mm, 5 mm) was used, and the
column temperature was 30 �C. The excitation and emission
wavelengths were set at 330 nm and 460 nm, respectively. The
mobile phase comprised a mixture of acetonitrile and 1% acetic
acid (60 : 40, v/v) at a ow rate of 1 mL min�1 in the isocratic
elution mode.

2.3 Proteome analysis

2.3.1 Total protein extraction. To extract proteins, the
abovementioned mycelium and spores were cultured at the pH
values of 3 and 5; aer being harvested, they were ground into
powder using liquid N2. The powder was homogenized in an
Eppendorf tube containing 10 mL of cold TE buffer (1.518 g
Tris-base, 0.073 g EDTA, adjusted to pH 8.0 with 1 M HCL,
dissolved withMilliQ water to 250mL, and stored at 4 �C). Then,
174 mL of PMSF (1 mmol mL�1) was added to the homogenate
and mixed by vortexing for 30 s; then, it was stored at 4 �C for
30 min to inactivate the proteases. Next, 50 mg mL�1 RNase A
and 200 mg mL�1 DNase were added and kept at 4 �C for 30 min
This journal is © The Royal Society of Chemistry 2017
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to hydrolyze DNA and RNA in the homogenate. The homogenate
was centrifuged for 30 min at 12 000 � g, and the supernatant
was transferred into a new Eppendorf tube; aer this, equal
volume of acetone containing 20% TCA was added. The protein
was then precipitated at �20 �C for 12–16 hours. The precipi-
tated proteins were obtained aer centrifugation for 60 min at
12 000� g, and then, the precipitate was washed twice with cold
acetone (stored at �20 �C more than 30 min) and centrifuged
for 10 min at 12 000 � g. The precipitate was centrifuged
instantaneously, and all visible liquid in the tube was discarded.
Then, the protein extracts were air-dried for 5 min before being
dissolved in 100 mL lysis buffer (2 M thiourea, 7 M urea, 4% (w/v)
CHAPS, 65mMDTT, and 0.2% (v/v) carrier ampholytes/Bio-Rad)
and stored at �80 �C until further analysis.

2.3.2 Two-dimensional gel electrophoresis. Protein extracts
for isoelectric focusing and two-dimensional gel electrophoresis
were initially quantied using a UV-1601 spectrophotometer
(Shimadzu, Japan). Values were veried using modied
Bradford-Assay according to Marion M. Bradford30 using bovine
serum albumin (BSA) as a standard. Isoelectric focusing and
two-dimensional gel electrophoresis were carried out in bio-
logical triplicates for each growth condition. Isoelectric
focusing was performed via GE Ettan IPGphor 3 using 24 cm
Immobiline™ Drystrip gels with an immobilized pH-gradient,
linear from pH 3 to 10; the two-dimensional gel electropho-
resis was conducted according to the instructions of the GE
manufacturer. A maximum voltage of 3000 V was reached
within 4 h and held for 65 000 V h. Aer focusing, the strips
were kept at 500 V (for no more than 15 h) to prevent deviation
of the focused proteins until they were used directly for elec-
trophoresis. Proteins were separated using EttanDALTsix.
Electrophoresis System was carried out in SDS electrophoresis
buffer (25 mM Tris, pH 8.8, 192 mM glycine, and 0.1% SDS) at
1 W per strip for 1 h and then at 15 W per strip until the BPB
solvent settled at the bottom of the gels. All abovementioned
instruments were purchased from GE Healthcare. The gels were
stained using a modied Coomassie-protocol, washed twice
with MilliQ water, and then stained for 2 h in Coomassie
staining solution (45% methanol, 45% MilliQ water, 10%
glacial acetic acid, and 2.5 g R250). Aer being stained, the gels
were washed with discoloration solution (45% alcohol, 45%
MilliQ water, and preserved in 10% glacial acetic acid).

2.3.3 Image analysis. The gels were scanned using Image
scanner III and statistically analyzed using Image Master 7.0
analysis soware for spot detection and matching. Protein spot
scan intensities were analyzed using a t-test with implemented
normalization, and proteins were classied as signicantly
regulated when p < 0.05. All the abovementioned instruments
were purchased from GE Healthcare.

MS analysis was performed as described by Zhang et al.,31

with some modications. Selected spots were manually excised
from gels and placed in Eppendorf tubes. Each gel piece of
protein was washed with 350 mL of deionized water for 10 min,
and the procedure was repeated twice. Aerward, the gel pieces
were dehydrated with 50 mL of 10 mM (NH4)2CO3/acetonitrile
(1 : 1) for 10 min. This process was repeated until the color
faded. Then, the gel pieces were dehydrated with 25 mM
This journal is © The Royal Society of Chemistry 2017
(NH4)2CO3 and 50% acetonitrile. Next, 3 mL trypsin solution (10
ng mL�1 trypsin in 25 mM (NH4)2CO3) was added, and the
mixture was kept at 4 �C for 30 min until the entire trypsin
solution was absorbed by the gel pieces. The gel pieces were
then covered with 15 mL of 25 mM (NH4)2CO3 and digested at
37 �C overnight for proteolysis. Aer this, 2% TFA was added
and centrifuged immediately to terminate the reaction. Herein,
1 mL of the peptide solution was spotted per well in perforated
plates and evaporated at room temperature, and this step was
repeated once.

2.3.4 HPLC-ESI-TOF-MS/MS analysis of protein spots.Mass
calibrations were carried out using a standard peptide mixture.
Mass spectra were acquired using a matrix-assisted laser
desorption/ionization time of ight (MALDI-TOF) mass spec-
trometer (Bruker Daltonics, Germany).

The identication of the vast majority of the proteins was
performed using search engine MASCOT Peptide Mass Finger-
print of Matrix Science and compared with NCBInr Swissport
databases. The parameters used for MS search included
taxonomy, all series; allowed modications, carbamidomethyl
of cysteine (xed) and oxidation of methionine (variable); and
peptide tolerance, �0.3 Da. Only the highest Mowse score was
considered as the most probable identication and was signif-
icant (p < 0.05) when protein scores were greater than 88
(NCBInr) or 70 (swissport). The data were analyzed by analysis
of variance (ANOVA) using the statistical program SPSS/PC
version II.x, (SPSS Inc. Chicago, Illinois, USA), and the Dun-
can's multiple range test was used for mean separation. In
addition, when two groups of data were compared, the
independent-sample t test was applied for mean separation.
The statistical signicance was assessed at p < 0.05.
2.4 RNA extraction and transcriptome sequencing

2.4.1 RNA extraction. Total RNA was isolated from aliquots
of 0.1 g of mycelia using TRIzol (Tiangen Biotech, Beijing) in
accordance with the manufacturer's instruction from above-
mentioned mycelium and spores when cultured at the pH
values of 3 and 5. The integrity of RNA was analyzed using the
RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system
(Agilent Technologies, CA, US). The concentration and purity of
RNA were measured by the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientic, Wilmington, DE).

2.4.2 Construction of cDNA library and illumina
sequencing. Each RNA sample of P. citrinum cultured at pH 3
and 5 was used to perform RNA-seq. Herein, three micrograms
of high-quality RNA of each sample was used for cDNA library
construction and sequencing. Enrichment of mRNA was con-
ducted using magnetic Oligo (dT) beads. RNA sequencing
libraries were generated using the NEBNext® Ultra RNA Library
Prep kit for Illumina (New England Biolabs, Ipswich, MA,
U.S.A.) with multiplexing primers, according to the manufac-
turer's instructions. The cDNA library was constructed with
average inserts of 200 bp (150–250 bp), with non-stranded
library preparation. cDNA was puried using AMPure XP
Beads (Beckman Coulter, Inc.). Puried double cDNA chains
were subjected to end repair and adapter ligation; then, the
RSC Adv., 2017, 7, 46767–46777 | 46769
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suitable fragments were selected by Agencourt AMPure XP
beads (Beckman Coulter, Inc.), and cDNA library was obtained
by PCR enrichment. The Agilent 2100 bioanalyzer and ABI Ste-
pOnePlus Real-Time PCR System were used to quantify and
qualify the cDNA sample library, respectively. Finally, the library
was sequenced via the Illumina Hiseq2500 with the pair-end
mode (performed by Genepioneer Biotechnologies Company).

2.4.3 Bioinformatics analysis of the RNA-Seq data. High-
quality clean reads were obtained by removing the adaptor
sequences, duplicated sequences, ambiguous reads (N), and
low-quality reads. Transcriptomes data were separately assem-
bled de novo using Trinity (http://trinityrnaseq.sourceforge.net/
). To obtain the annotation information of unigenes, the unig-
ene sequences of P. citrinum were searched using BLAST and
compared with those obtained using the NR, Swissprot, GO,
COG, KOG, and KEGG databases. The FPKM method was used
to estimate the gene expression levels. The DEGSeq R package
(1.20.0) was used to analyze the differential expression in two
samples. The GO (Gene Ontology) database and COG (Cluster of
Orthologous Groups of proteins) database were used to classify
differentially expressed genes. The transcriptome data have
been submitted to the Gene Expression Omnibus (GEO) data-
base, and the GEO accession number is GSE102600.
Fig. 1 Colony diameter and OTA production of P. citrinum at different
pH values. Values are means of two independent experiments. Error
bars represent the standard error of the mean. Data in columns with
the different letters are significantly different according to the Dun-
can's multiple-range test at P < 0.05.
2.5 Reverse transcription and real-time quantitative PCR

Herein, one microgram of DNase-treated RNA was reverse-
transcribed using a reverse transcription kit (Thermo Scien-
tic, Lithuania). The RT-qPCR reactions of interested genes
were performed using the SYBR Premix Ex Taq™ (Tli RNaseH
Plus) quantitative uorescence kit (TaKaRa, Dalian, China) in
ABI StepOnePlus Real-Time PCR Systems (Applied Biosystems,
CA, USA) following the manufacture's instructions. The primers
used for amplication were designed using primer 5, with the
product size between 150 and 250 bp, and the primer sequences
are listed in Table 3. The relative expression was calculated
using the 2�DDCT method, as described by Schmittgen and
Livak.32 Actin binding gene was used as an internal reference. In
this pH assay, the reference was a pH 3.0 medium.33
3 Results and discussion
3.1 Effect of pH on the growth and OTA production of the
strain X9-4

The growth of P. citrinum X9-4 is shown in Fig. 1. The strain
could grow within a wide pH range, but the alkaline envi-
ronment was unsuitable for its growth. When the strain was
cultured at pH 11, the colony diameter was 12 mm, half of
that of the strain cultured at pH 7, which was the most
favorable pH for growth. In contrast, colony diameters were
very close when the pH of the culture medium was between 3
and 9. With regard to the inuence of pH on toxin production
by the strain, toxin production was high in the medium with
pH 5 and 9, and the highest concentration of the toxin was
25.6 ng g�1 at pH 5. It was also observed that when the strain
was cultured at pH 3, no OTA was detected; this indicated
that its biosynthesis was inhibited in an acidic environment.
46770 | RSC Adv., 2017, 7, 46767–46777
It was found that the OTA-producing strain A. niger not only
adapted to a wider pH range for growth, but also produced
OTA in a wider pH range.34 It was also reported that A. car-
bonarius and A. niger could grow and produce OTA well in
a wider pH range,35 and the highest level of OTA production
was observed at pH 5.35. Our result was well consistent with
that reported by Passamani about the effect of pH on OTA
production in A. carbonarius and A. niger.35
3.2 Relative expression of proteins involved in OTA
biosynthesis in response to different pH conditions

The production of OTA by P. citrinum in an acidic environ-
ment was lower than the minimum limit of detection of an
HPLC uorescence detector, but OTA concentration reached
25.6 ng g�1 at pH 5. This means that OTA production under
acidic conditions is restrained. To investigate the mecha-
nism of how an acidic environment restricts the OTA
biosynthesis, total proteins of P. citrinum cultured at pH 3
and 5 were extracted. As shown in Fig. 2, a total of 300 protein
spots were detected on each gel using PDQuest, containing
90 differentially expressed proteins (ratio $ 2.0), and 25 of
the best-resolved spots were identied by MALDI-TOF/TOF
MS (Table 1).
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Two-dimensional pattern of total proteins of P. citrinum
cultured at different pH values. (A) P. citrinum cultured at pH 3, (B) P.
citrinum cultured at pH 5.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:5

4:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.3 Analysis of the differentially expressed proteins

The synthesis of OTA by P. citrinummay be associated with basic
metabolism (Fig. 3). When P. citrinum was cultured at pH 5,
metabolism- and synthesis-related proteins, such as fructose-
bisphosphate aldolase (FBA, spots 11 and 4) and nucleoside-
diphosphate-sugar epimerase were up-regulated. FBA can
reversibly catalyze fructose 1,6-diphosphate to two triose,
dihydroxyacetone phosphate and glyceraldehyde 3-phosphate.
This reaction exists in both glycolytic/gluconeogenesis pathway
and pentose phosphate pathway (PP pathway), which provide
energy and substrate for biological synthesis and metabolism.
Transaldolase (spot 14) was down-regulated when P. citrinum
was cultured at pH 5. This enzyme is involved in PP pathway and
can transfer the dihydroxyacetone part of 7-phosphosedo-
heptose to glyceraldehyde-3-phosphate, thus the down-regula-
tion of transaldolase may be decreased acetone necessary for
OTA synthesis in P. citrinum.

Energy is essential for the biosynthesis of OTA, and PP
pathway is an important source to provide NADPH.36 In this
study, the expression of 6-phosphogluconate dehydrogenase
(6PGDH, spot 25) was decreased when the strain was cultured at
This journal is © The Royal Society of Chemistry 2017
pH 5. 6PGDH is generally considered to catalyze the following
reactions with the generation of NADPH: 6-phosphogluconate +
NADP+ / ribulose 5-phosphate + CO2 + NADPH. That is, the PP
pathway was more active when the strain was cultured at pH 3.
Transketolase (spot 21) is an important enzyme in the pentose
phosphate cycle and reduced pentose phosphate cycle, with
pyrophosphate thiamine and Mg2+ as the prosthetic group.
Triose phosphate isomerase (spot 10), which catalyzes triose
phosphate isomer to transform between dihydroxyacetone
phosphate and type D glyceraldehyde 3-phosphate, plays an
important role in the glycolysis process and energy supply.
However, the expression of triose phosphate isomerase was
down-regulated at pH 5. Adenylate kinase (spot 19) is an
important enzyme in energy metabolism, which catalyzes
adenosine triphosphate (ATP) to make adenosine mono-
phosphate (AMP) and adenosine diphosphate (ADP) by phos-
phorylation. Herein, two proteins involved in energy
metabolism were up-regulated when cultured at a pH value of 5:
phosphopyruvate hydratase and amino acid transporter ATP-
binding subunit. Phosphopyruvate hydratase (spot 24), which
is involved in the process of sugar dysplasia catalytic-D-2-phos-
phoric acid by glycolysis glyceric acid (PGA)-enol phosphate type
adverse reactions of pyruvate (PEP), transform PEP to PGA, it
plays an important role in the process of energy metabolism in
cells.37 Adenosine phosphate protein subunits (spot 18) are
involved in the process of generation of biological energy, and
dipeptide adenosine phosphate is involved in the synthesis of
dTDP-4-ethyl amide group-alpha-D-trehalose (dTDP-N-acetylth-
omosamine) in Haemophilus parasuis; the results are presented
in Uniprot. Under the acidic conditions, a part of the proteins
involved in energy metabolism was up-regulated, and other was
down-regulated in the strain X9-4.

6PGDH (spot 25) in the process of metabolism in the PP
pathway produces a substance called NADPH, which can protect
cells from oxidation. Thus, 6PGDH is involved in energy
metabolism and can cause stress. Aldehyde dehydrogenase
(spot 23) plays an important role in improving the resistance of
organisms. Guo et al. showed that under a low-temperature
stress, genetically modied (SoBADH gene) strain exhibits
high aldehyde dehydrogenase activity and signicant improve-
ment in frost-resistance ability.38 There were also differentially
expressed proteins, such as 70 kDa heat stress protein (spot 3),
related to the immune response.

The toxin needs to be discharged by the translocator aer its
production. The expression of glutathione S-transferases39

(GSTs, spot 8) was up-regulated under the culture condition of
pH 5. GSTs are a set of multifunctional isozymes widely
distributed in various organisms, and their function involves
coupling the electrophilic group of substances with the mer-
capto group of reduced glutathione; this makes it easy for the
substances to cross the cell membranes by increasing their
hydrophobicity. It was observed that there was positive corre-
lation between up-regulated enzymes of GSTs and the efficiency
of OTA production, the concentration of OTA in P. citrinum was
increased when the expression of GSTs was up-regulation. ABC
transporters (spot 9) is a type of protein across the membrane,
which widely exists in various organisms in the range from
RSC Adv., 2017, 7, 46767–46777 | 46771
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Table 1 Identification of differential expressed proteins of P. citrinum cultured at pH 3 and pH 5 using the MS/MS analysis. P. citrinum cultured at
pH 3 as the control

Function
classication

Protein
spot

NCBI
accession Protein name Species Mass/PI(Da) Score

Peptide
hits

Expression
change

Metabolism and
synthesis
related protein

11 gi|582959135 Fructose-bisphosphate
aldolase

Drechslerella
stenobrocha

5.52/39 347.56 64 1(1) Up-regulated

4 gi|9955865 Fructose1,6-bisphosphate
aldolase

Aspergillus oryzae 6.02/39 162.33 63 1(1) Up-regulated

14 gi|115400267 Transaldolase Aspergillus terreus 6.16/35 057.20 126 1(1) Down-regulated
17 gi|425774591 Nucleoside-diphosphate-

sugar epimerase
Penicillium digitatum 5.62/36 935.70 96 1(1) Up-regulated

Energy
metabolism

21 gi|121701281 Transketolase Aspergillus clavatus 6.06/74 671.48 153 2(2) Down-regulated
10 gi|115399504 Riosephosphate isomerase Aspergillus terreus 5.42/27 084.90 387 6(3) Down-regulated
19 gi|425772348 Adenosine kinase Penicillium digitatum 5.21/38 013 106 2(1) Down-regulated
24 gi|74664773 Enolase Penicillium citrinum 5.33/47 275.45 480 6(4) Up-regulated
18 gi|654941862 Leucine/isoleucine/

valine transporter
ATP-binding subunit

Bacillus sp 6.72/29 165.91 61 1(0) Up-regulated

25 gi|425767748 6-Phosphogluconate
dehydrogenase,
decarboxylating

Penicillium digitatum 5.85/53 908.23 77 2(0) Down-regulated

Stress protein 23 gi|700449320 Aldehyde dehydrogenase Penicillium expansum 5.99/53 823.25 170 3(0) Up-regulated
3 gi|14423733 Heat shock 70 kDa

protein70 kDa
Penicillium citrinum 4.99/55 125.80 340 7(2) Up-regulated

Transporter
related protein

9 gi|494679012 Peptide ABC transporter
substrate-binding protein

Acetobacteraceae
bacterium

6.58/59 424.33 63 1(1) Down-regulated

8 gi|557724566 Glutathione S-transferase
GstA

Byssochlamys spectabilis 6.47/29 102.79 217 2(2) Up-regulated

Regulatory
protein

12 gi|503068397 Integrase domain-
containing
protein

Ignisphaera aggregans 10.34/37 022.51 65 1(1) Up-regulated

Others 22 gi|119483728 Class V chitinase ChiB1 Neosartorya scheri 5.10/47 667.27 131 3(1) Down-regulated
20 gi|114077 Apovitellenin, Protein

component of VLDL
Aves 9.40/9492.11 65 1(1) Up-regulated

16 gi|34 069 Unnamed protein product Homo sapiens 5.12/39 218.58 96 2(0) Down-regulated
Hypothetical
protein

2 gi|115491105 Hypothetical protein Aspergillus terreus 5.25/326391.46 79 1(1) Down-regulated
13 gi|740092337 Hypothetical protein Sultobacter sp. 5.42/22 273.12 71 1(1) Up-regulated
15 gi|531280525 Hypothetical protein Peptoclostridium

difficile CD196
7.91/4376.12 49 2(0) Down-regulated

6 gi|358386419 Hypothetical protein Trichoderma virens 6.57/42 545.25 109 2(0) Down-regulated
1 gi|734656611 Hypothetical protein Metarhizium album 6.76/26 146.62 84 1(1) Down-regulated
7 gi|503691373 Hypothetical protein Parachlamydia

acanthamoebae
9.17/50 868.18 64 1(1) Down-regulated

5 gi|799157440 Hypothetical protein Streptomyces sp 9.13/24 830.99 66 1(1) Down-regulated
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bacteria to humans. Its main function is to transfer the
substrate combined with it outside the cell using ATP. SAM
(Sterile Alpha Motif) function domain (spot 12), which is up-
regulated under the culture condition of pH 5, is a protein
interaction between protein models, for example, SAM func-
tional domains at the C terminal of p63 and p73 work by
recruiting other protein effectors to regulate the functions of
p63 and p73.
3.4 Relative expression of the genes involved in OTA
biosynthesis in response to different pH conditions

Via sequencing, the large-scale transcriptome data were ob-
tained from P. citrinum (Table 2), and there was a total of 9.91
Gb clean and high-quality sequences, which were suitable for
subsequent analysis.
46772 | RSC Adv., 2017, 7, 46767–46777
There were different gene expressions at different time and
space phases; external stimulus and internal environment also
affected gene expression. Differentially expressed genes (DEGs)
are the genes differently expressed under two different condi-
tions (e.g., control and processing, wild type and mutant type,
different time, different organizations, etc.). In this study, the
difference in OTA synthesis ability may be caused by differences
in gene expression; therefore, it is essential to study the differ-
ently expressed unigenes of P. citrinum cultured at pH 3 and 5.
By comparing the results, we found 2200 DEGs between two
samples (fold change $ 2 and FDR < 0.05); among them, 1024
genes were up-regulated and 1176 were down-regulated.
P3_vs._P5 were used to categorize differentially expressed
genes; henceforth, up-regulated genes have a higher expression
level in the sample group P5 than that in the sample group P3
and vice versa.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Functional classification of differently expressed protein spots.

Table 2 Statistic results of sequencinga

Samples Clean reads Clean data GC content % $ Q30

pH 3 21089411 5272352750 50.32 94.27
pH 5 18568067 4642016750 50.53 94.6

a % $ Q30: the percentage of bases that clean data quality value is
greater than or equal to 30.
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To analyze the function of these differentially expressed
genes, we performed the GO and COG annotations and classi-
cation (Fig. 4). We divided 4545 unigenes into three GO
function categories, which were further divided into 57 cate-
gories; many unigenes were assigned to different categories
simultaneously. Then, the percent of DEG unigenes from each
category was calculated. From the results of “biological process”
category, the highest category of differentially expressed unig-
enes was “metabolism” of 1002 (12.28%); the differentially
expressed unigenes in “Molecular function” category was
“catalytic activity of 822 (12.61% of gaia category), and the
“combination”, 623 (11.91%); the two high percentage
Table 3 Primers used for RT-qPCR in gene expression assay

No. Unigenes Description Forw

1 TRINITY_DN4069_c0_g1 Acetyltransferase GGCT
2 TRINITY_DN5955_c0_g3 Polyketide synthase

phosphopantetheine-
binding domain

AATC

3 TRINITY_DN1510_c0_g1 Acyl-CoA dehydrogenase oxidase GTAA
4 TRINITY_DN3456_c0_g2 Alcohol oxidase TTCG
5 TRINITY_DN10315_c0_g1 NAD(P)-binding protein CTCA
6 TRINITY_DN9885_c0_g1 Acetylxylan esterase TACA
7 TRINITY_DN526_c0_g2 Cytochrome P450 TATC
8 TRINITY_DN4980_c0_g4 ABC transporter, putative TCTT
9 TRINITY_DN598_c0_g1 Glutathione S-transferase GAGT
10 TRINITY_DN6150_c0_g1 Transketolase C-terminal domain GCCG
11 TRINITY_DN1616_c0_g1 Alcohol dehydrogenase TGGC
12 TRINITY_DN2593_c0_g1 Transaldolase CGCT
13 TRINITY_DN6090_c0_g2 Beta-ketoacyl synthase

domain-containing protein
TAGG

14 TRINITY_DN6972_c0_g2 Heat shock 70 kDa protein AGTG
15 TRINITY_DN4080_c0_g2 Actin biding CGAA

This journal is © The Royal Society of Chemistry 2017
categories of “cells” category were “cell part” (582, 10.39%) and
“cell” (579, 10.42%). These results suggest that the difference in
OTA production by P. citrinum may be due to the several
differentially expressed genes in the categories, and differen-
tially expressed genes in these categories accounted for a big
proportion; this provides the direction for the subsequent
analysis.

Regarding the transcriptome data for P. citrinum cultured at
different pH values, it was observed that the acidic pH
inhibited the toxin synthesis due to the low expression of some
metabolic pathway-related enzymes. Additionally, the expres-
sion levels of some genes involved in the regulation of the
biosynthesis of toxins were inhibited in P. citrinum cultured
under an acidic environment; this could also reduce the
synthesis of toxins. The DEGs were classied in the most
enriched categories including amino acid transport and
metabolism, transport and metabolism of carbohydrates,
inorganic ion transport and metabolism, biosynthesis of
secondary metabolites, and energy and supply metabolism.
These differentially expressed genes are likely to be involved in
the synthesis and OTA regulation process.
ard primer (50 to 30) Revers primer (50 to 30)
Relative
expression

CCTCAACCAACCTC TCTCCCAATCCCTTTACC +1.28
GCTGAACAACCATCCG GGCTTCCATTCCAAACTC +1.6

TGCCGTCGCAAGAT GATTCGGTTCAAAGGGTT +1.71
TGTACTTGTCCCATT TATCGTCCGCTGCCTTCT +3.73
GAAGCACCGATTTT CAACATCCAACCCGTCCA +6.29
TCGGTGCTTCTTTCGTC TCGGTGCCATAGCCTTGA +8.04
CCAGCCCATACCATC CACCCTCTTCCTCCAACG +8.15
TCCAGGTTCTATTCGG CTGCTCGTTGGTTCGTCT +1.51
TTTGGATAAGTGGTTG TTTGACTGATTCTATGGTGG +1.40
ACTATGTCTTTCCG ACCGTGGCATTACTACCC +1.02
TGCGATTACACCTT CCCTTGATACCACCGAAA �7.81
TGGCTGTCAGAATA CTTGATAGCGATGCGTGT �6.09
ACGCTGGAGTGCTTCTGGT CTCGACGGGCTGAGTTGT �4.55

TTGTGGGGGTTCAT CTCCTGTGTGGGTGTGTT �1.65
CAGGACAACGCAGC CCACTGTCTGAAGGACGAAC +1.019

RSC Adv., 2017, 7, 46767–46777 | 46773
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Fig. 4 Functional classification of DEG in P. citrinum. (A) GO classification. (B) COG classification.
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To verify the differences in these genes expressed in the OTA
synthesis, the mRNA levels of 14 unigenes, which were differ-
ently expressed genes and associated with toxin production,
were analyzed by RT-qPCR (Fig. 5). From the results of P. cit-
rinum cultured at pH 5, the expression levels of these genes were
obviously higher than those of the strain cultured at pH 3. These
46774 | RSC Adv., 2017, 7, 46767–46777
results were consistent with those of transcriptome data
analysis.

In conclusion, the results indicated that low pH conditions
inhibited the biosynthesis of OTA in P. citrinum. The proteomics
technique employed to investigate differentially expressed
proteins of P. citrinum under different pH culture conditions
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Verification of differentially expressed genes by RT-qPCR. CK: P. citrinum cultured at pH 3. Values are means of two independent
experiments. Error bars represent the standard error of the mean.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 46767–46777 | 46775
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revealed that the expression levels of 11 proteins, accounting for
44% of the total number of proteins, were up-regulated in the
medium of pH 5 as compared to those at pH 3. In contrast, the
expression levels of most basic metabolism- and synthesis-
related proteins, as well as of those related to energy supply,
were decreased; this made it difficult for cells to maintain the
life activities. Fructose-diphosphate aldolase, acetone phos-
phate acid hydratase, adenosine phosphate subunits, and
glutathione S-transferase activities were decreased under the
low pH (3) culture condition of P. citrinum. Fructose-
diphosphate aldolase provides ATP and substrate for organ-
isms, and glutathione S-transferase may be associated with
toxin transport. Under the low pH (3) condition, the expression
levels of fructose-diphosphate aldolase and glutathione were
limited, whereas those of the stress-related proteins, such as
some signal transduction and dehydrogenate-related proteins,
increased. The expression level of glucose-6-phosphate dehy-
drogenase was increased under low pH (3) conditions; this
protected the strain from stress.

Through the analysis of the transcriptome data of P. citrinum
cultured under different pH conditions, the mechanism of OTA
biosynthesis and metabolic regulation has been revealed.
Under the two pH conditions of 3 and 5, 19 598 unigenes were
identied. The results indicated that some genes played
important roles in OTA synthesis by P. citrinum. These genes
mainly encoded acetyltransferase, polyketone synthase phos-
phate generic acyl cysteamine-combined domain, acyl coen-
zyme A oxidase, alcohol oxidase, NAD(P)-binding protein, acetyl
xylan esterase, cytochrome P450, ABC transporters, beta ketone
enzyme domain protein, turn ketol enzyme, aldol enzyme, and
alcohol dehydrogenase. Some proteins were consistent with the
results of the two-dimensional technique; however, many
important enzymes could not be identied by this technique
due to technical reasons. These transcriptome ndings
provided the basis for the molecular level for further studies of
OTA biosynthesis by P. citrinum and Penicillium species. Finally,
the transcriptome data for P. citrinum not only revealed the
possible mechanism of OTA synthesis andmolecular regulation
in P. citrinum, but also provided scientic guidance for
controlling the OTA synthesis.
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