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Abstract

Metals released into the environment continue to be of concern for human health.

Using white-rot fungi as biosorbents for heavy metals removal is an attractive

alternative owing to its good performance and low cost. However, the molecular

mechanism underlying heavy metal tolerance in white-rot fungi has not yet been fully

elucidated. This study identified and analyzed the lead (Pb)-induced tra Mal
Q

(]
changes in  Phanerochaete chrysosporium, a  well-known metal

hyperaccumulating white-rot fungus. The results confirmed its @@ng ability in Pb
tolerance and effective defense system. By comparative @sis of gene expression
profiles obtained from cDNA-amplified fragment | @E/morphism (cDNA-AFLP),
we isolated 43 transcript-derived fragments S) differentially regulated by Pb
exposure in P. chrysosporium, and 23 TDPyPresented significant similarities to genes
encoding known or putative prot hich belong to different functional categories
involving ion binding, e)@;s d carbohydrate metabolism, and signal transduction.
The detailed char @ion of these Pb-responsive genes was presented and the
expression p@s of some interesting genes were validated by quantitative RT-PCR.
Thi or@r)\/ides the first evidence of Pb-responsive genes along with their putatively
fun& annotations in P. chrysosporium, which may help to understand the

mechanism underlying heavy metal accumulation and tolerance in P. chrysosporium.

Keywords: Phanerochaete chrysosporium; Pb; cDNA-AFLP; TDFs; Gene expression
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1. Introduction

Heavy metal pollution has aroused significant concerns since it can cause adverse
health effects on humans, notably reproductive abnormalities, fetal death, and
neurological and behavioral disorders (Gong et al., 2017; Huang et al., 2016b, 2017c;
Zeng et al., 2013a,b). Among the heavy metals, lead (Pb) requires special attention for

[ ]
et al., 2016; Neale et al., 2017; Wan et al., 2018). During the past few

its high toxicity and long-term persistence in biological systems (Jacobs et al %&Lai

;Qwrious
methods including chemical precipitation, ion-exchange, Cj) fon, membrane
filtration and electrochemical reduction/precipitation have%r devoted to the heavy
metal removal from wastewater (\Wang et al., 201@ ’b; Yu et al., 2017; Zhang et
al., 2014, 2016). Biosorption is regarded a%bighly efficient, cost-effective and
eco-friendly solution and thus ecomes@mtential alternative for the removal or
recovery of heavy metals from th % aminated sites (Ren et al., 2018; Xu et al., 2012a;
Yang et al., 2010). Phane)@gg)chrysosporium, a well-known heavy metal biosorbent,
has been devised é@moval of Pb with outstanding bioaccumulation ability (Xu et

al., 2012b, 2QqL6).,Simultaneously, our previous study confirmed that P. chrysosporium
co ur@up to 400 mg L™ of Pb, which indicated that this fungus had an excellent
tol& Pb and must have evolved an efficient defense mechanism in the alleviation
of Pb toxicity (Li et al., 2015).

To date, many studies have characterized the mechanisms underlying heavy metal
detoxification in white-rot fungi, especially in P. chrysosporium (Petr, 2003; Zhao et al.,

2015). For instance, it is known that enzymatic antioxidants like superoxide dismutase
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(SOD) and non-enzymatic antioxidants such as glutathione play an important part in
heavy-metal detoxification in P. chrysosporium (Chen et al., 2014, Xu et al., 2016). P.
chrysosporium not only exhibits an admirable accumulation capacity of Pb, but also can
alleviate Pb-induced oxidative stress via its highly defensive behavior including an
elevation in SOD activity and glutathione accumulation (Huang et al., 2017a). Besides,
the organic acids, especially oxalate, in the extracellular polymeric substancgsgcomnefate
well with Pb level and tend to be the major metal chelator . Au@by P.
chrysosporium (Li et al., 2015). However, little attention hasée)n id to the global

molecular response of this fungus to heavy metal. The he@etal-regulated genes as

well as their role in hyper-accumulation and toh@ i P. chrysosporium are still

completely unclear. (bé
The recent development of moIecuIar@cal technologies, including microarray

and next generation sequencin ), has allowed a simultaneous evaluation of
multiple biological respdQses, tJiang et al., 2016; Vidal-Dorsch et al., 2016). The

application of thié@roaches to ecotoxicology can provide rich data and is

advantageous@yen ifying causative stressors and sources (Brockmeier et al., 2016; Jia
et ZOQ))However, microarray analysis requires prior sequence information and
NG&always expensive. cDNA-amplified fragment length polymorphism
(cDNA-AFLP), acting as a sensitive, efficient and reproducible RNA fingerprinting
technique, has been widely used in isolating and identifying the differentially expressed
genes under certain stress condition (Hiki et al., 2017; Oberholster et al., 2016). It is

cost-effective and does not require prior sequence information compared with
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microarray or NGS, and has been widely applied in identification of novel genes in
various organisms (Georgieva et al., 2012; Vuylsteke et al., 2007). For example, it has
been successfully applied to analysis of Mn-regulated genes in fungus Ceriporiopsis
subvermispora (Gutiérez et al., 2008) and identification of Cd- and Mn-regulated genes
in plants (Ruytinx et al., 2011; Zhou et al.,, 2017). Therefore, we employ the
cDNA-AFLP technology to identify the differentially expressed ge P.
chrysosporium in response to Pb exposure. )

This study aimed to characterize the biochemical signals asso@&ith the behavior
of P. chrysosporium by transcriptome assay, identifying th@s activated or repressed
responding to Pb exposure. Apart from the evalu@’% exposure on the fungal
growth and fungal ability in Pb accur@we differentially expressed cDNA

fragments in P. chrysosporium  were isO¥ated, sequenced, and the corresponding
functions and their expression zat ere investigated and analyzed. The expression

patterns of some interestier)n were validated by quantitative RT-PCR analysis.

2. Materials and 3

2.1. Strain ar@cu ation
W%Qﬂ/sosporium strain (BKM-F-1767) was purchased from China Center for

type Cture Collection (Wuhan, China). The strain was grown on potato dextrose agar
plates at 37 <C for 48 h to achieve spore production. The spore suspensions were
prepared by scraping spores from plates and blending them in sterile water, and its
concentration was adjusted to 2.0x10° CFU mL™ according to our previous work

(Huang et al., 2016a). Spore suspensions (2 mL) were inoculated into 100 mL of sterile
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potato dextrose broth and incubated at 30 <C with shaking (150 rpm).
2.2. Pb exposure test and biomass determination

After 41 h incubation, cells reached the exponential growth phase based on our
previous results (Huang et al., 2017a), Pb(NOs3), solution was then added to the liquid
medium and the final Pb concentrations were controlled at 0, 50, and 400 mg L. The

(]
carried out in three replicates. The mycelia were harvested after Pb ex r

fungus cultured without Pb was defined as the control sample. Each tre )e&)/as
:@O, 2,8
and 24 h by filtration and washing twice with sterile water, anb@at —80 °C after
frozen in liquid nitrogen. For biomass determination, th@celia were collected at
selected intervals and measured after washing tvx'@' sterile water and drying at
80 <C for 24 h. (b)
2.3. RNA extraction and cDNA synthesis ®
Total RNA was extracted frorq awut 50 mg of the frozen mycelia using Trizol
reagent (Invitrogen) as g&gcrip®d previously (Huang et al., 2017b). The quality and
quantity of RN @ monitored by 1% agarose gel electrophoresis and
spectrophotor@rjc analysis (Eppendorf BioPhotometer Plus, Hamburg, Germany).
Aft en‘ﬁ'u)g the genomic DNA by using DNase | (Promega) at 37 <€ for 30 min and
purm, the first-strand cDNA was synthesized from 2 pg of total RNA using
RevertAid™ First Strand cDNA Synthesis Kit (Fermentas). The synthesis of
double-stranded cDNA was performed by adding Escherichia coli RNase H, E. coli

DNA Ploymerase | and T4 DNA Polymerase (Promega), and terminated by EDTA (pH

8.0). After cDNA synthesis, samples were purified by phenol/chloroform extractions
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and checked by agarose gel electrophoresis.
2.4. cDNA-AFLP analysis

The cDNA-AFLP analysis was performed as described previously with slight
modifications (Hiki et al., 2017; Vos et al., 1995). About 0.5 pg of double-stranded
cDNA was digested first with EcoRI (Fermentas) at 37 <C for 3 h followed by Msel
(Fermentas) at 65 <C for 3 h, and then heated to 80 <C for 10 min to in ?/a&»\he
enzymes. The resulting restricted fragments were ligated to the E&s{& Msel
adaptors using T4 DNA ligase (NEB) at 16 <C overnightD)re plification was
performed using 25 pL of 2 x PCR Master Mix (Ferment uL of ligation mixture,
0.4 uM pre-amplification primers of EcoRI and MAS@’ 1), and nuclease-free water
to a total volume of 50 uL. PCR conditions v\%n initial hold of 2 min at 94 <€, 28

.1 mi@@ and 1 min at 72 <€, and a final hold

of 5 min at 72 €. The pream d products were checked by 1% agarose gel

cycles composed of 1 min at 94 <

electrophoresis and diluwggfd with nuclease-free water. Selective amplification

was performed usingL of 2 xPCR Master Mix (Fermentas), 1 uL of preamplified

product, 0.2 selective amplification primers of EcoRI and Msel (Table 1), and
nu e-@water to a total volume of 20 uL. The PCR amplification was conducted
us:&ch-down program as follows: an initial hold of 2 min at 94 <€, followed by
12 cycles composed of 30 s at 94 €, 30 s at 65 € (-0.7 € per cycle) and 1 min at 72 €,
followed by 23 cycles composed of 30 s at 94 <€, 30 s at 56 € and 1 min at 72 <€, and
a final hold of 10 min at 72 <. The amplification products were mixed with

formamide/bromophenol blue loading buffer and denatured for 5 min at 95 <€€. The
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denatured samples were separated in a 6% denaturing polyacrylamide sequencing gel at
70 W constant power for 2.5 h, the resultant gel was stained with silver nitrate.
2.5. Isolation, sequencing and annotation

The transcript derived fragments (TDFs) of interest that exhibited different
expression patterns were excised from the gels and used as the template for
re-amplification in the same conditions as that used for the selective amplifi ?o%dhe
re-amplification products were checked by 2% agarose gel electropho: \ Agurified
by an agarose gel recovery kit (Solarbio, China). After Iiga@t GEM-T EASY
vector (Promega) and transformation in Escherichia coli (@), the TDFs fragments
(three clones for each one) were sequenced on A
©

Shanghai, China). After removing the ve§g8r sequence, the TDFs sequences were

a ated ABI-3730 sequencer

(Applied Biosystems) at PersonalBio (Sh Personal Biotechnology Co., Ltd,
analyzed by Blast2GO software Amu vonesa et al., 2005) for functional annotation. In
general, the sequences W)QB zed by running BlastX similarity searches against the

NCBI non-redundigin database with a cut off E-value of 10~°, then GO mapping

and annotati@u the default value. InterProScan was performed to improve
an ioCaﬁility and the resulted GO terms were merged to annotation. If no
sig& homology result was obtained, the sequence was further analyzed using
BlastN against the NCBI expressed sequence tag database so as to identify UniGene
sequence clusters. Functional proteins associated with UniGene clusters were then used
for annotation. After annotation, the differentially expressed transcripts were grouped

according to the upper level GO terms for biological process, molecular function, and
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cellular component.
2.6. qRT-PCR analysis

To validate the results obtained from cDNA-AFLP, qRT-PCR was conducted for
some TDFs that displayed differentially expression patterns. Total RNA extraction and
first-strand cDNA synthesis were conducted the same as presented above. - actin was

selected as the housekeeping gene used for normalization. Primers (T or
Can

gRT-PCR were designed using Primer Premier 5.0 (PREMIER BIOSO ). The
gPCR was performed in an iQ5 system (Bio-Rad, Hercules, CC)) Power SYBR
Green Kit (Takara, Dalian, China). The gPCR conditions @5 <€, 2 min; 40 cycles
of 95 <€ for 15 s and 55 <€ for 30 s; and hold at 7, 10 min. Samples for gPCR
were run in three biological replicates and t)’@é nical replicates. The target gene

expression was normalized relatiye to -adf1 according to the method of Livak and

Schmittgen (2001). b

2.7. Statistical analyses )&)Q)

The statistical ;sons were performed by one-way analysis of variance
S

(ANOVA) a@
cDV%Q%roﬁles, a matrix was constructed based on the presence or absence of the

er's least significance difference test (LSD). For the analysis of

differentially expressed bands on the gels, which were marked as 0 (band absent or
faint), 1 (band present), or 2 (band bold). Each treatment lane was used as a variable,
and each transcript as an observation. An average linkage hierarchical cluster analysis
(HCA) was conducted based on the correlation matrix to describe groups of TDFs

co-expressed or putatively related to common metabolic pathways. The statistical
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analyses were performed using SPSS v18.0 and P < 0.05 was deemed significant.
3. Results
3.1. Fungal growth and Pb accumulation
To determine the potential toxicity of Pb to P. chrysosporium, the present work
evaluated the effect of Pb exposure time and concentration on the growth and metal

(]
did not pose a severe threat to P. chrysosporium during the 24-h/W&pe

accumulation of P. chrysosporium. The results showed that 50 mg L™ of P )&%re
A@iod as
evidenced by the sustained increase in biomass (Fig. 1a). Pb Cc)u ation increased
with the exposure time, which presented a faster incr efore initial 8 h and
relatively slower thereafter compared with biomasi@{ficant difference was found
between the biomass of the control and the tr%ént with 50 mg L™ Pb for 8 h (Fig.
1b). However, high concentration of Pb (4 g LY caused a significant inhibition in
the growth of P. chrysosporium ugh it could survive in such a condition. In
addition, P. chrysosporiu&isj) ed a high ability to accumulate Pb and it presented to
follow a dose-dep @rend. The exposure to 400 mg L™ Pb for 8 h caused 160%
increase in Pi{atcymulation with respect to 50 mg L™ Pb.
3.2 teggu) of differentially expressed fragments by cDNA-AFLP
hnt Pb concentrations (0, 50, and 400 mg L ™) and exposure time (0, 2, 8, and
24 h) were selected to identify the differentially expressed genes in P. chrysosporium by
cDNA-AFLP. By using 63 primer combinations, a total of about 300 TDFs were

yielded with a 58-300 bp length range. Of these TDFs, 48 were isolated, cloned and

sequenced. After trimming adapter sequences and removing redundant sequences, a

10
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total of 43 TDFs were obtained. Because the relatively limited knowledge of gene
functions was found in P. chrysosporium, only 23 TDFs sequences displayed significant
similarities to genes encoding known or predicted proteins, and the other 20 TDFs did
not show significant matches, as determined by BLAST search (Table 2 and 3). The
results revealed 10, 4, and 5 significantly up-regulated TDFs in P. chrysosporium in
response to 2, 8, and 24 h of Pb exposure respectively compared with 0 h o , ell
as 1, 4, and 3 significantly down-regulated TDFs (Table 2). The 8 h 0 qure to
50 and 400 mg L™ Pb caused a significant up-regulation o@ 9 genes in P.
chrysosporium compared with no exposure, and a significa@wn-regulation of 10 and
2 genes (Table 3).
3.3. Functional analysis and classifications of %ontially expressed TDFs

The differentially expressed TDFs w analyzed with Blast2GO program for
functional annotation of the GO of differentially expressed fragments with two
approaches: BLASTN agé@;g)xpressed sequence tag database and BLASTX against
the non-redundant ein database (Wheeler et al., 2007). The results revealed that
23 TDFs se@es had significant similarities to genes with known or putative
fun®eQns 20 TDFs did not show significant matches (Table 2 and 3). Of the 23

X

TDFs, ¥6.1% were homologous to Phanerochaete carnosa and 13.0% to Pseudomonas

sp.
GO assignments describe gene products based on their associated biological
processes, molecular functions, and cellular components by Blast2GO (Fig. 2).

Regarding the differentially expressed fragments responded to different Pb-exposure

11
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time, “cellular protein catabolic process” and “protein modification” were the GO terms
most frequently encountered (25% for each) in the biological process annotations, “ion
binding” (23%) was the majority of annotations in the molecular function, and the
annotations for cellular components were related to mitochondrion (67%) and
membrane (33%) (Fig. 2a). Concerning the differentially expressed fragments related to

P19

the dose of Pb, “signaling”, “ion binding” and “membrane” were the major q)c%dzns
r

(]
for the biological processes, molecular functions, and cellular componeﬁgye ctively

(Fig. 2b). C:g/
3.4. Gene expression analysis %

HCA was conducted to group genes with sim@ sion profiles and the results

displayed distinct clusters of putatively coexgé@d

could be identified in P. chrysosporium in

DFs (Fig. 3). At least six groups
case of different Pb-exposure time (Fig.
3a). For the six genes belongin o% Cluster 1, an obvious up-regulation was observed
after 2 h of Pb exposur@@s 8 h and 24 h of that did not induce an obvious

variation. Cluster :!@characterized by an up-regulation after 8 h followed by a

decline after @ wo transcripts that were down-regulated after Pb treatment were
grofegd (Lbé third cluster. Whereas Cluster 1V including only one TDF identified as
cys&woroteinase was characterized by a constant stimulation during 8 h of Pb
exposure followed by a decline after 24 h. Cluster V holds together two transcripts that
were down-regulated after 8 h of treatment. Finally, the TDF 13 that was identified as
family sulfur acquisition oxidoreductase belonging to Cluster VI did not show a strong

induction of its expression until 24 h of treatment.

12
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Similarly, the differentially expressed TDFs responded to different Pb-dose exposures
were arranged in three clusters (Fig. 3b). TDFs identified as TonB-dependent
siderophore receptor, uroporphyrin-I11 methyltransferase and hypothetical protein were
grouped in the first cluster, with their expression down-regulated in 50 mg L™ Pb for 8
h. Cluster Il contained a P-loop containing nucleoside triphosphate hydrolase protein
which was involved in hydrolysis of the beta-gamma phosphate bond
nucleoside triphosphate, the expression of which was induced after Pb tr&& Finally,
the TDF 7 identified as RNA helicase was grouped in Cluster I&lj as up-regulated
after 50 mg L™ Pb exposure. %

3.5. gRT-PCR analysis of Pb-induced differentially @aTDFs
To check the reliability of cDNA-AFLP and validate its expression profile,

gRT-PCR analyses were performed for 6 TDN:S. These TDFs were selected based on the

significance of their expression o% s, as well as their putative physiological role,
which  were related %matm (TDF 12-1), Pre-mRNA-splicing factor
ATP-dependent RNA @ ase (TDF 42-1), ATP-dependent DNA helicase (TDF 45-1),
LAGLIDAD@'mng endonuclease (TDF 47-1), hypothetical protein (TDF 1-1) and
Pla rr%l)rane proteolipid 3 (TDF 15-1). As shown in Fig. 4, the gRT-PCR results
we&stent with the expression profiles revealed by cDNA-AFLP (Table 2 and 3),
supporting the reliability of this technology.
4. Discussion

Pb contamination in the environment is known to cause adverse effects in humans

and wildlife by damaging the nervous system and causing brain disorders (Huang et al.,

13
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2008; Li et al., 2016; Zeng et al., 2017). As an effective and economical alternative,
biological means such as the utilization of P. chrysosporium through biosorption and
uptake has been widely used for the treatment of Pb-contaminated wastewater (Huang et
al.,, 2017d; Ye et al.,, 2017; Zeng et al., 2015). In spite of the rich data on the
physiological and biochemical effects of Pb on P. chrysosporium, limited information is
available at the molecular level. So, this study employed transcriptomics to he
molecular mechanisms of Pb hyperaccumulation in P. chrysosporium. '\/
4.1. Tolerance of P. chrysosporium to Pb exposure

Before identification and characterization of P%dulated genes in P

chrysosporium, we investigated the fungus gr "Q metal bioaccumulation in

response to different exposure time and do The results indicated that P.

chrysosporium displayed an outs anding@wmt capacity to 50 mg L™ Pb exposure,
and could survive in a concentrat 400 mg L Pb although an obvious inhibition
on the growth was obser)Q() ~'1). This could be ascribed to the defense mechanism

of P. chrysosporizf@inst Pb toxicity, mainly based on surface adsorption to

polysacchari@ro eins or other components in the outer layer of the cell wall and
upt&in lularly (Li et al., 2015). Heavy metals that enter into the cell will pose a
pothreat to fungi by directly increasing the concentration of reactive oxygen
species (ROS). To alleviate the oxidative stress caused by enhanced ROS production, P.
chrysosporium has evolved an antioxidant system consisting of enzymatic and
non-enzymatic antioxidants (Huang et al., 2017a). In this study, high dose of Pb (400

mg L) greatly induced the Pb accumulation in P. chrysosporium, and thus might

14
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contribute to the damage of cell membranes which accounted for the growth inhibition
of fungus. Nevertheless, our results reveal that P. chrysosporium is effective in Pb
bioaccumulation and is a promising alternative for the treatment of Pb-contaminated
wastewater. The identification and characterization of the genes involved in Pb
tolerance and detoxification in P. chrysosporium can provide a potential basis for

enhancement of the treatment performance. :)&)
.

4.2. Influence of Pb exposure on transcriptome

In this work, the modulation of transcriptional activity in P. G@porium exposed
to different levels of Pb was ascertained by cDNA-AFL%oviding a comparative
insight on potential Pb-regulated genes and meta% ways. After assembling and
elimination, a total of 43 TDFs were obt ié@ﬂ)r annotation analysis. Of the 43
transcripts, 23 had significant hgmology roteins in various functional categories
when searching the non-redunda tein database, which made them the valuable
information for understab@)%ecular mechanism in the Pb-fungus interaction. The
23 TDFs were clag @ased on Gene Ontology terms by Blast2GO. In terms of the
biological pr@ a variety of annotations were attributed to ‘metabolic processes’ such
as Aszlir, RNA catabolic process, and rRNA processing, indicating that Pb
expkosed an effect on the primary metabolism of P. chrysosporium by acting on
the gene transcription. Regarding the molecular function, the transcripts involved in ion
binding protein and ATPase activity were significantly represented, the result supports
the previous studies concerning the fungal defense against heavy metal, reporting that

the extracellular carboxylic and thiol groups played an important role in Pb

15
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detoxification through binding (Li et al., 2015; Xu et al., 2014).

gRT-PCR validation results showed that the expression patterns of selected genes
were consistent with that observed in cDNA-AFLP, confirming that the use of
CDNA-AFLP together with gRT-PCR validation is a reliable strategy to obtain the ‘true’
differentially expressed transcripts in P. chrysosporium exposed to Pb.

4.3. Potential target genes involved in defense mechanism )&)

In recent years, several efforts have been devoted to the molecular m. &behind
the heavy metal tolerance of hyperaccumulators along with 'C:&ential genes for
photoremediation, however, the related studies on fungi areli#med. In the present work,
twenty three genes as well as their role have beeni@' in fungus P. chrysosporium
in response to Pb exposure. They are attribu em(@én binding, energy and carbohydrate
metabolism, signal transduction, and so on,\gccording to the GO category of molecular
function by Blast2GO.

Extracellular chelatiob@gg% binding onto cell-wall components, which can

contribute to the red % ptake of metals into the cytosol, is known as an important

tolerance me@

me% proteins have been shown to function in the microbial heavy metal

m to heavy metals in fungi (Ruytinx et al., 2011). In addition, several

detoxif¥ation system, such as the periplasmic mercury-binding protein MerP (DeSilva
et al., 2002) and the periplasmic nickel-binding protein NikA (Nies, 1999). Herein, we
isolated four up-regulated TDFs (5-3, 7-2, 9-2, 13-1) and two down-regulated TDFs
(14-1, 16-2) related to ion binding (GO: 0043167), which accounted for a majority of

annotations in molecular function, suggesting that ion binding might play a role in Pb

16
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tolerance. However, we found that metallopeptidase (TDF 41-1) was repressed in P.
chrysosporium after exposure to 50 mg L™ Pb for 2-24 h (Table 2), implying that
metallopeptidase was down-regulated in response to Pb toxicity and it might not play an
important role in defense against Pb stress. The same result was observed in other heavy
metals such as chromium (Cammarota et al., 2006) and arsenic (Zheng et al., 2003).

ATPase plays key roles in cell energy metabolism by synthesizing ATP QQu L.,
2014) and functions in diverse cellular processes such as DNA replicatieﬂ@/d

| cycle
regulation (Snider et al., 2008). The uptake of heavy metals C)c ften uses ATP
hydrolysis as the energy source (Nies, 1999). Zhou \ (2017) observed that
manganese up-regulated and down-regulated @E ATPase family protein
(NP_197195.2) in Citrus grandis and Citrus s@s respectively. We found that three
TDFs (5-3, 7-2, 9-2) related to ATPase at@GO: 0016887) were all up-regulated in
response to different dose (5040 1) or time (2-24 h) of Pb exposure, indicating
that ATPase was involvmgérance of P. chrysosporium to Pb. In addition, we

identified another ZQegulated TDFs, TDF 42-1 and 45-1, which were recognized

as ATP-depe@ A/DNA helicase and related to nucleic acid metabolism, and the

gR RQ,a)ysis validated the expression of the two genes whose expression level was
sigl&mtly higher after 8 h (TDF 42-1) and 2 h (TDF 45-1) of Pb exposure than that at
Oh.

Besides, it was found that the expression of TDFs (5-3, 10-1) related to signal

transduction was altered in Pb-toxic P. chrysosporium. TDF 5-3 was recognized as

P-loop containing nucleoside triphosphate hydrolase protein (Table 3), which was
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reported to be involved in diverse cellular functions, such as signal transduction, DNA
repair, protein transport and localization, signal-sequence recognition, membrane
transport and activation of various metabolites (Pathak et al., 2014). The stress of 400
mg L Pb significantly induced the expression of TDF 5-3, while 50 mg L* Pb did not,
with respect to the control without Pb stress, suggesting that TDF 5-3 was a potential
biomarker for high concentration of Pb in P. chrysosporium. )&)

. )

Transport process was also altered in P. chrysosporium exposed to Pb, as evidenced

ALY

by Pb-toxicity-responsive TDF 14-1 related to cellular transport. Several
N A |
metal-transporters have been identified in the transport of arsenic, aluminum and zinc
(Jacobs et al., 2002; Ovecka and Takac, 2014). Glu Qosphate adenylyltransferase
(TDF 14-1) belongs to the family of tr r{@es specifically those transferring
phosphorus-containing nucleotide groups erestingly, it was down-regulated only

after 8 h of 50 mg L™ Pb exposu . chrysosporium (Table 2) and the reason might

be attributed to the ib@s on gene expression at post-transcriptional level

(Mazzucotelli et aI.;

5. Conclusioq : )
P%@pbrium constitutes an interesting species for studying heavy metal stress

respon2® in fungi, and also for bioremediation applications in contaminated wastewater
and soil. Our studies about P. chrysosporium in response to Pb highlighted its
outstanding ability in Pb tolerance and effective defense system. By using cDNA-AFLP,
we isolated 48 differentially expressed TDFs from P. chrysosporium exposed to Pb, and

23 TDFs showed significant homology with proteins in different functional categories,
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such as ion binding, energy and carbohydrate metabolism, and signal transduction. The
detailed characterization of these Pb-responsive genes, which presented to be involved
in specific processes, will help to reveal the molecular mechanisms and regulatory
networks responsible for heavy metal accumulation and tolerance in P. chrysosporium.
However, about 46% of the identified genes did not show significant similarities to
genes with known or putative functions, which might also be involved in i

and needed further exploration. Our data provide a global view of ereryal gene
expression in P. chrysosporium exposed to Pb, and could serve ental research

clues for further studies, especially provide potential tarr@or the improvement in

bioremediation capacity of P. chrysosporium. ‘QQ(
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