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Abstract 16 

Metals released into the environment continue to be of concern for human health. 17 

Using white-rot fungi as biosorbents for heavy metals removal is an attractive 18 

alternative owing to its good performance and low cost. However, the molecular 19 

mechanism underlying heavy metal tolerance in white-rot fungi has not yet been fully 20 

elucidated. This study identified and analyzed the lead (Pb)-induced transcriptional 21 

changes in Phanerochaete chrysosporium, a well-known heavy metal 22 

hyperaccumulating white-rot fungus. The results confirmed its outstanding ability in Pb 23 

tolerance and effective defense system. By comparative analysis of gene expression 24 

profiles obtained from cDNA-amplified fragment length polymorphism (cDNA-AFLP), 25 

we isolated 43 transcript-derived fragments (TDFs) differentially regulated by Pb 26 

exposure in P. chrysosporium, and 23 TDFs presented significant similarities to genes 27 

encoding known or putative proteins which belong to different functional categories 28 

involving ion binding, energy and carbohydrate metabolism, and signal transduction. 29 

The detailed characterization of these Pb-responsive genes was presented and the 30 

expression patterns of some interesting genes were validated by quantitative RT-PCR. 31 

This work provides the first evidence of Pb-responsive genes along with their putatively 32 

functional annotations in P. chrysosporium, which may help to understand the 33 

mechanism underlying heavy metal accumulation and tolerance in P. chrysosporium. 34 
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1. Introduction 38 

Heavy metal pollution has aroused significant concerns since it can cause adverse 39 

health effects on humans, notably reproductive abnormalities, fetal death, and 40 

neurological and behavioral disorders (Gong et al., 2017; Huang et al., 2016b, 2017c; 41 

Zeng et al., 2013a,b). Among the heavy metals, lead (Pb) requires special attention for 42 

its high toxicity and long-term persistence in biological systems (Jacobs et al., 2002; Lai 43 

et al., 2016; Neale et al., 2017; Wan et al., 2018). During the past few decades, various 44 

methods including chemical precipitation, ion-exchange, adsorption, membrane 45 

filtration and electrochemical reduction/precipitation have been devoted to the heavy 46 

metal removal from wastewater (Wang et al., 2013, 2015a,b; Yu et al., 2017; Zhang et 47 

al., 2014, 2016). Biosorption is regarded as a highly efficient, cost-effective and 48 

eco-friendly solution and thus becomes a potential alternative for the removal or 49 

recovery of heavy metals from the contaminated sites (Ren et al., 2018; Xu et al., 2012a; 50 

Yang et al., 2010). Phanerochaete chrysosporium, a well-known heavy metal biosorbent, 51 

has been devised for the removal of Pb with outstanding bioaccumulation ability (Xu et 52 

al., 2012b, 2016). Simultaneously, our previous study confirmed that P. chrysosporium 53 

could survive up to 400 mg L
–1

 of Pb, which indicated that this fungus had an excellent 54 

tolerance to Pb and must have evolved an efficient defense mechanism in the alleviation 55 

of Pb toxicity (Li et al., 2015). 56 

To date, many studies have characterized the mechanisms underlying heavy metal 57 

detoxification in white-rot fungi, especially in P. chrysosporium (Petr, 2003; Zhao et al., 58 

2015). For instance, it is known that enzymatic antioxidants like superoxide dismutase 59 
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(SOD) and non-enzymatic antioxidants such as glutathione play an important part in 60 

heavy-metal detoxification in P. chrysosporium (Chen et al., 2014, Xu et al., 2016). P. 61 

chrysosporium not only exhibits an admirable accumulation capacity of Pb, but also can 62 

alleviate Pb-induced oxidative stress via its highly defensive behavior including an 63 

elevation in SOD activity and glutathione accumulation (Huang et al., 2017a). Besides, 64 

the organic acids, especially oxalate, in the extracellular polymeric substances correlate 65 

well with Pb level and tend to be the major metal chelator produced by P. 66 

chrysosporium (Li et al., 2015). However, little attention has been paid to the global 67 

molecular response of this fungus to heavy metal. The heavy metal-regulated genes as 68 

well as their role in hyper-accumulation and tolerance in P. chrysosporium are still 69 

completely unclear. 70 

The recent development of molecular biological technologies, including microarray 71 

and next generation sequencing (NGS), has allowed a simultaneous evaluation of 72 

multiple biological responses (Jiang et al., 2016; Vidal-Dorsch et al., 2016). The 73 

application of these approaches to ecotoxicology can provide rich data and is 74 

advantageous in identifying causative stressors and sources (Brockmeier et al., 2016; Jia 75 

et al., 2017). However, microarray analysis requires prior sequence information and 76 

NGS is always expensive. cDNA-amplified fragment length polymorphism 77 

(cDNA-AFLP), acting as a sensitive, efficient and reproducible RNA fingerprinting 78 

technique, has been widely used in isolating and identifying the differentially expressed 79 

genes under certain stress condition (Hiki et al., 2017; Oberholster et al., 2016). It is 80 

cost-effective and does not require prior sequence information compared with 81 



 

5 

 

microarray or NGS, and has been widely applied in identification of novel genes in 82 

various organisms (Georgieva et al., 2012; Vuylsteke et al., 2007). For example, it has 83 

been successfully applied to analysis of Mn-regulated genes in fungus Ceriporiopsis 84 

subvermispora (Gutiérrez et al., 2008)
 
and identification of Cd- and Mn-regulated genes 85 

in plants (Ruytinx et al., 2011; Zhou et al., 2017). Therefore, we employ the 86 

cDNA-AFLP technology to identify the differentially expressed genes in P. 87 

chrysosporium in response to Pb exposure. 88 

This study aimed to characterize the biochemical signals associated with the behavior 89 

of P. chrysosporium by transcriptome assay, identifying the genes activated or repressed 90 

responding to Pb exposure. Apart from the evaluation of Pb exposure on the fungal 91 

growth and fungal ability in Pb accumulation, the differentially expressed cDNA 92 

fragments in P. chrysosporium were isolated, sequenced, and the corresponding 93 

functions and their expression patterns were investigated and analyzed. The expression 94 

patterns of some interesting genes were validated by quantitative RT-PCR analysis. 95 

2. Materials and methods 96 

2.1. Strain and inoculation 97 

The P. chrysosporium strain (BKM-F-1767) was purchased from China Center for 98 

type Culture Collection (Wuhan, China). The strain was grown on potato dextrose agar 99 

plates at 37 °C for 48 h to achieve spore production. The spore suspensions were 100 

prepared by scraping spores from plates and blending them in sterile water, and its 101 

concentration was adjusted to 2.0×10
6
 CFU mL

–1
 according to our previous work 102 

(Huang et al., 2016a). Spore suspensions (2 mL) were inoculated into 100 mL of sterile 103 
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potato dextrose broth and incubated at 30 °C with shaking (150 rpm). 104 

2.2. Pb exposure test and biomass determination 105 

After 41 h incubation, cells reached the exponential growth phase based on our 106 

previous results (Huang et al., 2017a), Pb(NO3)2 solution was then added to the liquid 107 

medium and the final Pb concentrations were controlled at 0, 50, and 400 mg L
–1

. The 108 

fungus cultured without Pb was defined as the control sample. Each treatment was 109 

carried out in three replicates. The mycelia were harvested after Pb exposure for 0, 2, 8, 110 

and 24 h by filtration and washing twice with sterile water, and stored at −80 °C after 111 

frozen in liquid nitrogen. For biomass determination, the mycelia were collected at 112 

selected intervals and measured after washing twice with sterile water and drying at 113 

80 °C for 24 h. 114 

2.3. RNA extraction and cDNA synthesis 115 

  Total RNA was extracted from about 50 mg of the frozen mycelia using Trizol 116 

reagent (Invitrogen) as described previously (Huang et al., 2017b). The quality and 117 

quantity of RNA was monitored by 1% agarose gel electrophoresis and 118 

spectrophotometric analysis (Eppendorf BioPhotometer Plus, Hamburg, Germany). 119 

After removing the genomic DNA by using DNase I (Promega) at 37 ºC for 30 min and 120 

purification, the first-strand cDNA was synthesized from 2 μg of total RNA using 121 

RevertAid
TM

 First Strand cDNA Synthesis Kit (Fermentas). The synthesis of 122 

double-stranded cDNA was performed by adding Escherichia coli RNase H, E. coli 123 

DNA Ploymerase I and T4 DNA Polymerase (Promega), and terminated by EDTA (pH 124 

8.0). After cDNA synthesis, samples were purified by phenol/chloroform extractions 125 
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and checked by agarose gel electrophoresis. 126 

2.4. cDNA-AFLP analysis 127 

The cDNA-AFLP analysis was performed as described previously with slight 128 

modifications (Hiki et al., 2017; Vos et al., 1995). About 0.5 μg of double-stranded 129 

cDNA was digested first with EcoRI (Fermentas) at 37 °C for 3 h followed by MseI 130 

(Fermentas) at 65 °C for 3 h, and then heated to 80 °C for 10 min to inactivate the 131 

enzymes. The resulting restricted fragments were ligated to the EcoRI and MseI 132 

adaptors using T4 DNA ligase (NEB) at 16 °C overnight. Preamplification was 133 

performed using 25 μL of 2 × PCR Master Mix (Fermentas), 5 μL of ligation mixture, 134 

0.4 μM pre-amplification primers of EcoRI and MseI (Table 1), and nuclease-free water 135 

to a total volume of 50 μL. PCR conditions were: an initial hold of 2 min at 94 ºC, 28 136 

cycles composed of 1 min at 94 ºC, 1 min at 56 ºC and 1 min at 72 ºC, and a final hold 137 

of 5 min at 72 ºC. The preamplified products were checked by 1% agarose gel 138 

electrophoresis and diluted 50-fold with nuclease-free water. Selective amplification 139 

was performed using 10 μL of 2 × PCR Master Mix (Fermentas), 1 μL of preamplified 140 

product, 0.2 μM selective amplification primers of EcoRI and MseI (Table 1), and 141 

nuclease-free water to a total volume of 20 μL. The PCR amplification was conducted 142 

using a touch-down program as follows: an initial hold of 2 min at 94 ºC, followed by 143 

12 cycles composed of 30 s at 94 ºC, 30 s at 65 ºC (-0.7 ºC per cycle) and 1 min at 72 ºC, 144 

followed by 23 cycles composed of 30 s at 94 ºC, 30 s at 56 ºC and 1 min at 72 ºC, and 145 

a final hold of 10 min at 72 ºC. The amplification products were mixed with 146 

formamide/bromophenol blue loading buffer and denatured for 5 min at 95 ºC. The 147 
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denatured samples were separated in a 6% denaturing polyacrylamide sequencing gel at 148 

70 W constant power for 2.5 h, the resultant gel was stained with silver nitrate. 149 

2.5. Isolation, sequencing and annotation 150 

  The transcript derived fragments (TDFs) of interest that exhibited different 151 

expression patterns were excised from the gels and used as the template for 152 

re-amplification in the same conditions as that used for the selective amplification. The 153 

re-amplification products were checked by 2% agarose gel electrophoresis and purified 154 

by an agarose gel recovery kit (Solarbio, China). After ligation to pGEM-T EASY 155 

vector (Promega) and transformation in Escherichia coli (DH5α), the TDFs fragments 156 

(three clones for each one) were sequenced on an automated ABI-3730 sequencer 157 

(Applied Biosystems) at PersonalBio (Shanghai Personal Biotechnology Co., Ltd, 158 

Shanghai, China). After removing the vector sequence, the TDFs sequences were 159 

analyzed by Blast2GO software v2.0 (Conesa et al., 2005) for functional annotation. In 160 

general, the sequences were analyzed by running BlastX similarity searches against the 161 

NCBI non-redundant protein database with a cut off E-value of 10
–3

, then GO mapping 162 

and annotation with the default value. InterProScan was performed to improve 163 

annotation ability and the resulted GO terms were merged to annotation. If no 164 

significant homology result was obtained, the sequence was further analyzed using 165 

BlastN against the NCBI expressed sequence tag database so as to identify UniGene 166 

sequence clusters. Functional proteins associated with UniGene clusters were then used 167 

for annotation. After annotation, the differentially expressed transcripts were grouped 168 

according to the upper level GO terms for biological process, molecular function, and 169 
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cellular component. 170 

2.6. qRT-PCR analysis 171 

To validate the results obtained from cDNA-AFLP, qRT-PCR was conducted for 172 

some TDFs that displayed differentially expression patterns. Total RNA extraction and 173 

first-strand cDNA synthesis were conducted the same as presented above. β-actin was 174 

selected as the housekeeping gene used for normalization. Primers (Table 1) for 175 

qRT-PCR were designed using Primer Premier 5.0 (PREMIER Biosoft, Canada). The 176 

qPCR was performed in an iQ5 system (Bio-Rad, Hercules, CA) using Power SYBR 177 

Green Kit (Takara, Dalian, China). The qPCR conditions were 95 ºC, 2 min; 40 cycles 178 

of 95 ºC for 15 s and 55 ºC for 30 s; and hold at 72 ºC for 10 min. Samples for qPCR 179 

were run in three biological replicates and three technical replicates. The target gene 180 

expression was normalized relative to β-actin according to the method of Livak and 181 

Schmittgen (2001). 182 

2.7. Statistical analyses 183 

The statistical comparisons were performed by one-way analysis of variance 184 

(ANOVA) and Fisher's least significance difference test (LSD). For the analysis of 185 

cDNA-AFLP profiles, a matrix was constructed based on the presence or absence of the 186 

differentially expressed bands on the gels, which were marked as 0 (band absent or 187 

faint), 1 (band present), or 2 (band bold). Each treatment lane was used as a variable, 188 

and each transcript as an observation. An average linkage hierarchical cluster analysis 189 

(HCA) was conducted based on the correlation matrix to describe groups of TDFs 190 

co-expressed or putatively related to common metabolic pathways. The statistical 191 
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analyses were performed using SPSS v18.0 and P < 0.05 was deemed significant. 192 

3. Results 193 

3.1. Fungal growth and Pb accumulation 194 

  To determine the potential toxicity of Pb to P. chrysosporium, the present work 195 

evaluated the effect of Pb exposure time and concentration on the growth and metal 196 

accumulation of P. chrysosporium. The results showed that 50 mg L
–1

 of Pb exposure 197 

did not pose a severe threat to P. chrysosporium during the 24-h time period as 198 

evidenced by the sustained increase in biomass (Fig. 1a). Pb accumulation increased 199 

with the exposure time, which presented a faster increase before initial 8 h and 200 

relatively slower thereafter compared with biomass. No significant difference was found 201 

between the biomass of the control and the treatment with 50 mg L
–1

 Pb for 8 h (Fig. 202 

1b). However, high concentration of Pb (400 mg L
–1

) caused a significant inhibition in 203 

the growth of P. chrysosporium although it could survive in such a condition. In 204 

addition, P. chrysosporium displayed a high ability to accumulate Pb and it presented to 205 

follow a dose-dependent trend. The exposure to 400 mg L
–1

 Pb for 8 h caused 160% 206 

increase in Pb accumulation with respect to 50 mg L
–1

 Pb. 207 

3.2. Detection of differentially expressed fragments by cDNA-AFLP 208 

Different Pb concentrations (0, 50, and 400 mg L
–1

) and exposure time (0, 2, 8, and 209 

24 h) were selected to identify the differentially expressed genes in P. chrysosporium by 210 

cDNA-AFLP. By using 63 primer combinations, a total of about 300 TDFs were 211 

yielded with a 58-300 bp length range. Of these TDFs, 48 were isolated, cloned and 212 

sequenced. After trimming adapter sequences and removing redundant sequences, a 213 
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total of 43 TDFs were obtained. Because the relatively limited knowledge of gene 214 

functions was found in P. chrysosporium, only 23 TDFs sequences displayed significant 215 

similarities to genes encoding known or predicted proteins, and the other 20 TDFs did 216 

not show significant matches, as determined by BLAST search (Table 2 and 3). The 217 

results revealed 10, 4, and 5 significantly up-regulated TDFs in P. chrysosporium in 218 

response to 2, 8, and 24 h of Pb exposure respectively compared with 0 h of that, as well 219 

as 1, 4, and 3 significantly down-regulated TDFs (Table 2). The 8 h of Pb exposure to 220 

50 and 400 mg L
–1

 Pb caused a significant up-regulation of 4 and 9 genes in P. 221 

chrysosporium compared with no exposure, and a significant down-regulation of 10 and 222 

2 genes (Table 3). 223 

3.3. Functional analysis and classifications of differentially expressed TDFs 224 

The differentially expressed TDFs were analyzed with Blast2GO program for 225 

functional annotation of the GO terms of differentially expressed fragments with two 226 

approaches: BLASTn against the expressed sequence tag database and BLASTx against 227 

the non-redundant NR protein database (Wheeler et al., 2007). The results revealed that 228 

23 TDFs sequences had significant similarities to genes with known or putative 229 

functions and 20 TDFs did not show significant matches (Table 2 and 3). Of the 23 230 

TDFs, 26.1% were homologous to Phanerochaete carnosa and 13.0% to Pseudomonas 231 

sp. 232 

GO assignments describe gene products based on their associated biological 233 

processes, molecular functions, and cellular components by Blast2GO (Fig. 2). 234 

Regarding the differentially expressed fragments responded to different Pb-exposure 235 
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time, ―cellular protein catabolic process‖ and ―protein modification‖ were the GO terms 236 

most frequently encountered (25% for each) in the biological process annotations, ―ion 237 

binding‖ (23%) was the majority of annotations in the molecular function, and the 238 

annotations for cellular components were related to mitochondrion (67%) and 239 

membrane (33%) (Fig. 2a). Concerning the differentially expressed fragments related to 240 

the dose of Pb, ―signaling‖, ―ion binding‖ and ―membrane‖ were the major annotations 241 

for the biological processes, molecular functions, and cellular components, respectively 242 

(Fig. 2b). 243 

3.4. Gene expression analysis 244 

HCA was conducted to group genes with similar expression profiles and the results 245 

displayed distinct clusters of putatively coexpressed TDFs (Fig. 3). At least six groups 246 

could be identified in P. chrysosporium in the case of different Pb-exposure time (Fig. 247 

3a). For the six genes belonging to the Cluster I, an obvious up-regulation was observed 248 

after 2 h of Pb exposure, whereas 8 h and 24 h of that did not induce an obvious 249 

variation. Cluster II was characterized by an up-regulation after 8 h followed by a 250 

decline after 24 h. Two transcripts that were down-regulated after Pb treatment were 251 

grouped in the third cluster. Whereas Cluster IV including only one TDF identified as 252 

cysteine proteinase was characterized by a constant stimulation during 8 h of Pb 253 

exposure followed by a decline after 24 h. Cluster V holds together two transcripts that 254 

were down-regulated after 8 h of treatment. Finally, the TDF 13 that was identified as 255 

family sulfur acquisition oxidoreductase belonging to Cluster VI did not show a strong 256 

induction of its expression until 24 h of treatment. 257 
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  Similarly, the differentially expressed TDFs responded to different Pb-dose exposures 258 

were arranged in three clusters (Fig. 3b). TDFs identified as TonB-dependent 259 

siderophore receptor, uroporphyrin-III methyltransferase and hypothetical protein were 260 

grouped in the first cluster, with their expression down-regulated in 50 mg L
–1

 Pb for 8 261 

h. Cluster II contained a P-loop containing nucleoside triphosphate hydrolase protein 262 

which was involved in hydrolysis of the beta-gamma phosphate bond of a bound 263 

nucleoside triphosphate, the expression of which was induced after Pb treatment. Finally, 264 

the TDF 7 identified as RNA helicase was grouped in Cluster III that was up-regulated 265 

after 50 mg L
–1

 Pb exposure. 266 

3.5. qRT-PCR analysis of Pb-induced differentially expressed TDFs 267 

  To check the reliability of cDNA-AFLP assay and validate its expression profile, 268 

qRT-PCR analyses were performed for 6 TDFs. These TDFs were selected based on the 269 

significance of their expression patterns, as well as their putative physiological role, 270 

which were related to thaumatin (TDF 12-1), Pre-mRNA-splicing factor 271 

ATP-dependent RNA helicase (TDF 42-1), ATP-dependent DNA helicase (TDF 45-1), 272 

LAGLIDADG homing endonuclease (TDF 47-1), hypothetical protein (TDF 1-1) and 273 

Plasma membrane proteolipid 3 (TDF 15-1). As shown in Fig. 4, the qRT-PCR results 274 

were consistent with the expression profiles revealed by cDNA-AFLP (Table 2 and 3), 275 

supporting the reliability of this technology. 276 

4. Discussion 277 

Pb contamination in the environment is known to cause adverse effects in humans 278 

and wildlife by damaging the nervous system and causing brain disorders (Huang et al., 279 
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2008; Li et al., 2016; Zeng et al., 2017). As an effective and economical alternative, 280 

biological means such as the utilization of P. chrysosporium through biosorption and 281 

uptake has been widely used for the treatment of Pb-contaminated wastewater (Huang et 282 

al., 2017d; Ye et al., 2017; Zeng et al., 2015). In spite of the rich data on the 283 

physiological and biochemical effects of Pb on P. chrysosporium, limited information is 284 

available at the molecular level. So, this study employed transcriptomics to explore the 285 

molecular mechanisms of Pb hyperaccumulation in P. chrysosporium. 286 

4.1. Tolerance of P. chrysosporium to Pb exposure 287 

 Before identification and characterization of Pb-modulated genes in P. 288 

chrysosporium, we investigated the fungus growth and metal bioaccumulation in 289 

response to different exposure time and dose of Pb. The results indicated that P. 290 

chrysosporium displayed an outstanding resistant capacity to 50 mg L
–1

 Pb exposure, 291 

and could survive in a concentration of 400 mg L
–1

 Pb although an obvious inhibition 292 

on the growth was observed (Fig. 1). This could be ascribed to the defense mechanism 293 

of P. chrysosporium against Pb toxicity, mainly based on surface adsorption to 294 

polysaccharides, proteins or other components in the outer layer of the cell wall and 295 

uptake intracellularly (Li et al., 2015). Heavy metals that enter into the cell will pose a 296 

potential threat to fungi by directly increasing the concentration of reactive oxygen 297 

species (ROS). To alleviate the oxidative stress caused by enhanced ROS production, P. 298 

chrysosporium has evolved an antioxidant system consisting of enzymatic and 299 

non-enzymatic antioxidants (Huang et al., 2017a). In this study, high dose of Pb (400 300 

mg L
–1

) greatly induced the Pb accumulation in P. chrysosporium, and thus might 301 
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contribute to the damage of cell membranes which accounted for the growth inhibition 302 

of fungus. Nevertheless, our results reveal that P. chrysosporium is effective in Pb 303 

bioaccumulation and is a promising alternative for the treatment of Pb-contaminated 304 

wastewater. The identification and characterization of the genes involved in Pb 305 

tolerance and detoxification in P. chrysosporium can provide a potential basis for 306 

enhancement of the treatment performance. 307 

4.2. Influence of Pb exposure on transcriptome 308 

In this work, the modulation of transcriptional activity in P. chrysosporium exposed 309 

to different levels of Pb was ascertained by cDNA-AFLP, providing a comparative 310 

insight on potential Pb-regulated genes and metabolic pathways. After assembling and 311 

elimination, a total of 43 TDFs were obtained for annotation analysis. Of the 43 312 

transcripts, 23 had significant homology to proteins in various functional categories 313 

when searching the non-redundant protein database, which made them the valuable 314 

information for understanding molecular mechanism in the Pb-fungus interaction. The 315 

23 TDFs were classified based on Gene Ontology terms by Blast2GO. In terms of the 316 

biological process, a variety of annotations were attributed to ‗metabolic processes‘ such 317 

as DNA repair, RNA catabolic process, and rRNA processing, indicating that Pb 318 

exposure posed an effect on the primary metabolism of P. chrysosporium by acting on 319 

the gene transcription. Regarding the molecular function, the transcripts involved in ion 320 

binding protein and ATPase activity were significantly represented, the result supports 321 

the previous studies concerning the fungal defense against heavy metal, reporting that 322 

the extracellular carboxylic and thiol groups played an important role in Pb 323 



 

16 

 

detoxification through binding (Li et al., 2015; Xu et al., 2014). 324 

qRT-PCR validation results showed that the expression patterns of selected genes 325 

were consistent with that observed in cDNA-AFLP, confirming that the use of 326 

cDNA-AFLP together with qRT-PCR validation is a reliable strategy to obtain the ‗true‘ 327 

differentially expressed transcripts in P. chrysosporium exposed to Pb. 328 

4.3. Potential target genes involved in defense mechanism 329 

  In recent years, several efforts have been devoted to the molecular mechanism behind 330 

the heavy metal tolerance of hyperaccumulators along with its potential genes for 331 

photoremediation, however, the related studies on fungi are limited. In the present work, 332 

twenty three genes as well as their role have been identified in fungus P. chrysosporium 333 

in response to Pb exposure. They are attributed to ion binding, energy and carbohydrate 334 

metabolism, signal transduction, and so on, according to the GO category of molecular 335 

function by Blast2GO. 336 

  Extracellular chelation through binding onto cell-wall components, which can 337 

contribute to the reduced uptake of metals into the cytosol, is known as an important 338 

tolerance mechanism to heavy metals in fungi (Ruytinx et al., 2011). In addition, several 339 

metal-binding proteins have been shown to function in the microbial heavy metal 340 

detoxification system, such as the periplasmic mercury-binding protein MerP (DeSilva 341 

et al., 2002) and the periplasmic nickel-binding protein NikA (Nies, 1999). Herein, we 342 

isolated four up-regulated TDFs (5-3, 7-2, 9-2, 13-1) and two down-regulated TDFs 343 

(14-1, 16-2) related to ion binding (GO: 0043167), which accounted for a majority of 344 

annotations in molecular function, suggesting that ion binding might play a role in Pb 345 
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tolerance. However, we found that metallopeptidase (TDF 41-1) was repressed in P. 346 

chrysosporium after exposure to 50 mg L
–1

 Pb for 2–24 h (Table 2), implying that 347 

metallopeptidase was down-regulated in response to Pb toxicity and it might not play an 348 

important role in defense against Pb stress. The same result was observed in other heavy 349 

metals such as chromium (Cammarota et al., 2006) and arsenic (Zheng et al., 2003).  350 

ATPase plays key roles in cell energy metabolism by synthesizing ATP (Wu et al., 351 

2014) and functions in diverse cellular processes such as DNA replication and cell cycle 352 

regulation (Snider et al., 2008). The uptake of heavy metals by cell often uses ATP 353 

hydrolysis as the energy source (Nies, 1999). Zhou et al. (2017) observed that 354 

manganese up-regulated and down-regulated AAA-type ATPase family protein 355 

(NP_197195.2) in Citrus grandis and Citrus sinensis, respectively. We found that three 356 

TDFs (5-3, 7-2, 9-2) related to ATPase activity (GO: 0016887) were all up-regulated in 357 

response to different dose (50–400 mg L
–1

) or time (2–24 h) of Pb exposure, indicating 358 

that ATPase was involved in tolerance of P. chrysosporium to Pb. In addition, we 359 

identified another two up-regulated TDFs, TDF 42-1 and 45-1, which were recognized 360 

as ATP-dependent RNA/DNA helicase and related to nucleic acid metabolism, and the 361 

qRT-PCR analysis validated the expression of the two genes whose expression level was 362 

significantly higher after 8 h (TDF 42-1) and 2 h (TDF 45-1) of Pb exposure than that at 363 

0 h. 364 

Besides, it was found that the expression of TDFs (5-3, 10-1) related to signal 365 

transduction was altered in Pb-toxic P. chrysosporium. TDF 5-3 was recognized as 366 

P-loop containing nucleoside triphosphate hydrolase protein (Table 3), which was 367 
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reported to be involved in diverse cellular functions, such as signal transduction, DNA 368 

repair, protein transport and localization, signal-sequence recognition, membrane 369 

transport and activation of various metabolites (Pathak et al., 2014). The stress of 400 370 

mg L
–1

 Pb significantly induced the expression of TDF 5-3, while 50 mg L
–1

 Pb did not, 371 

with respect to the control without Pb stress, suggesting that TDF 5-3 was a potential 372 

biomarker for high concentration of Pb in P. chrysosporium. 373 

Transport process was also altered in P. chrysosporium exposed to Pb, as evidenced 374 

by Pb-toxicity-responsive TDF 14-1 related to cellular transport. Several 375 

metal-transporters have been identified in the transport of arsenic, aluminum and zinc 376 

(Jacobs et al., 2002; Ovečka and Takáč, 2014). Glucose-1-phosphate adenylyltransferase 377 

(TDF 14-1) belongs to the family of transferases, specifically those transferring 378 

phosphorus-containing nucleotide groups. Interestingly, it was down-regulated only 379 

after 8 h of 50 mg L
–1

 Pb exposure in P. chrysosporium (Table 2) and the reason might 380 

be attributed to the influence on gene expression at post-transcriptional level 381 

(Mazzucotelli et al., 2008). 382 

5. Conclusion 383 

P. chrysosporium constitutes an interesting species for studying heavy metal stress 384 

response in fungi, and also for bioremediation applications in contaminated wastewater 385 

and soil. Our studies about P. chrysosporium in response to Pb highlighted its 386 

outstanding ability in Pb tolerance and effective defense system. By using cDNA-AFLP, 387 

we isolated 48 differentially expressed TDFs from P. chrysosporium exposed to Pb, and 388 

23 TDFs showed significant homology with proteins in different functional categories, 389 



 

19 

 

such as ion binding, energy and carbohydrate metabolism, and signal transduction. The 390 

detailed characterization of these Pb-responsive genes, which presented to be involved 391 

in specific processes, will help to reveal the molecular mechanisms and regulatory 392 

networks responsible for heavy metal accumulation and tolerance in P. chrysosporium. 393 

However, about 46% of the identified genes did not show significant similarities to 394 

genes with known or putative functions, which might also be involved in its tolerance 395 

and needed further exploration. Our data provide a global view of differential gene 396 

expression in P. chrysosporium exposed to Pb, and could serve as fundamental research 397 

clues for further studies, especially provide potential targets for the improvement in 398 

bioremediation capacity of P. chrysosporium. 399 
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