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stress-responsive, phase I and phase II metabolic enzymes. 
Results obtained in this study indicate the coordinated 
action of enzymes involved in lignin depolymerization and 
detoxification-stress responses under ligninolytic condi-
tions. We have developed tentative network of genes and 
enzymes involved in lignin degradation and detoxification 
mechanisms by P. chrysosporium based on the literature 
and results obtained in this study. However, ambiguity 
raised due to higher expression of several uncharacterized 
proteins necessitates for further proteomic studies in P. 
chrysosporium.

Keywords  Phanerochaete chrysosporium · 
Transcriptome · Lignocellulose · Gene expression omnibus 
(GEO) · GEO2R · Detoxification responses · Phase I and 
phase II metabolic enzymes

Introduction

Naturally, wood is composed of two organic compound 
groups (a) carbohydrates (65–75%) and (b) lignin (20–30%) 
along with organic extraneous compounds (4–10%) and 
inorganic minerals (calcium, potassium, etc.) (Nascimento 
et  al. 2013). Lignin constitutes second most abundant 
biopolymer, found in closer associations with cellulose and 
hemicellulosic units, complex polyphenolic units and non-
phenolic linkages provide lignin with high stability. Lignin 
is considered as major bottleneck in biofuel industries, as it 
is necessary to separate lignin from other units of biomass 
for the efficient production of biofuels. Also, if degraded 
efficiently lignin can be used to produce commercially 
important platform chemicals. Only few microorganisms 
were reported till today with efficient lignin degrading abil-
ities. Phanerochaete chrysosporium is a wood-degrading 

Abstract  Lignin, most complex and abundant biopoly-
mer on the earth’s surface, attains its stability from intri-
cate polyphenolic units and non-phenolic bonds, making 
it difficult to depolymerize or separate from other units of 
biomass. Eccentric lignin degrading ability and availability 
of annotated genome make Phanerochaete chrysosporium 
ideal for studying lignin degrading mechanisms. Decod-
ing and understanding the molecular mechanisms under-
lying the process of lignin degradation will significantly 
aid the progressing biofuel industries and lead to the pro-
duction of commercially vital platform chemicals. In this 
study, we have performed a large-scale metadata analysis 
to understand the common gene expression patterns of P. 
chrysosporium during lignin degradation. Gene expres-
sion datasets were retrieved from NCBI GEO database and 
analyzed using GEO2R and Bioconductor packages. Com-
monly expressed statistically significant genes among dif-
ferent datasets were further considered to understand their 
involvement in lignin degradation and detoxification mech-
anisms. We have observed three sets of enzymes commonly 
expressed during ligninolytic conditions which were later 
classified into primary ligninolytic, aromatic compound-
degrading and other necessary enzymes. Similarly, we have 
observed three sets of genes coding for detoxification and 
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white rot fungus belonging to Basidiomycetes fungi, well 
known for its eccentric lignin degrading ability (Randall 
and Reddy 1992; Singh and Chen 2008). Apart from lignin, 
P. chrysosporium also exhibits great ability in degrading 
and mineralizing various synthetic dyes, organic pollutants 
such as 2,4-dichlorophenol, 2,4-dinitrotoluene, endosulfan, 
pentachlorophenol, phenanthrene and several other harmful 
organic chemicals (Kullman and Matsumura 1996; Reddy 
and Gold 2000; Valli et  al. 1992; Valli and Gold 1991). 
Degrading ability of P. chrysosporium is credited to its 
highly efficient enzyme system; it secretes a wide range of 
oxidative and hydrolytic enzymes for the successful degra-
dation of various organic compounds. Several studies have 
reported about the lignin-degrading enzyme system of P. 
chrysosporium, which majorly consists of ligninolytic per-
oxidases such as lignin peroxidase (LiP), manganese perox-
idase (MnP) and hydrogen peroxide generating enzymes. P. 
chrysosporium induces its enzyme arsenal under nutrient-
deficient culture conditions during its secondary metabo-
lism (Keyser et  al. 1978). Studies have reported that P. 
chrysosporium enzyme system can catalyze the primary 
oxidation of various persistent xenobiotic compounds such 
as chloroaromatic, polyaromatic compounds and dioxins 
(Hammel et al. 1986).

Martinez et  al. (2004) has sequenced and annotated 
the whole genome of P. chrysosporium, in fact it was the 
first whole genome sequence from phylum Basidiomy-
cota (Martinez et  al. 2004). The 30  Mb haploid genome 
of P. chrysosporium with 11,777 protein coding genes 
has revealed several significant facts about the genes and 
enzymes involved in wood decaying process (Martinez 
et  al. 2004). Genome of P. chrysosporium majorly codes 
for cytochrome P450 superfamily, glucose methanol cho-
line oxidoreductases, protein kinases, alcohol oxidases, 
short-chain reductases, aspartyl proteases, von Willebrand 
factor, lectin type proteins and several other ligninolytic 
enzymes (Figure S1). Present-day annotated genome of P. 
chrysosporium RP-78 v2.2 encodes about 444 CAZymes 
[glycoside hydrolase (181), glycosyl transferases (70), aux-
iliary activity (89), carbohydrate binding domains (65), 
carbohydrate esterases (20) and polysaccharide lyases (6)] 
out of which auxiliary activity, carbohydrate esterases and 
glycosyl transferases were found during lignin degradation. 
(Martinez et  al. 2004; Wymelenberg et  al. 2006) (Figure 
S2). Genome level transcriptome studies conducted during 
last decade has revealed several significant facts about the 
differential expression patterns of several genes involved in 
lignin depolymerization.

Minami et  al. (2007) have performed a LongSAGE 
analysis on P. chrysosporium to understand the changes 
in transcriptome during the initiation of manganese per-
oxidase and lignin peroxidase enzymes. LongSAGE analy-
sis has revealed about several candidate gene sequences 

involved in regulation of the LiP and MnP enzyme pro-
duction (Minami et  al. 2007) (GSE6649). Wymelenberg 
et  al. (2009) have studied the extracellular protein prod-
ucts of P. chrysosporium grown under nutrient-limited and 
replete conditions. Results obtained by them have con-
firmed the expression of several lignocellulose degrading 
enzymes under nutrient-limited conditions and also rein-
forced the role of novel proteins (Wymelenberg et al. 2009) 
(GSE14735). To study the extracellular proteins secreted 
by P. chrysosporium under standard cellulolytic conditions, 
Wymelenberg et  al. (2009) have performed a whole tran-
scriptome study. This gene expression study has confirmed 
the significance of carbohydrate active enzymes and sup-
ported the function of many novel proteins involved in lig-
nocellulose degradation (Wymelenberg et  al. 2009, 2010) 
(GSE14734). Wymelenberg et  al. (2011) have conducted 
transcriptome study to analyze the gene expression pat-
terns of Postia placenta and Phanerochaete chrysosporium 
colonized on (aspen) Populus grandidentata and (pine) 
Pinus strobus. Results have showed that transcriptome 
of these fungi is significantly influenced by wood species 
and this study has majorly differentiated molecular mecha-
nisms employed by white and brown rot decay patterns 
(Wymelenberg et  al. 2011) (GSE27941). Thuillier et  al. 
(2014) have performed a transcriptome study of Phanero-
chaete chrysosporium cultured on oak acetonic extracts and 
reported that P. chrysosporium employs both intracellular 
antioxidative detoxification mechanisms along with extra-
cellular enzymes for lignin degradation. This study has 
also revealed the functional characteristics of PcGTT2.1, 
a glutathione-S-transferase isoform, involved in reducing 
the cellular toxicity caused by lipid peroxidation and also 
reported the loss of GTT2.1 isoform in some of the non-
wood-decaying fungi (Thuillier et  al. 2014) (GSE54542). 
Gaskell et al. (2014) have conducted experiments to under-
stand the gene expression patterns of P. chrysosporium, 
colonized on hybrid poplar (Populus alba x tremula), 82 
and 64 transgenic derivatives (syringyl rich). The micro-
array results have showed that gene expression patterns 
of P. chrysosporium are considerably influenced by lignin 
composition of the growth substrate, especially peptides 
corresponding to various oxidoreductases were found to 
be highly expressed in 82 and 64 transgenic line substrates 
(Gaskell et al. 2014) (GSE52922). Korripally et al. (2015) 
have performed a whole transcriptome study of P. chrys-
osporium by culturing it on spruce wood samples with 
an efficient oxidant sensing beads at 40 and 96-h incuba-
tion periods. This study has also revealed the functional 
properties of 72 unknown proteins available under the P. 
chrysosporium genome database v2.2, cytochrome P450 
monooxygenases and transporters (Korripally et  al. 2015) 
(GSE69461). Skyba et al. (2016) have performed a whole 
transcriptome study of P. chrysosporium and P. placenta, 
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cultured on three Populus trichocarpa (poplar) wood 
substrates with different chemical compositions (Skyba 
et  al. 2016). This study has clearly showed the influence 
of growth substrate (wood composition) and incubation 
period on the gene expressions of P. chrysosporium and P. 
placenta (Skyba et  al. 2016) (GSE69008). All the above 
genome-wide studies have significantly influenced the pre-
sent-day understanding about the plant cell wall degrading 
abilities of P. chrysosporium and revealed functional prop-
erties of several uncharacterized proteins.

During the process of wood degradation, P. chrys-
osporium is exposed to various highly toxic phenolic plant 
extractives such as flavonoids, quinones, stilbenes and 
tannins (Table-SI) (Nascimento et  al. 2013; Shalaby and 
Horwitz 2015; Thuillier et  al. 2014). Among these plant 
extractives, flavonoids and stilbenes possess strong anti-
fungal properties and are also required for the durability 
of wood (Feraydoni and Hosseinihashemi 2012; Harborne 
and Williams 2000; Nascimento et  al. 2013). However, 
the ligninolytic white rot fungi have developed an efficient 
enzyme system involved in antioxidant and detoxification 
mechanisms (Thuillier et al. 2014). Majorly the detoxifica-
tion system of white rot fungi can be classified into phase I 
(cytochrome P450 group, epoxide hydrolases) and phase II 
(glutathione-S-transferase, quinone oxidoreductase, UDP-
glucuronosyltransferases) enzyme systems. These enzyme 
systems are specifically induced by a variety of xenobiotics 
and plant extractive compounds (Doddapaneni and Yadav 
2005). Thus, most of the white rot fungi maintain a com-
plementary system of extracellular enzymes involved in 
wood degradation and a simultaneous intracellular antioxi-
dant and detoxification systems.

Studies have reported that P. chrysosporium is equipped 
with a large number of genes coding for cytochrome P450 
monooxygenases, phase I and phase II metabolic enzymes 
and signaling cascade genes (Doddapaneni and Yadav 
2005). In the last decade, extensive research has been per-
formed on the cytochrome P450 monooxygenases and its 
role in several physiological and catalytic processes of P. 
chrysosporium such as ligninolysis, secondary metabolism 
and xenobiotic degradation processes. Doddapaneni and 
Yadav (2005) has performed global gene expression studies 
of P. chrysosporium to explain the differential expression 
patterns of cytochrome P450 monooxygenases using a cus-
tom-designed 70-mer oligonucleotide microarray. For the 
first time this study has proved the involvement of cAMP 
and MAP kinase signaling pathways during the biodeg-
radation and secondary metabolism of P. chrysosporium 
(Doddapaneni and Yadav 2005). Later, studies have also 
reported that cAMP and calmodulin (CaM) signaling 
mechanisms play crucial role in expression of ligninolytic 
peroxidases, as expression of calmodulin inhibitor W-7 in 
P. chrysosporium has resulted in regulation of lip and mnp 

genes and their isoforms (Sakamoto et  al. 2010; Suetomi 
et  al. 2015). Subramanian and Yadav (2009) have proved 
the significance of P450 monooxygenases in degradation of 
nonylphenol (endocrine-disrupting chemical) under differ-
ent nutrient conditions using a custom-designed microarray. 
This study has shown the involvement of P450 monooxyge-
nases in nonylphenol degradation (Subramanian and Yadav 
2009). In the year 2009, Jiang et al. has performed genome-
wide expression analysis specifically for identifying the 
genes involved in secondary metabolism of P. chrys-
osporium. This study has revealed the expression of genes 
coding for enzymes such as aryl alcohol dehydrogenase, 
cytochrome P450, alkyl hydroperoxide reductase, catalase, 
and ABC transporters (Jiang et al. 2009). Subramanian and 
Yadav (2009) have reported the transcriptome profiles of 
cytochrome P450 in P. chrysosporium under varied nutri-
ent conditions (Subramanian and Yadav 2008). Expression 
of P450 enzymes under different nutrient conditions sug-
gests the role of P450 enzymes in the catalytic activity of 
P. chrysosporium. Differential expression of certain P450 
enzymes during low- and high-nutrient conditions reveals 
the specific role played by these enzymes under ligninolytic 
and non-ligninolytic conditions (Subramanian and Yadav 
2008). Chigu et  al. (2010) have performed transcriptomic 
profiling of P. chrysosporium cytochrome P450 monooxy-
genases (PcCYPS) involved in anthracene metabolism 
(Chigu et al. 2010). This study has revealed that 14 PcCYP 
genes are involved in step by step conversion of anthracene 
to anthraquinone. 12 PcCYPS are up-regulated upon exog-
enous addition of anthracene. Out of 12 PcCYPS, 5 genes 
showed high catalytic activity against anthracene and also 
reported that these genes play major role in in vivo anthra-
cene metabolism (Chigu et al. 2010).

In this study, we have conducted a large-scale metadata 
analysis on P. chrysosporium gene expression datasets, spe-
cifically to demonstrate the common gene expression pat-
terns involved during extracellular lignin degradation and 
intracellular detoxification mechanisms. To the extent of 
our knowledge this is the first report on metadata analysis 
of P. chrysosporium for demonstrating lignin degradation 
and detoxification and stress-responsive mechanisms.

Data retrieval and methodology

Data retrieval

We have used the term P. chrysosporium to search for the 
gene expression datasets available in NCBI Gene expres-
sion omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/), 
a public repository for gene expression datasets. All the 
gene expression dataset corresponding to P. chrysosporium 
listed under “GEO Datasets” window was carefully 

https://www.ncbi.nlm.nih.gov/geo/
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analyzed by accessing experimental information provided 
by corresponding research team under “Accession dis-
play” window. Totally, there are ten gene expression data-
sets which are currently available in GEO database out of 
which we have retrieved total of 8 P. chrysosporium gene 
expression datasets (six were microarray datasets, one 
RNA sequencing and one LongSAGE dataset). The NCBI 
GEO accession IDs of gene expression datasets retrieved 
were GSE14734, GSE14735, GSE54542, GSE27941, 
GSE52922, GSE69008, GSE69461 and GSE6649. Sub-
strate and platform level details of these gene expression 
datasets are shown in Table  1. We have specifically con-
sidered P. chrysosporium gene expression datasets which 
were based on the natural plant biomass and simple syn-
thetic compounds containing growth mediums to monitor 
the change in gene expression patterns under ligninolytic 
conditions.

Data analysis

The microarray datasets retrieved were analyzed using 
GEO2R (an R-based interactive online tool) (https://www.
ncbi.nlm.nih.gov/geo/info/geo2r.html) and Bioconductor 
packages GEOquery and limma based on R software ver-
sion 3.2.2. The settings used in GEO2R for analyzing the 
microarray datasets were listed below autodetect option (for 
log transformation of the data), box–whisker plot (samples 
and value distributions) and submitter provided annotations 
(for gene level annotations). The experimental design and 
sample grouping information were obtained from the gene 
expression datasets and the corresponding literature. Top 

250 function was used to obtain the differentially expressed 
genes statistically significant genes, the Top 250 function 
internally uses limma (linear models for microarray data) 
for the statistical analysis and the genes are ranked based 
on their p values. The differentially expressed genes were 
obtained after performing Benjamini and Hochberg false 
discovery rate multiple testing correction method with a 
p value 0.05. The profile graphs were obtained for the dif-
ferentially expressed genes, which were reported in the 
supplementary file-S1 (Figure S3). As we have mentioned 
earlier, the process of biological contextualization was 
based on the supplier provided annotations and supplemen-
tary information which included mainly InterPro Hits and 
Protein IDs. The gene and protein level annotations of P. 
chrysosporium were also obtained from MycoCosm (fungal 
genome repository) (Grigoriev et al. 2011, 2013). We have 
also used other analysis options available in JGI-Myco-
Cosm such as Gene Ontology (GO) (Botstein et al. 2000; 
Consortium 2015), EuKaryotic Orthologous Groups (KOG) 
(Tatusov et al. 2003) and CAZy (Cantarel et al. 2009; Lom-
bard et al. 2014) for analyzing the results obtained. The dif-
ferentially expressed genes were also represented as hier-
archical clusters using the Cluster 3.0 software (de Hoon 
et al. 2004) based on cluster for both genes and arrays using 
the complete linkage options, thus obtained cluster output 
files were used for visualization and development of den-
drograms using Java Treeview software using the stand-
ard conditions (Saldanha 2004) (Figure S4). We have used 
Venny 2.1 (Oliveros 2007) and Jvenn (Bardou et al. 2014) 
softwares to get the common differentially expressed gene 
lists among different datasets. We have retrieved sample 

Table 1   Details of the P. chrysosporium transcriptome metadata retrieved from NCBI GEO and NCBI SRA

GEO-ID Platform and technology Substrate #Samples References

GSE54542 NimbleGen Phanerochaete chrys-
osporium arrays

Oak acetonic extractives 6 Thuillier et al. (2014)

GSE27941 NimbleGen Phanerochaete chrys-
osporium arrays

Ball-milled aspen, Ball-milled pine 6 Wymelenberg et al. (2011)

GSE52922 NimbleGen Phanerochaete chrys-
osporium arrays

P717 hybrid line, Transgenic line 82
Transgenic line 64

9 Gaskell et al. (2014)

GSE14734 NimbleGen Phanerochaete chrys-
osporium arrays

Cellulose, Glucose, Ball-milled aspen 9 Wymelenberg et al. (2009, 2010)

GSE14735 NimbleGen Phanerochaete chrys-
osporium arrays

Replete medium
Carbon limited
Nitrogen limited

9 Wymelenberg et al. (2009, 2010)

GSE69008 NimbleGen Phanerochaete chrys-
osporium arrays

Poplar wood substrates 24 Skyba et al. (2016)

GSE6649 Long Serial analysis of gene expression Basal III medium (1% (v/v), 1% (w/v) 
glucose, 20 mM Na-2,2-dimethylsucci-
nate (pH 4.5), 0.0001% thiamine, and 
1.2 mM ammonium tartrate) 3 mM 
veratryl alcohol

2 Minami et al. (2007)

GSE69461 Illumina HiSeq 2000 Picea glauca (spruce sapwood) 18 Korripally et al. (2015)

https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
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level RPKM (Reads Per Kilobase of transcript per Million 
mapped reads) values from the supplementary information 
of GSE69461 dataset (Korripally et al. 2015). Further sta-
tistical analysis was performed on the sample level RPKM 
values using edge R (McCarthy et al. 2012; Robinson et al. 
2010; Robinson and Smyth 2008; Zhou et al. 2014), limma 
(Ritchie et  al. 2015) and Glimma Bioconductor packages 
Glimma (http://bioconductor.org/packages/release/bioc/
html/Glimma.html) to obtain statistically significant dif-
ferentially expressed genes, reported in supplementary 
material-S2. From the obtained results genes encoding for 
ligninolytic and detoxification, stress-responsive pathways 
were specifically retrieved based on their InterPro annota-
tions. Sample level data of GSE6649 (LongSAGE) dataset 
was retrieved from NCBI GEO database and was further 
analyzed using Identification of Differentially Expressed 
Genes 6 (IDEG6), orphan tags were removed (sequential 
errors) and further statistical analysis was performed using 
Audic-Claverie test, as reported by (Minami et  al. 2009). 
We have reported the process of data analysis earlier in our 
previous work which reported the metabolic and molecular 
gene networks employed by P. chrysosporium during cel-
lulose and hemicellulose degradation (Kameshwar and Qin 
2017).

Summary of data analysis

Based on the growth substrates used for culturing of P. 
chrysosporium, the gene expression datasets considered 
for the present study were divided as customized syn-
thetic growth medium (containing cellulose, glucose or 
other commercially available nutrients supplemented with 
Highley’s basal medium) and complex natural plant bio-
mass medium (containing ball-milled aspen, ball-milled 
pine, spruce wood and poplar wood substrates) reported 
earlier (Kameshwar and Qin 2017). The accession IDs of 
gene expression datasets belonging to customized synthetic 
growth mediums were GSE14734 [HBM supplemented 
with 0.5% (wt/vol) of BMA or cellulose or glucose as sole 
carbon source), GSE14735 (replete B3 medium, carbon-
limited medium and nitrogen-limited medium] (Wymelen-
berg et al. 2009, 2010) and GSE6649 (Minami et al. 2007). 
The GEO accession IDs of complex natural plant biomass 
medium were GSE27941 (0.5% of ball-milled aspen and 
ball-milled pine as the sole carbon source supplemented 
with HBM) (Wymelenberg et al. 2011), GSE52922 [paren-
tal hybrid clone line Populus trichocarpa P717 (65 mol% 
of syringyl), transgenic line 64 (94% syringyl) and trans-
genic line 82 with (85  mol% of syringyl)] (Gaskell et  al. 
2014), GSE54542 (fine-powdered oak heartwood samples 
extracted using acetone and further resuspended in DMSO 
followed by a set of extraction processes) (Thuillier et  al. 

2014), GSE69461 (microtomed tangential sections of 
Picea glauca coated with 90 µl of agar supplemented with 
nitrogen mineral salt medium) (Korripally et  al. 2015). 
Similarly GSE69008 contained chemically distinct Popu-
lus trichocarpa wood substrates: high lignin–low glucose 
(A), low lignin–high glucose (B) and average lignin–aver-
age glucose (C) (Skyba et al. 2016). The detailed explana-
tion about the experimental conditions and growth proto-
cols performed for the gene expression study protocol can 
be followed from the corresponding literature cited (Figure 
S6).

Results

Lignin‑oxidizing and auxiliary enzymes

Degradation of lignin and its derivatives is the subject of 
interest since several years. Advancement of high-through-
put genomic and proteomic methods in the recent years has 
revealed various significant facts about lignin degradation 
mechanisms employed by P. chrysosporium. According 
to Kirk et al. (1987), an array of oxidases and peroxidases 
is secreted by white rot fungi for the initial degradation 
of lignin, these reactions release highly reactive and non-
specific free radicals which leads to a complex series of 
spontaneous cleavage reactions (Alic et al. 1991; Kirk and 
Farrell 1987; Martinez et  al. 2004). Most of the Basidio-
mycetes fungi and especially white rot fungi secrete extra-
cellular laccases, which are involved in the single electron 
oxidation of phenols, phenoxy radicals, aromatic amines 
and electron-rich compounds, ultimately transferring four 
electrons to O2 and reducing it to H2O molecule (Kirk and 
Farrell 1987; Thurston 1994). The whole genome sequenc-
ing studies have showed that P. chrysosporium does not 
code for any conventional laccase; however, it codes for a 
cluster of four multicopper oxidases (MCO) and ferroxi-
dase enzymes. Thus, multicopper oxidases and ferroxidases 
secreted by P. chrysosporium are involved in extracellu-
lar oxidation of lignin along with other lignin-oxidizing 
enzymes (Martinez et al. 2004). P. chrysosporium genome 
consists of ten lip genes coding for lignin peroxidases, five 
mnp genes coding for manganese peroxidase and 1 hybrid 
peroxidase (pc.91.32.1) encoding gene sequences (Mar-
tinez et  al. 2004). From the metadata analysis, we have 
observed that expression of peroxidase-encoding genes in 
P. chrysosporium varies differentially based on the source 
of nutrients and time of infection. Gene expression studies 
mainly GSE14735, GSE69008, GSE69461 and GSE52922 
have provided a significant evidence on differential expres-
sion of the ligninolytic peroxidases. Earlier studies have 
reported the differential expression of lignin peroxidase 
under nutrient-limited conditions, but the mechanism 

http://bioconductor.org/packages/release/bioc/html/Glimma.html
http://bioconductor.org/packages/release/bioc/html/Glimma.html
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behind its expression is not clear. Current metadata analy-
sis supports previous findings on the expression of lignin-
degrading peroxidases in P. chrysosporium both in syn-
thetic and natural supplemented medium.

Fungal lignin peroxidase-coding genes were highly 
expressed when P. chrysosporium was cultured on ball-
milled aspen, nitrogen and carbon-limited medium, hybrid 
line P717, transgenic line 82, transgenic line 64, control, 
high lignin–low glucose, day 3 cultures of GSE6649 and 
spruce wood at 96  h of incubation. The genes encod-
ing manganese peroxidases were only found to be highly 
expressed in spruce wood 96-h incubation sample. Animal 
haem peroxidases were expressed in cellulose, carbon- and 
nitrogen-limited, ball-milled aspen, transgenic line 82, 
hybrid line P717, and low lignin–high glucose, average 
lignin–average glucose mediums. Chloroperoxidases were 
highly expressed in ball-milled aspen, cellulose growth 
medium, transgenic line 64. GMC oxidoreductases coding 
genes were highly expressed in ball-milled aspen, cellulose 
medium, transgenic line 64, high lignin–low glucose and 
40-h incubation period. Glyoxal coding genes were highly 
expressed in cellulose, glucose, carbon-limited nutrient 
mediums. Multicopper oxidase-encoding genes were dif-
ferentially expressed in spruce wood incubated for 96  h 
under high lignin–low glucose conditions. Genes encod-
ing amine oxidase or flavin amine oxidase, copper amine 
oxidase were differentially expressed in high lignin–low 
glucose, average lignin–average glucose, nitrogen-limited 
conditions, and 40-h incubation period growth samples. 
Genes encoding for copper radical oxidase and aryl alcohol 
dehydrogenase were found to be highly expressed in 40-h 
incubation period samples.

Delta-9 acyl-CoA desaturase which is involved in 
unsaturated fatty acid biosynthesis was found to be highly 
expressed in nitrogen-limited, glucose, cellulose, ball-
milled pine, 64 and 82 transgenic lines, oak acetonic 
extractives and low lignin–low glucose, average glu-
cose–average lignin conditions. Major intrinsic protein 
genes were expressed in nitrogen- and carbon-limited, 
ball-milled aspen, spruce wood 96-h incubated samples. 
ABC transporter genes were expressed in glucose, trans-
genic line 82, parent line P717, low lignin–high glucose, 
average lignin–average glucose, control, spruce wood 40-h 
incubated conditions. Major facilitator superfamily-coding 
genes were highly expressed in ball-milled aspen, carbon-, 
nitrogen-limited medium, high lignin–low glucose, trans-
genic line 64, 96-h incubation and control growth condi-
tions. Tetra/Oligopeptide transporters were differentially 
expressed in nitrogen-limited medium, ball-milled aspen, 
low lignin–high glucose, average lignin–average glucose 
growth conditions. Fumaryl acetoacetase-encoding genes 
were expressed in high lignin–low glucose; fumarate reduc-
tase gene was expressed in spruce wood 40-h incubation 

samples. Short-chain dehydrogenase/reductase-encoding 
genes were expressed in carbon- and nitrogen-limited, 
spruce wood 96-h samples, control samples (GSE54542), 
transgenic line 64, low lignin–high glucose, average 
lignin–average glucose samples. Aromatic ring hydroxy-
lase-encoding genes are differentially expressed in cellu-
lose, spruce wood 40 h of incubation, average lignin–aver-
age glucose, low lignin–high glucose conditions, transgenic 
line 64 growth conditions. Dienelactone hydrolase-coding 
genes are highly expressed in glucose, ball-milled aspen, 
and average lignin–average glucose conditions. Due to 
their little reactivity, aromatic compounds derived from 
lignin degradation are usually attacked with the help of 
oxygen by oxygenases which results in intermediates like 
catechol or protocatechuate (Dagley et  al. 1960; Fuchs 
et al. 2011). Mainly the process of peripheral degradation 
is commenced through central ring cleavage which is oxi-
datively catalyzed by ring cleavage dioxygenases (Gibson 
and Parales 2000; Vaillancourt et al. 2006). Extradiol ring 
hydroxylase genes are highly expressed in parent line P717, 
transgenic line 82, intradiol ring cleavage dioxygenase is 
highly expressed in high lignin–low glucose conditions.

Aldehyde dehydrogenase-encoding genes were differen-
tially expressed in glucose, replete, nitrogen-limited, ball-
milled aspen, transgenic line 64, low lignin–high glucose 
and spruce wood 96-h incubated conditions. Zinc alcohol 
dehydrogenase-encoding genes were highly expressed 
in replete, ball-milled aspen, transgenic line 64, low 
lignin–high glucose (20 days) growth conditions. Aldo/
keto reductase-encoding genes were highly expressed in 
glucose, carbon-limited, transgenic line 64. According to 
Robson et  al., aldo/keto reductases support the process of 
lignin degradation by providing hydrogen peroxide and 
ROS through oxidation of NADPH (Tramontina et  al. 
2017). Beta keto acyl synthase gene is highly expressed in 
glucose, ball-milled aspen, low lignin–high glucose, aver-
age lignin–average glucose growth conditions. Acetami-
dase or formamidase is expressed in nitrogen-limited, low 
lignin–high glucose, average lignin–average glucose con-
ditions. It was reported that genes encoding for enzymes 
acetamidase, formamidase, uricase and amidohydrolase 
were found to be highly expressed by P. chrysosporium dur-
ing nitrogen limitations (Tonon et al. 1990). Acetate kinase 
gene was expressed in replete, ball-milled aspen conditions, 
earlier studies have reported that metabolism of hydroxy-
cinnamic acids (vanillin, p-coumaric and ferrulic acids) 
in Streptomyces setonii resulted in accumulation of acetic 
acid by causing shift in activities of alcohol dehydrogenase 
to acetate kinase (Filannino et  al. 2014; Sutherland et  al. 
1983). Taurine catabolic dioxygenase is highly expressed 
in ball-milled aspen growth condition; 3-hydroxyacyl-
CoA dehydrogenase gene is highly expressed in glucose 
medium. Genes coding for 2-nitropropane dioxygenase 



Curr Genet	

1 3

were highly expressed in low lignin–high glucose, aver-
age lignin average glucose conditions. Carbonic anhydrase 
genes were highly expressed in transgenic line 64 and aver-
age lignin–average glucose conditions.

Haloacid dehalogenase genes were highly expressed in 
transgenic line 82, average lignin–average glucose and ball-
milled aspen conditions. Phenylalanine ammonia lyase-
encoding genes were highly expressed in nitrogen- and 
carbon-limited growth mediums, ball-milled aspen, trans-
genic line 64, oak acetonic extracts, average lignin–aver-
age glucose growth conditions. Homogentisate 1,2-dioxy-
genase-encoding genes were highly expressed in control, 
transgenic line 64 conditions and high gene expression 
values were observed for ball-milled aspen, replete, car-
bon-, nitrogen-limited growth mediums. Generic methyl-
transferases (or) O-methyltransferase-encoding genes were 
highly up-regulated in average lignin–average glucose, 
low lignin–high glucose, spruce wood 96-h incubated and 
replete samples. Gene expression studies conducted earlier 
have proved that lignin and its derivatives induce the higher 
expression of cytochrome P450 monooxygenase-encoding 
genes which are also involved in further degradation of 
lignin and its derivatives (Anzenbacher and Anzenbach-
erova 2001; Doddapaneni and Yadav 2005; Subramanian 
and Yadav 2008). Studies have already proved that plant 
cell wall polymers lignin and hemicellulose occur in dea-
cetylated forms; it was also reported that these polymers 
are linked with p-coumaric acid and ferulic acid which 
are deacetylated by carbohydrate esterases such as feru-
loyl esterases, respectively (Biely 2012; Pawar et al. 2013; 
Špániková and Biely 2006). Deacetylases belonging to 
carbohydrate esterase classes are of high significance as 
the acetylated plant cell wall polymers cease the action of 
microbial enzymes. Genes encoding carbohydrate ester-
ase (CE) classes CE-4 and CE-9 were found to be highly 

expressed in natural plant biomass growth substrates in 
40-h spruce wood samples and CE-1, CE-4, CE-8, CE-15 
and CE-16 in 96-h spruce wood samples (Kameshwar and 
Qin 2017) (Table 2).

Detoxification and stress‑responsive genes

During the process of initial infection, P. chrysosporium 
and other basidiomycetes fungi produce extracellular reac-
tive oxygen species (ROS) which are involved in break-
down of lignin, while studies have reported that expression 
of lignin peroxidase is linked with ROS production (Thu-
illier et  al. 2014). However, during the process of wood 
decay, fungi come across highly reactive and toxic plant 
extractives which also exhibit a strong antifungal activ-
ity. So, efficient ligninolytic fungi should also exhibit the 
strong capacity to resist from the anti-fungicidal properties 
of plant extractives and lignin derivatives (Thuillier et  al. 
2014). Thus, fungi have developed a significant detoxifica-
tion system which majorly includes cytochrome P450 com-
plex enzymes, glutathione-S-transferases (Thuillier et  al. 
2014). Gene expression studies especially GSE52922 and 
other growth substrates containing natural plant biomass 
growth mediums (GSE69461, GSE54542, GSE69008, 
GSE27941) have showed higher expression of various 
genes encoding for detoxification and stress-responsive 
enzymes. The cellular ROS level significantly influences 
the redox state controlled by the degree of oxidation/reduc-
tion of active redox species, further regulating the cellular 
metabolism among which pyridine nucleotides and thiol/
disulfide compounds play a crucial role as they bridge 
enzymes of intricate metabolic networks (Bunik 2003). 
Genes coding for 2-oxo acid dehydrogenase were highly 
expressed in cellulose, nitrogen-limited, 64-transgenic line, 
average lignin–average glucose (10 day) growth mediums. 

Table 2   Differentially classified lignin-degrading enzymes obtained from different gene expression datasets of P. chrysosporium

P. chrysosporium genes involved in lignin degradation

Lignin-degrading enzymes (first level) Lignin peroxidase, manganese peroxidase, glucose oxidase, glyoxal oxidase, benzoquinone reductase, 
amine oxidase, aryl alcohol oxidase, chloroperoxidase, copper radical oxidase, multicopper oxidase, 
pyranose-2-oxidase, copper amine oxidase, phenylalanine ammonia lyase

Aromatic compound degrading enzymes 
(second level)

Intradiol dioxygenases, extradiol dioxygenases, aromatic ring hydroxylase, homogentisate 1,2-dioxy-
genase, epoxide hydrolase, cytochrome p450 monooxygenase, alcohol dehydrogenase, dioxygenase, 
2-nitropropane dioxygenase, acireductone dioxygenase, ferredoxin, flavin containing monooxyge-
nase, iron reductases, fumarate reductase, catalase, alcohol/methanol oxidases, formate dehydro-
genase, haloacid dehalogenase hydrolase, oxidoreductase, prenyl transferase /squalene oxidase, 
acetamidase, formamidase, uricase

Other necessary enzymes (tertiary level) Esterase/lipase/thioesterase, GMC oxidoreductase, metallophosphoesterase, short-chain dehydro-
genase/reductase, d-isomer-specific 2-hydroxyacid dehydrogenase, beta-ketoacyl synthase, beta 
lactamase, 2-oxo acid dehydrogenase, aldo/keto reductase, aldehyde dehydrogenase, alkyl hydrop-
eroxide reductase, amidohydrolase, delta-1-pyrroline-5-carboxylate dehydrogenase, 2-hydroxyacid 
dehydrogenase, FAD-linked oxidase, thiolase, hydroxymethylglutaryl-CoA synthase, carbohydrate 
esterases, glycosyl transferases
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2-Oxoglutarate dehydrogenase was highly expressed in 
96-h spruce wood growth medium. Thioredoxin-encoding 
genes were highly expressed in carbon- and nitrogen-lim-
ited, BMA, oak acetonic extractives, P717, transgenic line 
82, high lignin–low glucose, 40-h spruce wood growth 
samples, at the same time peroxiredoxin (ubiquitous group 
of antioxidant enzymes)-encoding genes were expressed 
in 96-h growth samples. Genes encoding thaumatin patho-
genesis-related protein were highly expressed in BMA, low 
lignin–high glucose growth mediums. The constant rates of 
NAD(P)H/NAD(P)+ and SH/S-S facilitate the redox reac-
tion by directly effecting on the proteins (Bunik 2003). 
Alkylhydroperoxide reductase and thiol-specific antioxi-
dant are involved in reducing the reduced dithiol form of 
organic hyperoxides and protect against sulfur-containing 
radicals; genes encoding these enzymes were differen-
tially expressed in glucose, replete, BMA, P717, transgenic 
line 82 growth samples. The three-major cell damaging 
units such as hydrogen peroxide, ROS and superoxide dis-
mutase (SOD) are efficiently tackled by the fungal cells, if 
not leads to strong toxic stress to the cell and completely 
damages the cellular material, enzymes pertaining to it are 
catalase, peroxiredoxin and superoxide dismutase. Genes 
encoding catalase and superoxide dismutase enzymes are 
BMA, replete, high lignin–low glucose growth mediums, 
and transgenic line 64, control, high glucose–low lignin 
growth samples, respectively. Heat-shock proteins (HSP) 
and ubiquitin conjugating systems were highly expressed 
gene systems among the P. chrysosporium detoxification 
and stress-responsive mechanisms. Heat-shock protein 20 
(Hsp20)-encoding genes were highly expressed in replete, 
BMA, high glucose–low lignin, average lignin–average 
glucose growth conditions. Similarly, several ubiquitin con-
jugating enzymes and complexes were highly expressed in 
plant biomass growth conditions such as P717, transgenic 
line 64, high lignin–low glucose and average lignin–aver-
age glucose growth conditions. Abortive infection protein 
was found to be highly expressed in high lignin–low glu-
cose, control and stress-responsive proteins were highly 
expressed in 40-h spruce wood samples. According to 
Robson et al., aldo/keto reductases are required for various 

metabolic reactions such as degradation of β-aryl ethers 
present in lignin, degradation of carbohydrates and detoxi-
fication of xenobiotic compounds (Tramontina et al. 2017) 
(Table 3).

Phase I metabolic enzymes

The biotransformation of xenobiotic compounds in fun-
gal cells commences majorly through phase I and phase II 
reactions. The phase I metabolic reactions majorly include 
transformation of parent compound to polar metabolites 
through de novo formation of functional groups such as 
–OH, –NH2, –SH (Anzenbacher and Anzenbacherova 
2001; Jancova et al. 2010). Phase I metabolic enzymes such 
as cytochrome P450 monooxygenases, epoxide hydrolases 
and dioxygenases are involved in N- and O-dealkylation, 
hydroxylation of aliphatic and aromatic compounds, N- 
and S-oxidation and deamination reactions (Jancova et  al. 
2010). The ability to protect against harmful toxic exter-
nal xenobiotic compounds can be majorly imparted to the 
complex enzymatic defense systems majorly including 
cytochrome P450 monooxygenases. In 2005, Doddapaneni 
and Yadav have performed a customized genome-wide 
microarray of P. chrysosporium for studying the global 
expression of cytochrome P450 monooxygenases under 
nutrient-rich and nutrient-limited growth conditions. Out 
of 150 cytochrome P450-encoding genes expressed, 23 
genes were differentially expressed by 2.0- to 9.0-fold in 
nitrogen-rich conditions and four genes expressed by 2.0- 
to 20-fold in low-nitrogen conditions, respectively. Subra-
manian and Yadav (2009) have performed a genome-wide 
role of cytochrome P450 monooxygenases in nonylphenol 
degradation by P. chrysosporium. This study has revealed 
that nonylphenol has induced multiple P450 monooxyge-
nases out of which 18 genes were expressed with a fold 
change of 2–195 in nutrient-rich conditions, in low-nutrient 
growth conditions 17 genes with fold change of 2–6 and 
three genes were found to be expressed common among 
both these conditions. The current metadata analysis study 
has revealed the expression of cytochrome P450 monooxy-
genase-encoding genes especially in natural plant biomass 

Table 3   Differentially classified lignin-degrading enzymes obtained from different gene expression datasets of P. chrysosporium

P. chrysosporium cells genes involved in detoxification and stress-responsive pathways

Detoxification and stress-responsive enzymes 2-Oxo acid dehydrogenase, alkylhydroperoxide reductase, peroxiredoxin, manganese/iron super-
oxide dismutase, amidohydrolase

Beta lactamase, urease, isoflavone reductase, dihydroorotate dehydrogenase, abortive infection 
protein, heat-shock protein, ubiquitin enzyme complex, thaumatin, thioredoxin, ferredoxin, 
flavodoxin, thiolase, catalase, aldo/keto reductases, etc.

Phase I metabolic enzymes encoding genes Cytochrome P450 monooxygenases, epoxide hydrolases
Phase II metabolic enzymes encoding genes UDP-glucuronosyltransferases, sulfotransferases, n-acyl transferases, glutathione-S-transferases, 

thioredoxin
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containing growth substrates. In GSE14736, cytochrome 
P450-encoding genes were found to be expressed in BMA 
(GSE14734, GSE27941), replete and nitrogen-limited con-
ditions with twofold expression. In 52,922 dataset genes 
encoding cytochrome P450 monooxygenases were differ-
entially expressed in 64 and 82 transgenic lines, respec-
tively. In GSE54542, GSE69008 and GSE69461 datasets 
cytochrome P450-encoding genes were highly expressed 
in control, low lignin–high glucose, average lignin–aver-
age glucose and 40-h spruce wood growth samples. Epox-
ide hydrolases, one of the important phase I metabolic 
enzymes, are required for the cellular epoxide or oxiranes 
transformation. These enzymes majorly exhibit three func-
tions: (a) detoxification, (b) catabolism and (c) regulation 
of signaling molecules (Morisseau and Hammock 2005). 
Oxiranes or epoxides are highly toxic compounds effecting 
the cellular growth and development, epoxide hydrolases 
released by fungal cells catalytically add water molecules to 
the epoxides by resulting in corresponding 1,2-diols or gly-
cols (Morisseau and Hammock 2005; Oesch 1973). Genes 
encoding epoxide hydrolases were found to be highly 
expressed in 40-h spruce wood, high glucose–low lignin, 
average lignin–average glucose transgenic lines, control, 
BMA growth conditions. Based on the normalized values, 
epoxide hydrolase was found to be differentially expressed 
in transgenic line 82 and glucose growth samples.

Phase II metabolic enzymes

The phase II enzymes also play a crucial role in biotrans-
formation of xenobiotic and endogenous compounds 
by inactivating the active substances and converting it 
to easily excretable forms (Jancova et  al. 2010). Phase 
II enzymes majorly perform conjugating reactions by 
employing transferases such as glutathione-S-transferases, 
UDP-glucuronosyltransferases, sulfotransferases, GCN5-
acyltransferases, O-methyltransferases, NAD(P)H quinone 
oxidoreductases, MAPEG (membrane-associated pro-
teins in eicosanoid and glutathione metabolism) and GFA 
(glutathione-dependent formaldehyde-activating enzyme) 
(Jancova et al. 2010). As reported in our previous work gly-
cosyl transferases belonging to GT-1, GT-2, GT-4, GT-8, 
GT-20, GT-35, GT-39 and GT-48 were found commonly 
expressed among various datasets. Glycosyl transferases 
were found to be highly up-regulated in growth mediums 
containing complex plant biomass. Genes encoding glyco-
syl transferases expressed among the datasets were BMA 
(GT-1, GT-2, GT-20 and GT-39), glucose and replete (GT-
8, GT-48), oak acetonic extracts (GT-2), high lignin–low 
glucose (GT-1, GT-4, GT-20), low lignin–high glucose 
(GT-2, GT-8, GT-15, GT-35, GT-39, GT-48), average glu-
cose–average lignin (GT-2, GT-8, GT-15, GT-20, GT-35, 
GT-39, GT-48), P717 hybrid line and transgenic line 82 

(GT-39), 40-h spruce wood samples (GT-1, GT-2, GT-15, 
GT-48), respectively. Genes encoding GCN5-acyltrans-
ferase were highly expressed in carbon-limited and replete 
growth mediums, transgenic line 64, low lignin–high glu-
cose, average lignin–average glucose and 96-h spruce 
wood samples. O-Methyltransferase-encoding genes 
were highly expressed in low lignin–high glucose, aver-
age lignin–average glucose, 40- and 96-h spruce wood 
samples, transgenic line 64, carbon- and nitrogen-limited, 
BMA, control growth samples. Glutathione-S-transferase-
encoding genes were differentially expressed in glucose, 
nitrogen-limited, BMA, oak acetonic extracts, transgenic 
line 64, low lignin–high glucose and average lignin–aver-
age glucose growth conditions 96-h spruce wood samples. 
Other enzymes constituting the glutathione system, such as 
glutathione-dependent formaldehyde activator, were differ-
entially expressed in control and 96-h spruce wood samples 
and high lignin–low glucose based on their expression val-
ues. MAPEG-encoding genes were expressed in transgenic 
line 64 and oak acetonic extract growth samples. Folate 
cycle plays a crucial role in the maintenance of glutathione 
levels by sequestering formaldehyde (a toxic compound) 
formed from endo- and exogenous compounds. Our present 
data analysis has revealed that genes encoding for methyl-
enetetrahydrofolate reductase and dihydrofolate reductase 
enzymes were found commonly expressed by P. chrys-
osporium when cultured on complex plant biomass growth 
mediums. MTHFR-encoding gene was highly expressed in 
glucose, nitrogen-limited, low lignin–high glucose, average 
lignin–average glucose and 96-h spruce wood growth sam-
ples, DHFR-encoding gene was differentially expressed in 
high lignin–low glucose. In oak acetonic extract samples, 
tetrahydrofolate dehydrogenase-encoding gene was highly 
expressed. Thiolase-encoding gene was highly expressed in 
oak acetonic extract, replete, BMA and 40-h spruce wood 
samples.

Effect of growth substrate and incubation period

Based on the gene expression studies and present meta-
data analysis we have found that P. chrysosporium gene 
expression is strongly influenced by the growth substrate. 
The gene expression profiles of P. chrysosporium were 
significantly different when cultured on synthetic (such 
as glucose, cellulose, carbon-limited, nitrogen-limited 
and replete growth mediums) and natural plant biomass 
growth substrates (such as ball-milled aspen, ball-milled 
pine, oak acetonic extracts, natural and genetically modi-
fied Poplar wood substrates). When P. chrysosporium was 
cultured on simple synthetic growth substrates (glucose, 
cellulose and replete) genes encoding for CAZymes were 
highly expressed along with genes required for the normal 
cell progression, growth and metabolism were found to be 
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highly expressed. Interestingly, genes encoding for animal 
haem peroxidase and chloroperoxidase were down regu-
lated in carbon limited, nitrogen limited, replete and high 
lignin and low glucose growth substrates, while the same 
genes were found to be up regulated in glucose, cellulose, 
ball milled aspen, high glucose–low lignin and average 
lignin and average glucose growth conditions (Fig.  1). At 
the same time, several other genes encoding for lignin-
degrading enzymes such as lignin peroxidase, glyoxal 
oxidase, copper amine oxidase, flavin amine oxidase, 
cytochrome P450 monooxygenase, glycosyl transferases 
2OG-Fe(II) oxygenase family and several other enzymes 
were up-regulated when cultured in carbon- and nitrogen-
limited growth mediums. When P. chrysosporium was cul-
tured in natural plant biomass growth substrates, various 
genes encoding aromatic compound-degrading enzymes 
were highly expressed (Table  2). Genes encoding stress 

and detoxification-responsive enzymes were found to be 
highly expressed in these datasets, as natural plant biomass 
substrates also contain different plant extractives like flavo-
noids, tannins, quinones and stilbenes which cause severe 
toxicity to the fungal cells. Apart from the toxic plant 
extractives lignin and its degraded products also induce 
toxicity and stress on the fungal cells, due to which several 
stress-responsive genes were highly expressed by the fun-
gal cells such as cytochrome P450 monooxygenases, glu-
tathione-S-transferase, thaumatin, abortive infection, heat-
shock and ubiquitin complex proteins. Genes involved in 
DNA, RNA and protein modification especially proteases 
(serine/threonine, aspartic) were also found to be highly 
expressed in natural plant biomass growth substrates.

The gene expression pattern of P. chrysosporium is also 
significantly influenced by the incubation period, gene 
expression studies especially GSE69008, GSE69461 and 

Fig. 1   Hierarchical clusters showing the differentially expressed 
genes obtained, 1st and 2nd columns list the fold change expression 
values up-regulated in cellulose and glucose (a) GSE14734, carbon 
and nitrogen limited in (b) GSE14735 and 3rd, 4th and 5th columns 

in a and b list the log-transformed gene expression values of BMA, 
cellulose, glucose, carbon-limited, nitrogen-limited and replete 
growth mediums, respectively
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GSE6649 confirms it. Lignin being a large heterophenolic 
polymer requires a wide range of enzymes and complex sys-
tems for its degradation. In studies GSE69008, GSE69461 
and GSE6649, P. chrysosporium gene expression was 
monitored for 10, 20, 30 days, 40 and 90 h and Day 2, Day 
3, respectively. Results obtained from GSE69461 dataset 
show that genes encoding for lignin and manganese, chloro 
peroxidases, alcohol oxidase, amine oxidases, multicopper 
oxidases, phenyl ammonia lyase (forming lignin-degrading 
enzyme system) were highly expressed in 90-h incuba-
tion periods. Whereas in 40-h incubation period samples 
genes encoding for cytochrome P450 monooxygenase, 
fumarate reductase, aryl alcohol dehydrogenase, alterna-
tive oxidase, copper radical oxidase, FAD binding, phenol 

1,2 monooxygenases were highly expressed. In GSE69008 
dataset gene expression was significantly influenced by 
both the substrate and incubation period. The genes encod-
ing for lignin degradation and genes involved in detoxifi-
cation responses were also expressed among the 10- and 
20-day incubation period samples (Fig. 2).

Discussion

The complex and stable structure of lignin makes its deg-
radation process slow, except few aerobic fungi, aero-
bic and anaerobic bacteria even plants lack the metabolic 
pathways required for recycling lignin (Fuchs et al. 2011). 

Fig. 2   Venn diagrams of differentially expressed genes obtained 
from the gene expression datasets. a GSE14734, b GSE14735, c 
GSE69008 (where a, b, c represent high lignin–low glucose, high 
glucose–low lignin, average lignin–average glucose, 10, 20, 30 repre-

sent number of days), d GSE52922 (where P717, 82 and 64 represent 
parent and transgenic lines of Poplar trichocarpa species, respec-
tively), e GSE27941, GSE52922, GSE54542, GSE69008, GSE69461 
(Picea glauca species)
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Lignin-oxidizing enzymes of P. chrysosporium include 
lignin peroxidase (ten lip), manganese peroxidase (five 
mnp) and one (NoP/VP). These peroxidases are haem-con-
taining proteins by containing a ferric heme group [Fe(III)] 
at its resting state which reacts with hydrogen peroxide 
(H2O2) resulting in compound-I oxo-ferryl intermediate 
(two-electron oxidized) containing [Fe(IV)]. The com-
pound-I further oxidizes the donor substrate forming a sec-
ond intermediate compound-II, both the reactions release 
free radicals (Bugg et al. 2011; Kameshwar and Qin 2016). 
The catalytic action of lignin peroxidase is aided by veratryl 
alcohol (diffusible oxidant) produced by P. chrysosporium 
(as a metabolite) VA cation radical reacts with lignin mol-
ecule on remote locations. VA also supports in functioning 
and higher expression of LiP enzyme (Jensen et al. 1994; 
Kameshwar and Qin 2016). Veratryl alcohol is produced by 
phenylalanine ammonia lyase (PAL) which catalyzes the 
first step in the VA formation by oxidizing l-phenylalanine 
to cinnamic acid and free ammonium ion through non-
oxidative deamination (Hyun et al. 2011). Another enzyme 
O-methyltransferase transfers two-ring methoxyl group on 
VA (Korripally et al. 2015). Whereas Mn(II) being highly 
oxidant which acts as diffusible oxidant reacts with the 
lignin molecule even on the remote locations of lignin 
without the catalytic active center getting involved through 
oxidizing the lipid peroxidation reactions wherein delta-9 
fatty acid desaturases support the catalytic function of MnP 
(Bugg et al. 2011).

Ligninolytic peroxidases are similar to classic peroxi-
dases in their function as they are dependent on hydro-
gen peroxide for their function. The process of hydrogen 

peroxide generation in P. chrysosporium is controlled by 
set of enzymes glyoxal oxidase, pyranose oxidase, aryl 
alcohol oxidase, veratryl alcohol oxidase, amine (copper 
amine) copper radical oxidase and alcohol oxidases. Genes 
encoding glyoxal oxidase, copper amine oxidase, alcohol 
oxidase, copper radical oxidase were commonly expressed 
among various datasets as explained above. Two unconven-
tional genes encoding for chloroperoxidase, animal haem 
peroxidase were also being highly expressed on cellulose, 
BMA, replete, transgenic line 64 and low lignin–aver-
age glucose growth substrates. Based on the expression 
of genes coding for ferric reductase, ferroxidase, cellobi-
ose dehydrogenase, LPMO and quinone reductase in plant 
biomass containing growth substrates, it is proposed that 
P. chrysosporium depends on these enzymes for genera-
tion of toxic hydroxy radicals and in iron homeostasis. The 
hydroxy radicals generated upon reaction of hydrogen per-
oxide and iron-oxalate complex, these highly toxic radicals 
(OH*) attack the complex lignin molecules (Bugg et  al. 
2011). The above-mentioned enzymes can be classified to 
participate in primary ligninolytic reactions based on their 
functional properties and due to their common expression 
among all the growth substrates (Fig.  3). Along with the 
above-mentioned lignin-oxidizing enzymes, a wide range 
of aromatic compound-degrading enzymes, stress-respon-
sive and detoxifying enzymes operate in coordination to 
degrade lignin and its derived products.

Degradation of lignin molecules by P. chrysosporium 
results in various low molecular weight chemical com-
pounds, if progressive and controlled lignin breakdown 
strategies are developed it can lead to the production 

Fig. 3   The primary enzymatic reactions of P. chrysosporium involved in lignin degradation: LiP (lignin peroxidase), MnP (Manganese peroxi-
dase), VP (Versatile peroxidase), VA (Veratryl Alcohol), PAL (Phenylalanine ammonia lyase), MCO (Multicopper oxidase)
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useful renewable and green platform chemicals (Bugg 
et  al. 2011). Studies conducted previously on spruce 
wood degradation by P. chrysosporium has resulted in 
total 28 low molecular weight chemical compounds out 
of which 10 were aromatic carboxylic acids (Chen et al. 
1982) and 13 were acyclic 2,4-hexadiene-1,6-dioic acids 
obtained through oxidative ring cleavage (Chen et  al. 
1983). The chemical compounds obtained from lignin 
degradation were derivatives of benzoic acids by oxida-
tive cleavage of Cα–Cβ of lignin components. The biphe-
nyl and diphenyl ether dicarboxylic acids obtained were 
derivatives of biphenyl and diphenyl ether components 
of lignin (Bugg et  al. 2011). Studies have also reported 
that metabolism of β-aryl ether model compound by P. 
chrysosporium involves Cα-Cβ oxidative cleavage result-
ing in vanillin (Enoki et  al. 1980). Lignin peroxidase 
of P. chrysosporium catalyzes the oxidative cleavage 
of Cα–Cβ bond of various lignin derivative compounds 
(Kirk and Farrell 1987) such as diarylpropane (Enoki and 
Gold 1982), β-aryl ether model (Enoki et al. 1980), phe-
nylcoumarane (Nakatsubo et al. 1981) compounds result-
ing in aromatic aldehyde products, vanillin compounds, 
respectively. It is well known that lignin peroxidase is 
also involved in degradation of non-phenolic units of 
lignin polymer (which constitutes to 90% of lignin poly-
mer) at the same time MnP is involved in degradation of 
both phenolic and non-phenolic units of lignin compound 
(Bugg et  al. 2011; Kameshwar and Qin 2016). Accord-
ing to Nakatsubo et  al. (1981), the degradation process 
of alkylated phenylcoumarane by P. chrysosporium is 
directed via primary oxidation of side chains followed by 
the oxidation of heterocyclic ring to furan and then per-
forms the oxidative cleavage of Cα–Cβ bond (Nakatsubo 
et  al. 1981). The process of lignin degradation results 
in a wide range of aromatic compounds which are fur-
ther degraded by a set of aromatic compound-degrading 
enzymes. Enzyme systems involving oxygenases attack 
these aromatic compounds in the presence of oxygen 
resulting in two central intermediate compounds catechol 
and protocatechuate which are further degraded by intra- 
and extradiol dioxygenases which catalyze the oxidative 
cleavage of central ring (Fuchs et  al. 2011). Microor-
ganisms employ variety of metabolic pathways divided 
as upper pathways (resulting in catechol and protocat-
echuate) and lower pathways (acetyl-CoA, succinyl-CoA 
and pyruvate) to efficiently utilize wide range of aromatic 
substrates generated due to the process of degradation 
(Fig.  4) (Fuchs et  al. 2011). The upregulation of genes 
encoding for central ring cleaving dioxygenases (intra and 
extradiol dioxygenase), cytochrome P450 monooxyge-
nases, aromatic ring hydroxylase dioxygenases, catechol 
1,2-dioxygenase and other dioxygenases in complex plant 

biomass growth substrates supports the involvement of 
upper and lower pathways by P. chrysosporium.

Naturally, plant cell wall components especially hemi-
cellulose and lignin occur in acetylated forms to cease the 
activity of various hydrolyzing enzymes of microbial ori-
gin (Pawar et al. 2013). Higher expression of genes encod-
ing for carbohydrate esterases endorses earlier reports on 
deacetylation of lignin units. According to Del Rio et  al. 
(2007) in lignin, acetyl groups were found to be associ-
ated with gamma carbon of aliphatic side chains situated 
on the syringyl and guaiacyl monomers of lignin with high-
est degree of acetylation observed in jute fibers, abaca and 
kenaf with 0.8 DA, acetylation of lignin in hardwood var-
ies between the range of 1 and 50% (w/w) (Del Río et al. 
2007). Along with carbohydrate esterases genes encoding 
for various glycosyl transferase class enzymes were found 
to be highly expressed in both customized synthetic and 
complex natural plant biomass growth substrates suggest-
ing their role in controlling cellular toxicity. During the 
process of plant biomass degradation P. chrysosporium 
reacts with the toxic properties of lignin and its derivatives, 
thus there might be potential involvement of glycosyl trans-
ferases in changing the toxic properties of lignin derivative 
compounds. According to Le Roy et  al. (2016), glycosyl 
transferases are significantly involved in detoxification of 
plants during the secondary metabolite synthesis (flavo-
noids, lignin and phenylpropanoids) and process of glyco-
sylation modifies their solubility, stability and toxicity (Le 
Roy et al. 2016). In our analysis, we have also found that 
several genes involved in the process of DNA synthesis, 
modification and repair were highly expressed along with 
a set of transcription factors among the top differentially 
expressed genes. Genes encoding for various proteases 
especially serine, cysteine carboxyproteases were found to 
be commonly and differentially expressed among all the 
datasets (Fig. 5).

As discussed earlier, fungal cells are exposed to highly 
toxic and stressful environments; during the process of deg-
radation fungal cells encounter polyphenolic lignin units 
and its degraded products along with other wood extrac-
tives (Nascimento et al. 2013; Shalaby and Horwitz 2015). 
It was also reported that various chemical bioproducts such 
as aldehydes, aliphatic acids, phenolic and furan deriva-
tives are obtained because of lignocellulosic biotreatment 
methods which majorly inhibit the action of ligninolytic 
enzymes and further microbial fermentation (Ko et  al. 
2015). To protect from these toxic substances (degraded 
products of lignin and its derivatives, plant extractives 
and ROS, hydroxy radicals and superoxides/free radicals) 
P. chrysosporium secretes a wide range of antioxidant 
and stress-responsive enzymes such as cytochrome P450 
monooxygenases, glutathione-S-transferases, catalases, 
superoxide dismutases majorly classified as phase I and 
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phase II metabolic systems. We have clearly observed the 
differential expression of genes encoding for phase I and 
phase II enzyme systems by P. chrysosporium when cul-
tured on complex plant biomass growth substrates (Fig. 6). 
The process of lignin degradation in P. chrysosporium 
is associated with ROS production, reactive oxygen and 
hydroxyl radicals which also cause additional toxicity. 
Results obtained from our present study and gene expres-
sion studies reported earlier strictly convey that the process 
of lignin degradation is interdependent on the intracellular 

detoxification systems and cellular redox states. Cellular 
redox states were characterized by redox-active species 
(such as thiol disulfide and pyridine nucleotide compounds) 
and their degree of oxidation/reduction reactions (Bunik 
2003). While the balanced ratios of NADPH/NADP+ and 
SH/S-S facilitate the process of redox regulation by effect-
ing the proteins directly, at the same time NADPH/NADP+ 
and SH/S-S ratios are directly related to the cellular ROS 
level (Bunik 2003). Genes coding for 2-oxoacid dehydro-
genase multienzyme complexes which play a crucial role in 

Fig. 4   Bird’s eye view of tentative and proposed general molecular mechanisms and pathways involved in lignin degradation
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regulating the cellular redox states were found to be highly 
expressed on complex natural plant biomass-based growth 
substrates. Similarly, higher expression of thioredoxin, glu-
tathione-S-transferases, peroxiredoxin, NADPH oxidases, 
etc., explains that P. chrysosporium continuously main-
tains the cellular redox state and controls the toxic condi-
tions developed due to lignin degradation. The present 
metadata analysis is in complete accordance with previ-
ous reportings made on production of ligninolytic enzyme 
machinery upon nitrogen repression and natural plant bio-
mass containing growth substrates. We have also observed 
the expression of genes encoding for ligninolytic enzymes 
and intracellular antioxidant mechanisms simultaneously 
by P. chrysosporium when cultured on synthetic growth 
substrates mimicking ligninolytic conditions GSE6649, 
GSE14735 (nitrogen limited, carbon limited). Especially 
lignin and manganese peroxidases and lignin-degrading 
auxiliary enzymes were highly expressed in day 3 cultures 

and nitrogen-limited mediums of GSE6649 and GSE14735 
datasets, respectively, followed by expression of enzymes 
such as cytochrome P450, thioredoxin, Mn2+superoxide 
dismutase and other intracellular antioxidant enzymes 
supports the above process of degradation. Similar gene 
expression patterns were observed in P. chrysosporium 
when cultured on natural plant biomass growth sub-
strates with clear expression of various enzymes involved 
in lignin degrading and detoxification, stress-responsive 
mechanisms.

Through our present analysis, we have demonstrated 
the functional involvement of various enzymes in lignin 
degradation and detoxification by P. chrysosporium. 
These outcomes clearly indicate that unlike cellulose, 
hemicellulose P. chrysosporium invests high propor-
tions of molecular and metabolic systems in the process 
of lignin degradation. Based on the results obtained we 

Fig. 5   Tentative network of P. chrysosporium genes and enzymes involved in lignin degradation mechanisms
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propose that process of lignin degradation in P. chrys-
osporium commences through synchronous expression 
of both ligninolytic enzymes and detoxification-stress-
responsive systems. Both previous reports and present 
results convey that P. chrysosporium involves highly 
toxic ROS, free radicals, etc., along with conventional 
ligninolytic enzymes to create random cuts in the lignin 
structure, by creating the platform for detoxification and 
stress-responsive enzymes. However, there is certain 
ambiguity related with lignin degradation and detoxifi-
cation-stress-responsive pathways proposed, as we have 
observed that several highly expressed genes were anno-
tated as uncharacterized proteins. Further proteomic stud-
ies must be continued to understand their involvement in 
lignin degradation and detoxification-stress-responsive 
mechanisms of P. chrysosporium.

Acknowledgements  This work was supported by NSERC-RDF 
Fund to Wensheng Qin and Ontario Trillium Scholarship (OTS) to 
Ayyappa Kumar Sista Kameshwar.

Compliance with ethical standards 

Conflict of interest  The authors have declared that no competing 
interest exists.

References

Alic M, Mayfield MB, Akileswaran L, Gold MH (1991) Homologous 
transformation of the lignin-degrading basidiomycete Phanero-
chaete chrysosporium. Curr Genet 19:491–494

Anzenbacher P, Anzenbacherova E (2001) Cytochromes P450 and 
metabolism of xenobiotics. Cell Mol Life Sci CMLS 58:737–747

Bardou P, Mariette J, Escudié F, Djemiel C, Klopp C (2014) jvenn: an 
interactive Venn diagram viewer. BMC Bioinform 15:1

Fig. 6   Tentative network of P. chrysosporium genes and enzymes involved in detoxification mechanisms involving phase I, phase II and stress-
responsive pathways



Curr Genet	

1 3

Biely P (2012) Microbial carbohydrate esterases deacetylating plant 
polysaccharides. Biotechnol Adv 30:1575–1588

Botstein D et al (2000) Gene ontology: tool for the unification of biol-
ogy. Nat Genet 25:25–29

Bugg TD, Ahmad M, Hardiman EM, Rahmanpour R (2011) Pathways 
for degradation of lignin in bacteria and fungi. Nat Prod Rep 
28:1883–1896

Bunik VI (2003) 2-Oxo acid dehydrogenase complexes in redox regu-
lation. Eur J Biochem 270:1036–1042

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Hen-
rissat B (2009) The Carbohydrate-Active EnZymes database 
(CAZy): an expert resource for glycogenomics. Nucleic Acids 
Res 37:D233–D238

Chen C-L, Chang H-M, Kirk TK (1982) Aromatic acids produced 
during degradation of lignin in spruce wood by Phanerochaete 
chrysosporium. Holzforschung Int J Biol Chem Phys Technol 
Wood 36:3–9

Chen C-L, Chang H-M, Kirk TK (1983) Carboxylic acids produced 
through oxidative cleavage of aromatic rings during degradation 
of lignin in spruce wood by Phanerochaete chrysosporium. J 
Wood Chem Technol 3:35–57

Chigu NL, Hirosue S, Nakamura C, Teramoto H, Ichinose H, Wariishi 
H (2010) Cytochrome P450 monooxygenases involved in anthra-
cene metabolism by the white-rot basidiomycete Phanerochaete 
chrysosporium. Appl Microbiol Biotechnol 87:1907–1916

Consortium GO (2015) Gene ontology consortium: going forward. 
Nucleic Acids Res 43:D1049–D1056

Dagley S, Evans WC, Ribbons DW (1960) New pathways in the oxi-
dative metabolism of aromatic compounds by micro-organisms. 
Nature 188(4750):560–566

de Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source cluster-
ing software. Bioinformatics 20:1453–1454

Del Río JC, Marques G, Rencoret J, Martínez ÁT, Gutiérrez A (2007) 
Occurrence of naturally acetylated lignin units. J Agric Food 
Chem 55:5461–5468

Doddapaneni H, Yadav J (2005) Microarray-based global differential 
expression profiling of P450 monooxygenases and regulatory 
proteins for signal transduction pathways in the white rot fungus 
Phanerochaete chrysosporium. Mol Gen Genom 274:454–466

Enoki A, Gold MH (1982) Degradation of the diarylpropane lignin 
model compound 1-(3′,4′-diethoxyphenyl)-1,3-dihydroxy-2-(4″-
methoxyphenyl)-propane derivatives by the basidiomycete Phan-
erochaete chrysosporium. Arch Microbiol 132:123–130

Enoki A, Goldsby GP, Gold MH (1980) Metabolism of the lignin 
model compounds veratrylglycerol-β-guaiacyl ether and 
4-ethoxy-3-methoxyphenylglycerol-β-guaiacyl ether by Phan-
erochaete chrysosporium. Arch Microbiol 125:227–231

Feraydoni V, Hosseinihashemi SK (2012) Effect of walnut heartwood 
extractives, acid copper chromate, and boric acid on white-
rot decay resistance of treated beech sapwood. BioResources 
7:2393–2402

Filannino P, Gobbetti M, De Angelis M, Di Cagno R (2014) Hydroxy-
cinnamic acids used as external acceptors of electrons: an ener-
getic advantage for strictly heterofermentative lactic acid bacte-
ria. Appl Environ Microbiol 80:7574–7582

Fuchs G, Boll M, Heider J (2011) Microbial degradation of aromatic 
compounds—from one strategy to four. Nat Rev Microbiol 
9:803–816

Gaskell J et al (2014) Influence of Populus genotype on gene expres-
sion by the wood decay fungus Phanerochaete chrysosporium. 
Appl Environ Microbiol 80:5828–5835

Gibson DT, Parales RE (2000) Aromatic hydrocarbon dioxygenases in 
environmental biotechnology. Curr Opin Biotechnol 11:236–243

Grigoriev IV et  al (2011) Fueling the future with fungal genomics. 
Mycology 2:192–209

Grigoriev IV et al (2013) MycoCosm portal: gearing up for 1000 fun-
gal genomes. Nucleic Acids Res. doi: 10.1093/nar/gkt1183

Hammel KE, Kalyanaraman B, Kirk TK (1986) Oxidation of polycy-
clic aromatic hydrocarbons and dibenzo [p]-dioxins by Phanero-
chaete chrysosporium ligninase. J Biol Chem 261:16948–16952

Harborne JB, Williams CA (2000) Advances in flavonoid research 
since 1992. Phytochemistry 55:481–504

Hyun MW, Yun YH, Kim JY, Kim SH (2011) Fungal and plant phe-
nylalanine ammonia-lyase. Mycobiology 39:257–265

Jancova P, Anzenbacher P, Anzenbacherova E (2010) Phase II drug 
metabolizing enzymes. Biomed Pap 154:103–116

Jensen KA, Evans KM, Kirk TK, Hammel KE (1994) Biosynthetic 
pathway for veratryl alcohol in the ligninolytic fungus Phanero-
chaete chrysosporium. Appl Environ Microbiol 60:709–714

Jiang M, Li X, Zhang L, Feng H, Zhang Y (2009) Gene expression 
analysis of Phanerochaete chrysosporium during the transition 
time from primary growth to secondary metabolism. J Microbiol 
47:308–318

Kameshwar AKS, Qin W (2016) Lignin degrading fungal enzymes. 
In: Production of biofuels and chemicals from lignin. Springer, 
Berlin, pp 81–130

Kameshwar AKS, Qin W (2017) Metadata Analysis of Phanero-
chaete chrysosporium gene expression data identified common 
CAZymes encoding gene expression profiles involved in cellu-
lose and hemicellulose degradation. Int J Biol Sci 13:85–99

Keyser P, Kirk T, Zeikus J (1978) Ligninolytic enzyme system of Pha-
naerochaete chrysosporium: synthesized in the absence of lignin 
in response to nitrogen starvation. J Bacteriol 135:790–797

Kirk TK, Farrell RL (1987) Enzymatic” combustion”: the microbial 
degradation of lignin. Annu Rev Microbiol 41:465–501

Ko JK, Um Y, Park Y-C, Seo J-H, Kim KH (2015) Compounds inhib-
iting the bioconversion of hydrothermally pretreated lignocellu-
lose. Appl Microbiol Biotechnol 99:4201–4212

Korripally P, Hunt CG, Houtman CJ, Jones DC, Kitin PJ, Cullen D, 
Hammel KE (2015) Regulation of gene expression during the 
onset of ligninolytic oxidation by Phanerochaete chrysosporium 
on spruce wood. Appl Environ Microbiol 81:7802–7812

Kullman SW, Matsumura F (1996) Metabolic pathways utilized by 
Phanerochaete chrysosporium for degradation of the cyclodiene 
pesticide endosulfan. Appl Environ Microbiol 62:593–600

Le Roy J, Huss B, Creach A, Hawkins S, Neutelings G (2016) Glyco-
sylation is a major regulator of phenylpropanoid availability and 
biological activity in plants. Front Plant Sci 7:735

Lombard V, Ramulu HG, Drula E, Coutinho PM, Henrissat B (2014) 
The carbohydrate-active enzymes database (CAZy) in 2013. 
Nucleic Acids Res 42:D490–D495

Martinez D et  al (2004) Genome sequence of the lignocellulose 
degrading fungus Phanerochaete chrysosporium strain RP78. 
Nat Biotechnol 22:695–700

McCarthy DJ, Chen Y, Smyth GK (2012) Differential expression 
analysis of multifactor RNA-Seq experiments with respect to 
biological variation. Nucleic Acids Res:gks042

Minami M, Kureha O, Mori M, Kamitsuji H, Suzuki K, Irie T (2007) 
Long serial analysis of gene expression for transcriptome pro-
filing during the initiation of ligninolytic enzymes production 
in Phanerochaete chrysosporium. Appl Microbiol Biotechnol 
75:609–618

Minami M et al (2009) Changes in the gene expression of the white 
rot fungus Phanerochaete chrysosporium due to the addition of 
atropine. Biosci Biotechnol Biochem 73:1722–1731

Morisseau C, Hammock BD (2005) Epoxide hydrolases: mechanisms, 
inhibitor designs, and biological roles. Annu Rev Pharmacol 
Toxicol 45:311–333

Nakatsubo F, Kirk TK, Shimada M, Higuchi T (1981) Metabolism 
of a phenylcoumaran substructure lignin model compound in 

http://dx.doi.org/10.1093/nar/gkt1183


	 Curr Genet

1 3

ligninolytic cultures of Phanerochaete chrysosporium. Arch 
Microbiol 128:416–420

Nascimento M, Santana A, Maranhão C, Oliveira L, Bieber L (2013) 
Phenolic extractives and natural resistance of wood. Intech 
13:349–370

Oesch F (1973) Mammalian epoxide hydrases: inducible enzymes 
catalysing the inactivation of carcinogenic and cytotoxic metabo-
lites derived from aromatic and olefinic compounds. Xenobiotica 
3:305–340

Oliveros JC (2007) VENNY. An interactive tool for comparing lists 
with Venn Diagrams

Pawar PM-A, Koutaniemi S, Tenkanen M, Mellerowicz EJ (2013) 
Acetylation of woody lignocellulose: significance and regulation. 
Front Plant Sci 4:118

Randall TA, Reddy CA (1992) The nature of extra-chromosomal 
maintenance of transforming plasmids in the filamentous basidi-
omycete Phanerochaete chrysosporium. Curr Genet 21:255–260

Reddy GVB, Gold MH (2000) Degradation of pentachlorophenol 
by Phanerochaete chrysosporium: intermediates and reactions 
involved. Microbiology 146:405–413

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK 
(2015) Limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res:gkv007

Robinson MD, Smyth GK (2008) Small-sample estimation of nega-
tive binomial dispersion, with applications to SAGE data. Bio-
statistics 9:321–332

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconduc-
tor package for differential expression analysis of digital gene 
expression data. Bioinformatics 26:139–140

Sakamoto T et al. (2010) Transcriptional effect of a calmodulin inhib-
itor, W-7, on the ligninolytic enzyme genes in Phanerochaete 
chrysosporium. Curr Genet 56:401–410

Saldanha AJ (2004) Java treeview—extensible visualization of micro-
array data. Bioinformatics 20:3246–3248

Shalaby S, Horwitz BA (2015) Plant phenolic compounds and oxida-
tive stress: integrated signals in fungal–plant interactions. Curr 
Genet 61:347–357

Singh D, Chen S (2008) The white-rot fungus Phanerochaete chrys-
osporium: conditions for the production of lignin-degrading 
enzymes. Appl Microbiol Biotechnol 81:399–417

Skyba O, Cullen D, Douglas CJ, Mansfield SD (2016) Gene expres-
sion patterns of wood decay fungi Postia placenta and Phan-
erochaete chrysosporium are influenced by wood substrate 
composition during degradation. Appl Environ Microbiol 
82(14):4387–4400

Špániková S, Biely P (2006) Glucuronoyl esterase–novel carbohy-
drate esterase produced by Schizophyllum commune. FEBS Lett 
580:4597–4601

Subramanian V, Yadav JS (2008) Regulation and heterologous 
expression of P450 enzyme system components of the white rot 
fungus Phanerochaete chrysosporium. Enzyme Microb Technol 
43:205–213

Subramanian V, Yadav JS (2009) Role of P450 monooxygenases in 
the degradation of the endocrine-disrupting chemical nonylphe-
nol by the white rot fungus Phanerochaete chrysosporium. Appl 
Environ Microbiol 75:5570–5580

Suetomi T et  al. (2015) Effects of calmodulin on expression of 
lignin-modifying enzymes in Pleurotus ostreatus. Curr Genet 
61:127–140

Sutherland JB, Crawford DL, Pometto III AL (1983) Metabolism of 
cinnamic, p-coumaric, and ferulic acids by Streptomyces setonii. 
Can J Microbiol 29:1253–1257

Tatusov RL et  al (2003) The COG database: an updated version 
includes eukaryotes. BMC Bioinform 4:41

Thuillier A et  al (2014) Transcriptomic responses of Phanerochaete 
chrysosporium to oak acetonic extracts: focus on a new glu-
tathione transferase. Appl Environ Microbiol 80:6316–6327

Thurston CF (1994) The structure and function of fungal laccases. 
Microbiology 140:19–26

Tonon F, de Castro CP, Odier E (1990) Nitrogen and carbon regula-
tion of lignin peroxidase and enzymes of nitrogen metabolism in 
Phanerochaete chrysosporium. Exp Mycol 14:243–254

Tramontina R et al. (2017) The coptotermes gestroi aldo–keto reduc-
tase: a multipurpose enzyme for biorefinery applications. Bio-
technol Biofuels 10:4

Vaillancourt FH, Bolin JT, Eltis LD (2006) The ins and outs of ring-
cleaving dioxygenases. Crit Rev Biochem Mol Biol 41:241–267

Valli K, Gold MH (1991) Degradation of 2, 4-dichlorophenol by the 
lignin-degrading fungus Phanerochaete chrysosporium. J bacte-
riol 173:345–352

Valli K, Brock BJ, Joshi DK, Gold M (1992) Degradation of 2,4-dini-
trotoluene by the lignin-degrading fungus Phanerochaete chrys-
osporium. Appl Environ Microbiol 58:221–228

Wymelenberg AV et  al (2006) Computational analysis of the Phan-
erochaete chrysosporium v2. 0 genome database and mass 
spectrometry identification of peptides in ligninolytic cultures 
reveal complex mixtures of secreted proteins. Fungal Genet Biol 
43:343–356

Wymelenberg AV, Gaskell J, Mozuch M, Kersten P, Sabat G, Mar-
tinez D, Cullen D (2009) Transcriptome and secretome analyses 
of Phanerochaete chrysosporium reveal complex patterns of 
gene expression. Appl Environ Microbiol 75:4058–4068

Wymelenberg AV et  al (2010) Comparative transcriptome and 
secretome analysis of wood decay fungi Postia placenta and 
Phanerochaete chrysosporium. Appl Environ Microbiol 
76:3599–3610

Wymelenberg AV et al (2011) Significant alteration of gene expres-
sion in wood decay fungi Postia placenta and Phanerochaete 
chrysosporium by plant species. Appl Environ Microbiol 
77:4499–4507

Zhou X, Lindsay H, Robinson MD (2014) Robustly detecting dif-
ferential expression in RNA sequencing data using observation 
weights. Nucleic Acids Res 42:e91


	Gene expression metadata analysis reveals molecular mechanisms employed by Phanerochaete chrysosporium during lignin degradation and detoxification of plant extractives
	Abstract 
	Introduction
	Data retrieval and methodology
	Data retrieval
	Data analysis

	Summary of data analysis
	Results
	Lignin-oxidizing and auxiliary enzymes
	Detoxification and stress-responsive genes
	Phase I metabolic enzymes
	Phase II metabolic enzymes
	Effect of growth substrate and incubation period

	Discussion
	Acknowledgements 
	References


