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A B S T R A C T

Basidiomycete fungi can degrade a wide range of plant biomass, including living and dead trees, forest litter,
crops, and plant matter in soils. Understanding the process of plant biomass decay by basidiomycetes could
facilitate their application in various industrial sectors such as food & feed, detergents and biofuels, and also
provide new insights into their essential biological role in the global carbon cycle. The fast expansion of basi-
diomycete genomic and functional genomics data (e.g. transcriptomics, proteomics) has facilitated exploration
of key genes and regulatory mechanisms of plant biomass degradation. In this study, we comparatively analyzed
22 transcriptome datasets from basidiomycetes related to plant biomass degradation, and identified 328 com-
monly induced genes and 318 repressed genes, and defined a core set of carbohydrate active enzymes
(CAZymes), which was shared by most of the basidiomycete species. High conservation of these CAZymes in
genomes and similar regulation pattern in transcriptomics data from lignocellulosic substrates indicate their key
role in plant biomass degradation and need for their further biochemical investigation.

1. Introduction

Plant biomass is the most abundant renewable carbon source on
earth and a substrate for the majority of fungal species. Basidiomycete
fungi comprise 32% of the described fungi (Kirk et al., 2008). Many of
them can efficiently use plant biomass as carbon source by degrading
plant cell wall polysaccharides via the production of various carbohy-
drate active enzymes (CAZymes) (Lombard et al., 2014). Wood-de-
caying basidiomycetes have traditionally been classified as white rot
and brown rot species, based on differences in their ability to degrade
the major components of plant cell wall. White rot fungi are able to
degrade both lignin and polysaccharides (cellulose and hemicellulose),
while brown rot fungi efficiently degrade polysaccharides, but only
modify lignin.

Recent advances in high-throughput “omics” technologies have
greatly enhanced our understanding of the complex biomechanisms
involved in lignocellulose degradation by basidiomycetes (Ohm et al.,
2014). With the accumulation of an increasing amount of sequence
data, comparative genomics of different fungi has become an effective

way to reveal evolutionary patterns as well as the potential function of
interesting genes. The comparison of 33 sequenced basidiomycete
genomes revealed that the current dichotomous classification of white
rot and brown rot fungi is not adequate to describe the whole spectrum
of the wood-decaying basidiomycetes (Riley et al., 2014). For instance,
Botryobasidium botryosum and Jaapia argillacea have lost ligninolytic
class II peroxidases like brown rot fungi, but possess diverse enzymes
acting on crystalline cellulose normally associated with white rot fungi,
and thus represent so-called grey rot species. In addition, the fast ex-
pansion of basidiomycete functional genomics data (e.g. tran-
scriptomics, proteomics) plays a key role in exploring and validating
new functions of plant biomass degradation related genes and the
regulatory mechanisms driving their expression (Gaskell et al., 2016;
Vanden Wymelenberg et al., 2009).

Meta-analysis of transcriptomic datasets has been a powerful ap-
proach to discover new gene expression patterns that are difficult to
detect in individual experiments. By combining multiple studies that
share a similar experimental setup their statistical power can be in-
creased to reveal a more precise and reliable set of differentially
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expressed genes (Ramasamy et al., 2008). Moreover, cross species in-
tegration and comparisons has already been used to identify evolutio-
narily conserved genes reflecting adaptation of organisms to specific
environmental changes (Shaar-Moshe et al., 2015). In animal and plant
studies, meta-analysis of transcriptome datasets has been extensively
used for finding sets of key genes involved in specific biological pro-
cesses (Mustroph et al., 2010) and disease mechanisms (Rhodes et al.,
2004). However, very few meta-analysis of multiple transcriptome
studies on basidiomycetes have been reported that go beyond two or
three species. The increasing number of fungal plant biomass de-
gradation related transcriptome sets provides options for integration
and comparison of these transcriptomes of different basidiomycetes to
promote detection of a core set of conserved genes involved in lig-
nocellulose degradation.

In this study, we collected a large set of transcriptome datasets as-
sociated with plant biomass degradation, which consists of 22 experi-
ments across 10 basidiomycete species. We aimed to evaluate whether
it is possible to compare these heterogeneous studies and still obtain
reliable conclusions or leads on fungal lignocellulosic biomass de-
gradation, meaning the identification of a core set of consistently
regulated genes/pathways with significant statistical p-values and im-
portant biochemical function that could be discovered via integrative
analysis of previously published heterogeneous datasets. Through
comparing gene expression profiles of these fungi growing on complex
lignocellulose media and simple carbon sources, we identified a core set
of up-regulated genes that are shared among these basidiomycetes in
response to plant biomass degradation (Suppl. Fig. S1). In addition, our
study revealed that many currently documented CAZy families contain
more than one orthologous groups, and significantly different expres-
sion patterns among these orthologs were observed during lig-
nocellulose degradation.

2. Materials and methods

2.1. Transcriptomic data collection and identification of differentially
expressed genes

To collect a large transcriptome set related with plant biomass de-
gradation of basidiomycetes, we searched the NCBI GEO database
(Edgar et al., 2002) (https://www.ncbi.nlm.nih.gov/geo/) with key
words basidiomycete and plant biomass degradation. The matched
datasets where manually filtered to select the experiments which shared
a similar research focus of comparing fungi grown on complex lig-
nocellulose and simple carbon sources, with at least 2 replicates for
each condition. In total, 22 transcriptome datasets from 10 basidio-
mycete species (including 14 datasets for 6 white rot species, 7 for 3
brown rot species and 1 for litter-degrading species) were collected
(Table 1). The lignocellulose substrates varied from ball-milled aspen

and pine sapwood to cellulose and lignin. The simple carbon sources
included glucose- and maltose-amended Melin-Norkrans (MMN) agar
medium, Highley's basal medium, and malt extract agar medium. The
experimental platforms included Roche-NimbleGen microarray, Agilent
and Illumina RNA-seq (Suppl. Table S1).

Due to the heterogeneity of the experimental platforms, the pre-
processed gene expression profiling data was downloaded from the
Series Matrix File of the GEO database. All the collected gene expres-
sion data had been processed with background correction, quality
control and normalization in their original studies and was ready for
further statistical analysis. For each dataset, samples from fungi grown
on lignocellulose were compared with their control samples which
contained glucose or maltose as carbon source. Student t-test (p-value
≤0.05) was applied to determine differentially expressed genes (DEGs)
between lignocellulose medium and glucose- or maltose-amended
medium. For the orthologous genes which have two or more copies in a
specific species, only under the situation that all of the gene copies in a
comparison experiment showed the same up- or down-regulated pat-
terns, the corresponding ortholog was considered as DEG.

2.2. Identification of orthologous genes across species

To compare the transcriptomic response related to plant biomass
degradation across different basidiomycetes, it is necessary to identify
the evolutionarily conserved orthologous genes among them. To ac-
complish this, the predicted proteome of each basidiomycete was
downloaded from the JGI MycoCosm database (Grigoriev et al., 2014)
and used for an all-against-all BLAST comparison with subsequent
clustering of orthologous genes. The OrthoMCL method was used to
infer orthologous genes across species (Li et al., 2003) with parameters
set as: E-value 1E−5, inflation level 1.5 and sequence coverage 60%.
The OrthoMCL algorithm generates clusters of proteins where each
cluster consists of orthologs or “recent” paralogs across multiple fungal
species. The proteins belonging to the same cluster have putatively
evolved from a common ancestor by speciation and share similar bio-
logical functions. Orthologous clusters containing at least one detected
gene among the collected datasets were extracted. The enrichment of
induced and repressed genes in each specific orthologous group were
examined by hypergeometric distribution analysis as applied in a pre-
vious study (Mustroph et al., 2010). All the expressed genes were
combined into a matrix according to their orthologous relationships.
The relative expression values of each ortholog in each dataset were
calculated as fold change between complex lignocellulose containing
and glucose- or maltose-amended medium. To visualize gene expression
from heterogeneous platforms and make diverse dataset comparable,
gene expression features in each species were binned into the following
four categories: repressed, induced, absent and no-regulation and la-
beled respectively in different colors in the heatmap (Figs. 2and 3 and

Table 1
Datasets included in the meta-analysis.

Species Rot-type Experimental design Platform Transcriptome size GEO ID References

Agaricus bisporus Litter Wheat straw VS MMN Agilent
microarray

10,413 GSE39569 Morin et al. (2012)

Phlebiopsis gigantea White Pine wood VS glucose Illumina RNA-seq 11,892 GSE53112 Hori et al. (2014)
Phanerochaete

chrysosporium
White Cellulose, ball-milled aspen VS glucose Roche-NimbleGen 9201 GSE14736 Vanden Wymelenberg et al.

(2009)
Gelatoporia subvermispora White Cellulose, ball-milled aspen VS glucose Roche-NimbleGen 12,096 GSE34636 Fernandez-Fueyo et al. (2012)
Heterobasidion annosum White Wood VS malt extract agar medium amended

with glucose
Roche-NimbleGen 7248 GSE39805 Raffaello et al. (2014)

Heterobasidion irregulare White Lignin, wood shavings, cellulose VS MMN
medium

Roche-NimbleGen 7248 GSE30230 Olson et al. (2012)

Pycnoporus coccineus White Aspen, pine VS maltose Illumina RNA-seq 12,690 GSE74234 Couturier et al. (2015)
Serpula lacrymans Brown Wood VS MMN medium Roche-NimbleGen 12,797 GSE27839 Eastwood et al. (2011)
Postia placenta Brown Cellulose, ball-milled aspen VS glucose Roche-NimbleGen 12,438 GSE12540 Martinez et al. (2009)
Wolfiporia cocos Brown Aspen, cellulose, pine VS glucose Illumina RNA-seq 12,748 GSE78007 Gaskell et al. (2016)
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Suppl. Fig. S2). Since many orthologous groups contained more than
one regulated gene in specific species, we labeled them in a bright color
to separate them from the orthologous groups with a single regulated
gene.

2.3. Gene ontology and function catalogue annotation

The Gene ontology annotation of consistently induced and repressed
orthologous gene clusters were analyzed by BLAST2GO (version 4.0)
(Gotz et al., 2008) based on the best BLASTP hits (with default
threshold of E value ≤1e−3 and HSP length of 33) to basidiomycete
proteins in the NCBI RefSeq non-redundant database. Since most or-
thologous clusters contain multiple genes from different species, we
randomly picked one gene from each orthologous cluster and annotated
its function. 88% of the induced genes (289 out of 328) and 87% of the
repressed genes (277 out of 318 genes) have an assigned GO annotation
(Suppl. Table S3A and S3B). The GO molecular function terms (level 4)
with more than five genes in either induced or repressed gene list were
shown on the bar-plot of Fig. 2.

In addition, the FunCat annotation available in the FunCat database
(Ruepp et al., 2004) and Pedant3 database (Frishman et al., 2003) was
also extracted to provide further gene functional information. Because
of the limited number of basidiomycete species that have been well
annotated by the FunCat team, only 38% (246 out 646) of consistently
regulated genes have mapped with FunCat.

2.4. CAZymes identification

The predicted proteome of 10 basidiomycete species was analyzed
by the CAZy annotation pipeline and assigned to specific carbohydrate-
active enzyme families (Lombard et al., 2014). For the orthologous
groups with significantly regulated CAZymes, their substrates were
mapped and summarized according to the enzyme-substrate relation
provided by the CAZy database (http://www.cazy.org/).

3. Results

3.1. Identification of orthologous genes across diverse basidiomycetes

OrthoMCL analysis resolved 34,548 orthologous clusters which
contained at least one gene expression value in any of the 22 tran-
scriptomics datasets across 10 studied basidiomycetes. Since our study
focused on commonly regulated genes across diverse species, ortholo-
gous clusters which were not differentially expressed in any of the
collected datasets were excluded from further analysis. In total, 24,950
orthologous clusters which had a differentially expressed gene in at
least one dataset were used for statistical analysis. Of these, 56%
(14,005) orthologs had expression values in only one basidiomycete
species, and 8% (2034) orthologs had expression values in all studied
basidiomycete species. Fig. 1 shows the number of organisms dis-
tributed in each orthologous cluster which indicates the high specificity
of species, substrate and experimental setup, of fungal transcriptomes.
Among the above 24,950 studied orthologs, only 2% (392 genes) of the
transcriptome was annotated as CAZymes. The orthologous gene in-
formation and the related gene expression values are summarized in
Suppl. Table S2.

3.2. Commonly regulated genes in response to plant biomass degradation

To detect commonly regulated genes in response to plant biomass
degradation across diverse basidiomycetes, 44,251 induced and 39,770
reduced DEGs from all collected experimental datasets were organized
to their corresponding orthologous clusters. The enrichment of regu-
lated genes in specific orthologous groups compared to total regulated
genes ratio in all detected genes was tested by hypergeometric dis-
tribution analysis (Suppl. Table S2). Using the enrichment p-value
≤0.01 and presence in more than half of all studied organisms and half
of total datasets as criteria, we identified 328 induced genes (Suppl.
Table S3A) and 318 repressed genes (Suppl. Table S3B), which are
defined as the consistently differentially expressed genes in response to
plant biomass substrates across the tested basidiomycetes (Fig. 2).

Gene Ontology (GO) analysis of 328 consistently up-regulated genes
showed that the top enrichment molecular function categories (level 4)
include genes encoding hydrolases acting on glycosidic bonds (53
genes), cation binding proteins (28 genes), substrate-specific trans-
membrane proteins (18 genes), coenzyme binding proteins (15 genes),
polysaccharide binding proteins (12 genes), oxidoreductases acting on
CH-OH groups (7 genes), oxidoreductases acting on CH-CH groups (5
genes), peptidases (5 genes) and phosphorus transferases (6 genes)
(Fig. 2 and Table S3A). In contrast, the GO molecular function terms for
consistently repressed genes contain much less genes encoding hydro-
lases active on glycosidic bonds (3 genes), oxidoreductases acting on
CH-CH groups (0 genes), and coenzyme binding proteins (3 genes), but
higher numbers of genes encoding peptidases (10 genes), nucleotide
binding proteins (45 genes), and phosphorus transferases (16 genes)
(Fig. 2 and Suppl. Table S3B). The commonly induced/repressed gene
sets revealed in our study indicate that several core functional gene
groups have been adopted by a broad range of basidiomycetes for de-
gradation of plant biomass.

3.3. Consistently up-regulated CAZymes

With the special interest in the up-regulated CAZyme encoding
genes, we further focused on the functional analysis of these plant
biomass degradation related genes. To recognize commonly expressed
CAZymes across basidiomycetes, the orthologous groups that were
significantly enriched with up-regulated CAZymes were separated from
the above identified commonly regulated gene list. In total, 23% (75
out of 328 genes) consistently up-regulated genes encoded CAZymes
(Suppl. Table S3A). Compared to 2% (392) CAZymes in all collected
24,950 orthologous clusters (Suppl. Table S2), there was a 12-fold
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Fig. 1. The distribution of the expressed orthologous clusters among the 10 different
basidiomycete species studied. In total 34,548 orthologous clusters were collected in this
study. Among them, 24,950 orthologs were differentially expressed in at least one dataset
(highlighted in dark grey), and 9598 orthologs were not significantly changed in any of
dataset (highlighted in light grey).
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higher enrichment of CAZymes in the consistently up-regulated gene
set, which indicates the high specificity of our method to detect key
genes from large heterogeneous datasets.

By including enzyme-substrate information provided by CAZyme
database (http://www.cazy.org/), we defined a core set of 50 CAZymes
from the above 328 consistently induced CAZymes which are related to
degradation of plant biomass. Their plant biomass related substrate,
and expression patterns in the studied basidiomycetes are summarized
in Fig. 3 and Suppl. Table S3C. Most of these conserved induced genes
encode enzymes involved in degradation of polymeric substrates, such
as cellulose (16 genes), xylan (8 genes) and pectin (11 genes). The high
genomic conservation and similar up-regulated pattern in lignocellulose
transcriptomics of this core set of genes indicates their key role in plant
biomass degradation.

Interestingly, the data also revealed significant differences between
the species, as not all CAZymes conserved in the basidiomycete gen-
omes have a similar regulation pattern related to plant biomass de-
gradation, which can be seen for example in families GH45, GH125,
and AA1_2 (Suppl. Table S2). Also, the orthologous clusters from the
same CAZy family may present clearly different expression patterns
across species. For instance, orthologs of GH5, GH3 and AA9 were re-
vealed to have different expression patterns (Suppl. Fig. S2).

4. Discussion

Recent advance in genome sequencing and comparative genomics
studies have revealed that different basidiomycetes contains a different
set of potential CAZymes for adaptation to their unique natural niches
(Martinez et al., 2009; Ohm et al., 2010; Rytioja et al., 2014; Shah et al.,
2016). However, the comparative studies of large-scale functional
genomics data are still in their infancy. By comparing a large set of
transcriptomic data, our study provided new insights into plant biomass
degradation by basidiomycetes. Clear differences in the expression
patterns of orthologous genes in different species and plant biomass
substrates were revealed. This demonstrates that the integration of
transcriptome data can provide a more comprehensive and dynamic
picture of how genes are regulated in specific conditions compared to
static gene copy comparisons in comparative genomics studies. Sub-
families for GH5 have been previously defined with specific enzyme
activities and annotated structure features (Aspeborg et al., 2012). Sub-
family classifications have also been described for CAZy families GH13
(Stam et al., 2006) and GH43 (Mewis et al., 2016), but not yet for other
CAZy families that also contain multiple activities, such as GH3 and
AA9 (Suppl. Fig. S2). The diverse expression patterns of the members of
these families supports the need for further sub-classification and

Fig. 2. Commonly up/down-regulated genes and their enrichment of GO molecular function.
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functional characterization of CAZy families.
Besides meta-analysis of data from one single “omics” platform, the

integration of heterogeneous and large “omics” data from different
experimental platforms and molecular levels (genomics, tran-
scriptomics, proteomics and metabolomics) is the next big challenge of
today's biological studies (Chen et al., 2012; Gomez-Cabrero et al.,
2014; Miyauchi et al., 2016; Zhang et al., 2010). Studies have been
performed to identify key genes involved in plant cell wall degradation
in e.g. Phanerochaete chrysosporium (Vanden Wymelenberg et al., 2009),

Neurospora crassa (Tian et al., 2009), Dichomitus squalens (Rytioja et al.,
2016) and Agaricus bisporus (Patyshakuliyeva et al., 2015), by com-
bining evidence from proteomics and transcriptomics data. Now that
more fungal functional genomics data associated with plant biomass
degradation is accumulating, a deeper understanding of lignocellulose
degradation could be achieved via an integrated analysis of “omics”
data from these different species and platforms.

The 50 CAZymes involved in plant biomass degradation for which
the corresponding genes were considered to be consistently upregulated
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CE16 #1                          AXE / AGME

CE4                                 AXE

GH30_3                          XLN
GH115                            AGU
GH3 #4                           BXL / ABF

GH12                               XG-EGL

GH131                             EGL

GH5_22                           EGL

GH3 #2                            BGL
GH3 #1                            BGL
GH1                                 BGL

CAZy                 Code/Function           Polymer
                                                            Substrates

GH3 #3                            BGL

CBM1-GH6                     CBH

GH43                               ABN

GH27                               AGL
(CBM1)-GH27                 AGL
GH74-(CBM1)                 XEG

Fig. 3. Core set of plant biomass degradation related genes identified in this study. Abbreviations: ABF, α-arabinofuranosidase; ABN, endoarabinanase; AXE, acetyl xylan esterase; AGME,
acetyl glucomannan esterase; AFC, α-fucosidase; AGD, α-1,4-glucosidase; AGL, α-1,4-D-galactosidase; AGU, α-glucuronidase; AXL, α-xylosidase; BGL, β-1,4-glucosidase; BXL, β-1,4-
xylosidase; CBH, cellobiohydrolase; CDH, cellobiose dehydrogenase; AlcOx, alcohol oxidase; EGL, β-1,4-endoglucanase; FAE, feruloyl esterase; GAL, β-1,4-endogalactanase; LAC, β-1,4-
galactosidase; LPMO, lytic polysaccharide mono-oxygenase; MAN, β-1,4-endomannanase; MND, β-1,4-D-mannosidase; PGA, endo-polygalacturonase; PGX, exo-polygalacturonase; PME,
pectin methyl esterase; RGX, rhamnogalacturonan galacturonohydrolase/exorhamnogalacturonase; RHA, α-rhamnosidase; RHG, rhamnogalacturonan hydrolase/en-
dorhamnogalacturonase; XEG, xyloglucan β-1,4-endoglucanase; XG-EGL, xyloglucanase; XLN, β-1,4-endoxylanase; UGH, d-4,5-unsaturated glucuronyl hydrolase. The CBM1 in the
brackets indicate that some members in the orthologous groups may not contain the CBM1 domain. The ‘#’ was added to several CAZymes for indicating that they have been matched by
multiple orthologous clusters.
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in the presence of plant biomass, cover a range of activities acting on
various plant polymers. However, when these are ranked based on the
number of datasets they are upregulated in, an interesting pattern
emerges. Only three CAZyme orthologous groups are upregulated in 19
of the 22 datasets and two in 18 of the 22 datasets (Suppl. Table S3C).
The first three encode a putative β-glucosidase, β-xylosidase, and en-
doxylanase, while the last two encode a putative endomannanase and
α-glucuronidase. The first two are crucial enzymes for the complete
hydrolysis of cellulose and xylan, while the third and fourth are highly
important enzymes for degradation of xylan and mannan, respectively,
by hydrolyzing the backbone of these polysaccharides into oligo-
saccharides (Rytioja et al., 2014). Surprisingly, the latter, α-glucur-
onidase, is an enzyme that removes the 4-O-methyl-glucuronic acid side
groups from xylan thus providing access for endoxylanases to the
backbone of xylan (Chong et al., 2011). The consistent upregulation of
this gene suggests that the tested basidiomycetes all commonly en-
counter glucuronoxylans and that 4-O-methyl-glucuronic acid side
groups significantly hinder xylan hydrolysis by these fungi.

The next set of most prevalently upregulated genes in the presence
of plant biomass are mainly a set of cellulases, followed by a diverse
number of (hemi-)cellulases and pectinases (Fig. 3). The presence of the
cellulases is expected as a high amount of cellulose is present in all
plant biomass substrates. However, the relative amount of pectin in
plant biomass is highly variable, from highly abundant in some dicots
(e.g. soy beans) to very low (e.g. in wood) (Edwards and Doran-
Peterson, 2012). The common upregulation of a basic set of pectinases
in most of the datasets (even on substrates with low pectin content),
suggests that the presence of pectin is a significant barrier for enzymes
targeting other plant polymers. Pectin has been reported to act as a glue
in the cell wall, linking hemicellulose, lignin and cellulose polymers
into a tight matrix and determining cell growth (Anderson, 2016),
which may explain why the (partial) degradation of pectin is a core
component of plant biomass degrading strategies in fungi.

The observation that not all orthologous genes targeting a certain
polysaccharide (e.g. cellulose) are consistently upregulated in different
fungal species or on different substrates indicates the diversity of plant
biomass degradation approaches of fungi. While the substrate-related
differences could be caused by structural differences in the plant
polymers, the species-specific differences more likely relate to evolu-
tionary adaptations of the species. This could be due to differences in
their biotope, which would also involve different plant biomass com-
positions, but could also hint at the specific components of the biomass
these species primarily target.

5. Conclusions

In this study, transcriptomic profiling of plant biomass degradation
in 10 basidiomycetes was systematically evaluated to identify con-
sistently regulated genes. Despite the variations in growth conditions
and species, a core set of commonly up-regulated plant biomass de-
gradation related genes was discovered. Further investigation of this
core gene-set could help to determine their specific biological function
and regulatory mechanisms during the process of plant biomass de-
gradation. Also, a more extensive study including a larger dataset of
more fungal species would likely result in an even more robust analysis
and be able to distinguish between basic core genes and genes that are
consistently upregulated on specific plant biomass substrates.

While our study focused on consistent patterns between fungi and
datasets, this approach could also be used to identify significantly dif-
ferent patterns in either different datasets from the same species, or in
different species grown under similar conditions.
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