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Abstract

Diversity comparison and phylogenetic analyses of carbohydrate-active enzymes (CAZymes), auxiliary activities (AAs)
and cytochromes P450 among 40 fungi, which are based on different nutritional pathways, help clarify and explain their
divergence and improvement of various life-styles. Molecular clock analyses allow us to understand the evolutionary and
developmental rules in decomposition gene families. Our results suggested that fungi in different ecological types acquired
an obvious preference on specific decomposing gene families during evolutionary selection. White rot and litter saprotrophic
fungi possessed more complete types of varied degradation gene families and were superior in quantities. With evolution
and development of lignocellulose decomposition mechanism, certain families (like CBM1, GH6, GH7, GH10, and CYP53)
disappeared in brown rot fungi and symbiotic fungi. In addition, the earlier time of phylogenetic divergence determined the
more integrated and larger decomposition families. And various gains and losses in gene quantity of varied decomposition
families led in particularly phylogenetic clades or nodes, then accelerated in forming varied ecotypes of species.
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Introduction

Cultivation media have significant influence in the mush-
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Laccaria bicolor (Maire) P.D. Orton and Boletus edulis Bull.
All the edible and medicinal mushrooms can decompose and
utilize lignocellulose as nutrition resources to some extent.
However, studies of wood-decay organisms have focused
on model fungal systems. Examples are the white-rot fungi
Phanerochaete chrysosporium Burds. and Ceriporiopsis
subvermispora (Pilat) Gilb. & Ryvarden and the brown-rot
fungus Postia placenta (Fr.) M.J. Larsen & Lombard (Mar-
tinez et al. 2004, 2009; Fernandez-Fueyo et al. 2012), while
only a few studies focus on how edible and medicinal mush-
rooms decompose and utilize lignocellulose.
Lignocellulose is a composite of the polysaccharide cel-
lulose and hemicellulose, and lignin, which is poly-phenolic
(Broda et al. 1996). The three types of polymers strongly
intermeshed and chemically bonded by non-covalent forces
and by covalent cross-linkages (Pérez et al. 2002). These
complex constructions make enzymatic attack more dif-
ficult than that on other glucose-based polymers such as
starch (Broda et al. 1996). The conversion of lignocellu-
lose by fungi is quite complicated, with a set of hydrolytic
enzymes including laccase, cellulose, xylanase, and man-
nanase (Wu et al. 2015). The cellulose, hemicellulose, and
lignin in the plant cell wall are degraded through synergis-
tic action of multiple enzymes (Pérez et al. 2002). Genom-
ics of many model edible and medicinal mushrooms have
been sequenced, such as L. bicolor (Martin et al. 2008),
Coprinopsis cinerea (Schaeff.) Redhead (Stajich et al. 2010),
Schizophyllum commune Fr. (Ohm et al. 2010), A. bisporus
(Morin et al. 2012), V. volvacea (Bao et al. 2013; Chen et al.
2013), and F. velutipes (Park et al. 2014), which permit com-
parative and functional genomic analyses of nutritional niche
adaptation and decomposition of lignocellulose by edible
and medicinal mushrooms (Eastwood et al. 2011).
Lignocellulolytic enzymes comprise families that fall into
two categories: CAZymes and oxidoreductases (Broda et al.
1996; Floudas et al. 2012). CAZymes are responsible for
the breakdown, biosynthesis or modification of glycocon-
jugates, oligo- and polysaccharides (Zhao et al. 2013) and
play a key role in the synthesis and breakdown of plant cell
wall as well as in host—pathogen interactions (Cantarel et al.
2009; Zhao et al. 2013). Based on the structurally related
catalytic modules or functional domains, CAZymes cover
approximately 300 protein families in five classes of enzyme
activities: glycoside hydrolases (GHs), glycosyltransferases
(GTs), polysaccharide lyases (PLs), carbohydrate esterases
(CEs), and carbohydrate-binding modules (CBMs) (Canta-
rel et al. 2009). The CE, GH, and PL superfamilies are also
known as cell wall degrading enzymes (CWDE) due to their
role in the disintegration of the plant cell wall by bacte-
rial and fungal pathogens (Ospina-Giraldo et al. 2010). In
addition to the catalytic modules, CBMs are the most com-
mon non-catalytic modules associated with enzymes active
in cell-wall hydrolysis (Cantarel et al. 2009), for example,
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enhancing the localization of the enzymes that bear them on
the surface of crystalline cellulose (Guillén et al. 2010) or
disrupting the crystallinity of cellulose (Wang et al. 2008).
Oxidoreductases are comprised by auxiliary activities (AAs)
and cytochromes P450 (Floudas et al. 2012). AAs accommo-
date a range of enzyme mechanisms and substrates related
to lignocellulose conversion, including lignocellulolytic
enzymes, such as laccase, manganese peroxidase (MnP),
lignin peroxidase (LiP), and versatile peroxidase (VP) (Lev-
asseur et al. 2013). Cytochromes P450 monooxygenases are
mixed functional oxidoreductases ubiquitously distributed
throughout living organisms (Floudas et al. 2012), playing
important roles in the biosynthesis of numerous secondary
metabolites and in downstream events of the lignin degrada-
tion process (Ospina-Giraldo et al. 2010; Morin et al. 2012).

Fungi can produce all kinds of CAZymes and oxidore-
ductases to achieve various biological functions (Wu et al.
2015). Saprotrophic fungi gain nutrition for fungal growth
and reproduction mainly through releasing carbohydrates
from lignocellulose in the environment; fungal pathogens
secrete a variety of CAZymes and oxidoreductases to pen-
etrate and successfully infect their hosts (Zhao et al. 2013).
When cultured on different substrates, various plant biomass
degrading enzymes were produced by different fungi, i.e.
Fusarium graminearum Schwabe, Rhizopus oryzae Went
& Prins. Geerl. (Battaglia et al. 2011), and the model fila-
mentous fungus Neurospora crassa Shear & B.O. Dodge
(Tian et al. 2009). In recent years, the fast expansion of
basidiomycete genomic and functional genomics data (e.g.
transcriptomics, proteomics), which facilitated exploration
of key genes and regulatory mechanisms of biomass degra-
dation was reported (Cai et al. 2017; Peng et al. 2018). As
a result, the activities of hydrolytic enzymes from different
fungi showed preferences for different types of plant biomass
and adaption to their lifestyles (Zhao et al. 2013).

To reconstruct the evolution of lignocellulose decay
mechanisms, 40 diverse edible and medicinal mushroom
genomes were selected, including species representing
each of a range of functional niches: white rot and brown
rot wood decay, litter saprotrophic, and mutualistic ectomy-
corrhizal symbiosis. In this study, the CAZymes and oxi-
doreductases related with lignocellulolytic decomposition
from different nutrition modes of representative edible and
medicinal fungi were annotated and compared to estimate
phylogenetic relationships.

Materials and methods
Data collection and annotation

A data set including 40 fungi involved in edible or/and
medicinal mushrooms from both Basidiomycota and
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Ascomycota was used to estimate the timing of phyloge-
netic divergence events (Table 1) (Boa 2004; Dai and Yang
2008; Dai et al. 2010). The genomic data of V. volvacea
and F. velutipes were kindly provided by Prof. Baogui Xie
from Mycological Research Center, College of Life Sci-
ences, Fujian Agriculture and Forestry University. Also,
the genomic data of others were downloaded from JGI

database (DOE Joint Genome Institute, https://genome.jgi.
doe.gov/).

The annotation of carbohydrate active enzymes
(CAZymes) was based on HMM Model (Yin et al. 2012)
of dbCAN database (database for automated carbohydrate
active enzyme annotation). The potential function struc-
ture regions of protein sequences were analyzed when the

Table 1 The classification, ecology, functions and accession numbers of 40 fungi in this study

Phylum Class Order Ecology  Species Functions JGI project ID
Ascomycota Pezizomycetes Pezizales Symbiotic  Choiromyces venosus Edible 1016738
Morchella conica Edible 1023999
Tuber melanosporum Edible 1047810
Basidiomycota Agaricomycetes — Agaricales White rot  Pleurotus ostreatus Edible and medicinal 1184896
Flammulina velutipes Edible and medicinal -
Armillaria mellea Edible and medicinal NCBI Project Id: 196228
Schizophyllum commune  Edible and medicinal 1076475
Panellus stipticus Medicinal 1018598
Brown rot  Fistulina hepatica Edible and medicinal 1079823
Symbiotic  Tricholoma matsutake Edible and Medicinal 1079273
Laccaria amethystina Edible 1006252
Laccaria bicolor Edible 1091345
Amanita muscaria Medicinal 1078184
Straw rot  Agaricus bisporus Edible and Medicinal 1076821
Coprinopsis cinerea Medicinal 1004745
Volvariella volvacea Edible and medicinal ANCHO00000000
Auriculariales ~ White rot  Auricularia subglabra Edible 402897
Boletales Brown rot  Serpula lacrymans Medicinal 1076883
Symbiotic  Boletus edulis Edible and medicinal 1006377
Gyrodon lividus Edible 1016730
Paxillus involutus Edible and medicinal 1076818
Pisolithus tinctorius Medicinal 402035
Scleroderma citrinum Medicinal 1079271
Suillus brevipes Edible 1011225
Suillus luteus Edible and medicinal 1006870
Gloeophyllales  White rot  Neolentinus lepideus Edible 1006918
Brown rot  Gloeophyllum trabeum Medicinal 1077715
Polyporales White rot  Pycnoporus cinnabarinus Edible and medicinal 1111350
Pycnoporus sanguineus ~ Edible and medicinal 1024951
Polyporus arcularius Edible and medicinal 1006898
Lentinus tigrinus Edible 1020065
Trametes versicolor Edible and medicinal 1077971
Brown rot  Fomitopsis pinicola Medicinal 1078004
Laetiporus sulphureus Edible and medicinal 1006914
Wolfiporia cocos Edible and medicinal 1078005
Russulales White rot  Stereum hirsutum Medicinal 402896
Heterobasidion annosum  Medicinal 1076437
Dacrymycetes Dacrymycetales White rot  Calocera viscosa Edible 1017988
Brown rot Calocera cornea Edible 1006894
Tremellomycetes Tremellales Symbiotic  Tremella mesenterica Edible and medicinal 1084394

— Indicated no JGI project ID or other public accession number
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genomic data of 40 fungi involved in edible or/and medicinal
mushrooms were compared using the Hidden Markov model
(HMM), then the CAZymes were annotated and classified.

The protein sequences of AAs and P450 were down-
loaded from Carbohydrate-Active enZYmes Database (https
://www.cazy.org/) and Cytochrome P450 Server (https://
drnelson.uthsc.edu/CytochromeP450.html), respectively.
The AAs and P450 superfamilies were annotated and clas-
sified by blasting with the downloaded sequences.

Phylogenetic analyses

A total of 1438 single-copy genes from 125 species based on
OrthoDB 7 database (BUSCO Benchmarking sets of Univer-
sal Single-Copy Orthologs) (Waterhouse et al. 2013) were
aligned using MAFFT 6.717b (Katoh and Toh 2008), and
the Hidden Markov Model (HMM) was constructed using
HMMER 3.0 (Eddy 2009). The orthologous gene families
were selected by blasting the genomes of 40 edible and
medicinal mushrooms in this study using the constructed
HMM. The orthologous gene families were defined as the
highest HMM value when e-values no more than 1E-50. All
the selected orthologous gene families were analyzed using
MAFFT 6.717b (Katoh and Toh 2008), and the conserved
regions were selected using Gblocks (Castresana et al.
2000). A total of 413 orthologous gene families with gene
length of conserved regions no less than 20% of whole gene
were selected and linked to a single file with custom Perl
program (Floudas et al. 2012). The best evolutionary model
of nucleotide substitution in evolution of genes was selected
using ProtTest 3.2 (Darriba et al. 2011) before phylogenetic
study. Maximum likelihood estimate of modal parameters
can be analyzed by ProtTest 3.2 using Akaike information
criterion (AIC), Bayesian information criterion (BIC), and
decision theory criterion (DT). The best evolutionary model
selected is “LG + 1+ F”. The rate matrices are “LG”, rate
variation of site is “+ 1" (invariable sites), and the observed
amino acid frequencies are “+F” (observed amino acid
frequencies). Then the phylogenetic tree was constructed
using RAXML 7.2.8 with PROTGAMMAILGF model and
bootstrap of 100 (Stamatakis et al. 2006).

Molecular clock analysis

To study the molecular clock of edible and medicinal
mushrooms, three well-characterized fossil calibrations
were used to calibrate the minimum ages of Boletales,
Agaricales, and Ascomycota clades in the Dikarya,
respectively (Eastwood et al. 2011; Floudas et al. 2012).
The 50-mya permineralized suilloid ectomycorrhiza fos-
sil associated with pine roots from the middle Eocene
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Princeton chert of British Columbia, Canada (LePage
et al. 1997) was used to calibrate the Boletales (Eastwood
et al. 2011; Floudas et al. 2012). The Archaeomarasmius
legetti fossil from mid-Cretaceous amber discovered in a
well-characterized layer of clay in New Jersey, USA of
94-90 mya (Hibbett et al. 1997; Eastwood et al. 2011)
was used to calibrate the Agaricales for the resembled
morphology of modern agarics (small mushrooms with
a stipe and a cap) (Floudas et al. 2012). A 400-mya-old
ascomycete fossil Paleopyrenomycites devonicus from the
early Devonian associated with the extinct vascular plant
Asteroxylon mackiei (Taylor et al. 2005) was used to cali-
brate Ascomycota (Floudas et al. 2012).

The divergence time between species was estimated
with the Langley-Fitch method with r8s (Sanderson et al.
2006). The three fossil calibrations followed a lognormal
distribution, where the minimum age for the calibrations
afore-described provided the offset values.

The CAFE program (De Bie et al. 2006) and BadiRate
program (Librado et al. 2012) were used to analyze the
evolution of protein family size variation (expansion or
contraction) in CAZymes and oxidoreductases in 40 edible
and medicinal mushrooms. CAFE used a stochastic model
of gene birth and death to infer statistically significant
gain and loss in gene families, given gene copy numbers
in each organism and ancestor. A family-wide signifi-
cance threshold of 0.05 was used. BadiRate provides the
appropriate statistical framework for testing biologically
relevant hypothesis on the input data, consisting of the
species’ phylogenetic tree and the size of each gene family
in each extant species (Carretero-Paulet et al. 2015), with
Birth—-Death—and-Innovation (BDI, a.k.a. Birth-Death-
and-Immigration) stochastic models as implemented.

Accession numbers for the downloaded datasets

The accession numbers for the downloaded genomic data
from JGI database used in the present study have been
shown in Table 1 (Ohm et al. 2010; Eastwood et al. 2011;
Olson et al. 2012; Collins et al. 2013; Nordberg et al. 2014;
Branco et al. 2015; Floudas et al. 2012, 2015; Kohler et al.
2015; Alfaro et al. 2016; Nagy et al. 2016). Among them,
the genomic data of Armillaria mellea could be down-
loaded from JGI without the JGI project ID, but the NCBI
Project Id (196228) had been listed. The genomic data of
V. volvacea and F. velutipes were kindly provided by Prof.
Baogui Xie from Mycological Research Center, College of
Life Sciences, Fujian Agriculture and Forestry University.
The genomic data of V. volvacea were deposited at DDBJ/
EMBL/GenBank under the accession no. ANCH00000000
(Chen et al. 2013), but no accession numbers of genomic
data of F. velutipes could be listed here.
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Results and discussion

Phylogeny and evolution of edible and medicinal
mushrooms

To estimate phylogenetic relationships among 40 edible
and medicinal mushrooms, data sets using 413 single-copy
genes were constructed, with 149,592 amino acids. The
phylogenetic tree of edible and medicinal mushrooms was
strongly supported, with all but six nodes receiving maxi-
mal support values (Figure S1); and the tree topology was
consistent with prior published phylogenetic inferences
using multigene analysis (Fig. 1) (Matheny et al. 2007).

All the symbiotic mushrooms clustered in Ascomycota
and Boletales, Agaricales and Tremellales of Agaricomy-
cetes, Basidiomycota. The tree also resolved four inde-
pendent brown rot lineages as a previous study (Floudas
et al. 2012). All brown-rot mushrooms were in Basidiomy-
cota, clustered in Boletales, Agaricales, Polyporales, and
Gloeophyllales of Agaricomycetes, and Dacrymycetales
of Dacrymycetes. The white-rot mushrooms distributed
in Agaricales, Polyporales, and Russulales of Agaricomy-
cetes; some others were in Gloeophyllales and Auriculari-
ales of Agaricomycetes, and Dacrymycetales of Dacry-
mycetes. Only a few edible and medicinal mushrooms are
litter composers, including A. bisporus, C. cinerea, and V.
volvacea, which all fell into Agaricales of Agaricomycetes.
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The relaxed molecular clock analyses with normal fossil
calibration priors produced broadly spaced estimates for the
posterior probability of the non-calibrated nodes (Eastwood
et al. 2011). The basal split between the major fungi docu-
mented here occurred 670.9 mya (Fig. 1), consistent with
previous studies: 662 mya (Floudas et al. 2012) or 727 mya
(Douzery et al. 2004). Agaricomycotina have occurred
around 357.4 mya, Agaricomycetes originated 137.8 mya,
and Agaricomycetidae branched off 108.8 mya. The val-
ues are much lower than some of the previously published
studies (Eastwood et al. 2011; Floudas et al. 2012), but are
similar to those obtained by previous analyses using Beast
(Garnica et al. 2016).

Diversities of CAZymes and oxidoreductase
in edible and medicinal mushrooms

A total of 389 predicted protein families related with lig-
nocellulose decomposition were found in 40 edible and
medicinal mushroom genomes, including 78 glycoside
hydrolases (GHs), 49 glycosyltransferases (GTs), 15 poly-
saccharide lyases (PLs), 13 carbohydrate esterases (CEs), 45

carbohydrate-binding modules (CBMs), 12 auxiliary activi-
ties (AAs), and 177 cytochromes P450s.

Diversities of CAZymes

The lowest number of CAZY gene families selected for
study in basidiomycetes was found in Tremella mesenterica
Retz. (221 gene families), while ascomycetes Tuber mela-
nosporum Vittad. (216 gene families) had the least CAZY
genes. The highest number of selected CAZY gene families
in basidiomycetes and ascomycetes was identified in Auricu-
laria subglabra Looney, Birkebak & Matheny (787 gene
families) and Morchella conica Pers. (421 gene families),
respectively (Fig. 2).

The distribution of gene copies was not homogeneous
among the genomes and among the gene families (Eastwood
et al. 2011). Some CAZY families, such as GH5, GH18,
GH20, GH28, GH31, GH43, PL1 and PL4 were detected
in all the fungal species examined (Fig. 2), while some
others, such as CBM1, GH10, GH11, GH76 and GH46
occurred only in several fungi. Interestingly, the distribu-
tion of some CAZyme families appeared to be phylum-spe-
cific. For example, 13 CAZY families were only found in
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the Basidiomycota, including GH9, GH29, GH89, GH30,
GH79, GT65, GT68, PL14, PL8, CBM19 and CE9. In con-
trast, eight CAZY families appeared to be Ascomycetes-
specific, including GH25, GH26, GH81, GT62, CBM16 and
PL3.

Diversities of AAs

The highest number of copies for AAs gene families was
present in Auricularia subglabra (156 copies) followed by
A. mellea (148 copies), while the lowest number of copies
were identified in 7. mesenterica (21 copies) and T. mela-
nosporum (34 copies). The differences among the genomes
in total gene copies were less prominent in the dataset com-
pared to the CAZY dataset, with the exception of AA9,
AA2, AAO, AA1l, and AAS. AAO family was detected only
in strains of Ascomycetes, and AA11 occurred in Basidio-
mycota solely. AA2, AAS, and AA9 were enriched in white-
rot, litter saprotrophic and some symbiotic fungi, while only
absent in brown rot fungi.

Diversities of P450s

The highest number of copies for P450s gene families was
present in P. involutus (223 copies) followed by A. subglabra

(217 copies), while the lowest number of copies was identi-
fied in T. mesenterica (9 copies) and T. melanosporum (26
copies). Similarly, the distribution of some P450 families
appeared to be phylum-specific. For instance, 18 families
were only found in the Basidiomycota, including CYP63A1,
CYP63A4, CYP512A1, CYP67A2, CYP530A1, CYP66B1
and CYP53C2. On the contrary, one family (CYP503B4)
appeared to be Ascomycetes-specific.

Gene evolution of edible and medicinal mushrooms

A clear separation can be found among four ecotype-fungi,
independently from their phylogenetic positions, demon-
strating a strong relationship between lifestyle and expan-
sion/contraction of functional domains in the genomes of
these fungi (Fig. 1).

Evolution of CAZymes

CAFE analysis identified gene families that had under-
gone significant expansion and contraction (Fig. 3). A
more detailed analysis of genes involved in lignocellulose
decomposition revealed a link between brown rot evolution
and gene repertories. A total of 783 protein models were
retrieved and used in the phylogenetic and reconciliation
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analyses. A large number of gene losses can be grasped in
the expansion and contraction analysis among four ecotype-
fungi. In general, loss of gene function may represent a
common evolutionary response (Olson et al. 1999). For
symbiotic fungi, 7. mesenterica (expansion 2 copies and
contraction 48 copies) and C. venosus (expansion 80 cop-
ies and contraction 0 copies), which had a significant dif-
ference in gene evolution, were diverse into two different
nodes (around 40.1 mya), and variant gene families were
GHS, CE1, CBM1, GH43, GH35, GH76 and GH31. Other
two white rot fungi, S. hirsutum (expansion 162 copies
and contraction 2 copies) and H. annosum (expansion 27
copies and contraction 40 copies), also were divided into
two nodes (83.7 mya) with a number of gene families (like
GHS, CE1, GH10, GH43, GH35, GH76, GH18, and GH28)
whose number differed strongly from each other. Both of
A. muscaria (symbiotic fungus, expansion 30 copies and
contraction 11 copies) and V. volvacea (litter saprotrophic
fungus, expansion 161 copies and contraction 36 copies)
belonged to Agaricales, while they had different eco-life-
styles and were divergent into two nodes (78.8 mya), with
the significantly different gene families GH7, PL3, GHS,
CEl, GH10, CBM1, GH43, GH6, GH31, PL1, and GH18.
Brown rot fungus G. trabeum (expansion 12 copies and
contraction 51 copies) and white rot fungus N. lepideus
(expansion 45 copies and contraction 8 copies) belonging
to Gloeophyllales were divided into two nodes (38.8 mya)
as well, and gene family GH18 were different in number.
Another combination, S. commune (white rot fungus, expan-
sion 137 copies and contraction 21 copies) and F. hepatica
(brown rot fungus, expansion 50 copies and contraction 69
copies), which were assigned to Agaricales, included eight
gene families (PL3, GHS, CE1, CBM1, GH43, GH76 and
GHG62) greatly different in number and were attributing into
two nodes (76.1 mya). Among these gene families whose
number are greatly different with gene evolution, CBM1
(binding to cellulase), GHS (endo-b-1,4-glucanase), GH6
(cellobiohydrolase) and GH7 (reducing end-acting cellobio-
hydrolase) families were correlative with cellulose decom-
position. Gene families, like GH10 (endo-1,3-b-xylanase),
GH31 (a-xylosidase), GH35 (exo-b-glucosaminidase), GH43
(a-L-arabinofuranosidase), GH62 (a-L-arabinofuranosidase)
and CEI (acetyl xylan esterase), were functional in hemicel-
lulose degradation. Pectin-relative gene families were GH28
(exo-polygalacturonase), PL1 (exo-pectate lyase) and PL3
(pectate lyase). Chitin-relative gene families were GH18
(chitinase) and GH76 (a-1,6-mannanase).

Fourteen gene families were found to have significant
departures from a random birth—death process of gene family
evolution (p <0.05; Table 2), including three CAZY families
(CMB1, CMB13 and CE10), suggesting that there have been
lineage-specific shifts in rates of gene duplication and loss
(Floudas et al. 2012). The patterns of gene duplication and
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Table 2 Gene families that have significant departures from a random
birth—death process of gene family evolution in edible and medicinal
mushroom genomes

Enzyme families p value Substrate preference
AAl 0.001 Lignin
AA2 0.001 Lignin
AA4 0 Lignin
AA5 0.001 Lignin
AA6 0.001 Lignin
AAT 0.001 Lignin
AA8 0.001 Lignin
AA9 0.001 Cellulose
AAI10 0.001 Cellulose
AA1l 0.003 Chitin
AA12 0 -

CEI10 0.046 -

CMBI 0.046 Cellulose
CMB13 0.031 -

— Indicate unknown substrate

loss in CBM1 (carbohydrate-binding modules) gene families
were shown in Fig. 4. Obviously, CBM1 family contracted
strongly in brown rot fungi while expanded in other species,
which revealed and demonstrated a family evolution.

Evolution of AAs

To gain access to cellulose, wood-decaying fungi must over-
come or circumvent lignin (Floudas et al. 2012). Consistent
with a central role of AAs in lignin degradation, genes of
the AAs family were present in all the edible and medicinal
mushroom genomes, and the common ancestor on node 7
was estimated to have 154 copies (Fig. 5), suggesting that
the diversification of the family predated the separation of
Dikarya (Floudas et al. 2012).

For symbiotic fungi, T. mesenterica (expansion 5 copies
and contraction 110 copies) and C. venosus (expansion 10
copies and contraction 87 copies) had the same eco-life-
style while they were divided into two significant different
nodes. Every number of these gene families differed to a
large degree, such as AA9, AA1, AA2, AA7, AA1l and
AA3. Similarly, A. muscaria (symbiotic fungus, expansion
16 copies and contraction 35 copies), V. volvacea (litter sap-
rotrophic fungus, expansion 20 copies and contraction 14
copies), S. commune (white rot fungus, expansion 23 copies
and contraction 10 copies), F. hepatica (brown rot fungus, 5
copies and 35 copies), C. cinerea (litter saprotrophic fungus,
expansion 53 copies and contraction 1 copies) and L. bicolor
(symbiotic fungus, expansion 7 copies and contraction 29
copies) evolved into different nodes, respectively, and gene
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Fig.4 Patterns of gene duplication and loss in CBM1 (carbohydrate-
binding modules) gene families. Numbers at internal nodes indicate
the estimated copy numbers of ancestral genes as retrieved under the
best-fit BadiRate gene family turnover model (BDI-GR-ML). Num-

families AA9, AA2, AA3, AA7 and AAS5 are involved in
the evolution.

In terms of AA9 (GH61) family, lytic polysaccharide
monooxygenase, showed significant expansions in white
rot lineages, with a family-wide p value of <0.001 in
CAFE analyses (Table 2, Fig. 5). Originally described as
cellulases, GH61 was recognized as a family with weak
endoglucanase activity; however, GH61 enzymes have
recently been reported to be copper-dependent lytic poly-
saccharide monooxygenases (LPMO) that enhance cel-
lulose degradation in concert with classical cellulases
and was classified as “Auxiliary Activities” (AA) (Levas-
seur et al. 2013). Other Auxiliary Activity families, like
AA1 (multicopper oxidase, managing laccase, ferroxi-
dase and laccase-like multicopper oxidase), AA2 (Class

Gyrodon lividus
Boletus edulis

bers on the branches denote the minimum number of gains and losses
estimated from the data. Bars indicate copy numbers in sampled
genomes

II peroxidase, concluding manganese peroxidase, lignin
peroxidase and versatile peroxidase), AA3 (GMC oxi-
doreductase, containing cellobiose dehydrogenase, alco-
hol oxidase, alcohol oxidase and glucose oxidase), AAS
(radical-copper oxidase, taking on glyoxal oxidase and
galactose oxidase) and AA7 (1,4-benzoquinone reductase),
revealed diverse distribution in various eco-type fungi. For
instance, Class II peroxidase AA2 family, composed of
LiP, MnP and VP families, was largely present in white rot
and litter saprotrophic fungi and absent in brown rot fungi.
Genes of the AA9, AA1, AA3, AAS and AA7 families
were present in all the edible and medicinal mushroom
genomes, but AAS and AA9 families were absent from 7.
mesenterica and C. cornea.
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Fig.5 Patterns of gene duplication and loss in AAs (auxiliary activi-
ties) gene families. Numbers at internal nodes indicate the estimated
copy numbers of ancestral genes as retrieved under the best-fit

Evolution of P450s

CAFE analysis revealed that families (from minimum 9 cop-
ies in M. conica to maximum 223 copies in S. brevipes) had
expanded in the P450 gene evolution (Fig. 6) and indicated
a considerable protein family expansion. The number of
expanded gene family was significantly higher in white rot
and symbiotic fungi than those in brown rot and litter sap-
rotrophic fungi. A. muscaria (symbiotic fungus, expansion
83 copies and contraction 52 copies) and V. volvacea (litter
saprotrophic fungus, expansion 27 copies and contraction
29 copies) were separated into two nodes and P450 fami-
lies expand to some degree (i.e. CYP512A1, CYP512B1,
CYP502A1, CYP53C2, CYP510A3, CYP512G2 and
CYP534D2). G. trabeum (brown rot fungus, expansion 33
copies and contraction 25 copies) and N. lepideus (white rot
fungus, expansion 24 copies and contraction 11 copies) also
divided into two nodes and some gene families expanded
greatly, such as CYP530A11 and CYP502A1. Two white
rot fungi, S. hirsutum (expansion 64 copies and contraction
10 copies) and H. annosum (expansion 32 copies and con-
traction 42 copies) had different lignin-degrading capacity
and gene families (i.e. CYP67A2, CYP502A1, CYP66B1,
CYP509E1, CYP509F3 and CYP512G2) significantly
expanded in number.
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A large expansion corresponding to cytochrome P450
superfamily could reveal the complexity of lignin-rela-
tive derivatives and correlative aromatic compounds. The
expanded gene families of P450 genome seemed to be
mainly involved in processes like secondary metabolism,
pheromone response, detoxification, and virulence. When
it came to CYP51 clan, which was conserved and primarily
acts on cell wall ergosterol biosynthesis reaction, it did not
expand and contract significantly. For CYP502A1 superfam-
ily belonging to CYP64 clan, it partially expand in white rot
and litter saprotrophic fungi, which was mainly influential
on various catalyzing reactions involved in biosynthesis
aflatoxins and other such secondary metabolites. CYP53C2
that was attributed to CYP53 and possibly encoded benzo-
ate para-hydroxylase was absent in brown rot and symbiotic
fungi, like G. trabeum and A. muscaria.

Gene evolution of lignocellulose decomposition
families in 40 edible and medicinal mushrooms

To clarify the gene evolution of lignocellulose decomposi-
tion families, we analyzed 40 genomes of edible and medici-
nal mushrooms and created a dataset, which spans many
orders and represents cellulose, hemicellulose, pectin, chi-
tin and lignin degrading strains, combined with previously
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Fig.6 Patterns of gene duplication and loss in P450s gene families.
Numbers at internal nodes indicate the estimated copy numbers of
ancestral genes as retrieved under the best-fit BadiRate gene family

sequenced genomes. Our result showed that edible and
medicinal mushrooms contained 11 CAZy families related
to the degradation of cellulose, and 16 CAZy families related
to the degradation of hemicellulose, 8 pectin, 7 chitin, and
8 lignin (Figs. 1, 2).

Cellulose decomposition families

Genes of GH5, AA9, and AA10 families existed commonly
in all the40 mushrooms which belong to four ecotypes. The
presence of GHS family, which encoded endoglucanases,
possibly increased the abilities of these mushrooms to
deconstruct cellulose and plant biomass. During the evolu-
tion process, GH5 family expanded in white rot and litter
saprotrophic fungi (earliest dating back to 206.1 mya) and
contracted in brown rot fungi. And genes in AA9 and AA10
families, which were interpreted into lytic polysaccharide
monooxygenases, were important in deconstruction of recal-
citrant polysaccharides, and significant to form a complete
suite of decomposition enzymes in order to strengthen the
degrading ability of strains effectively. These two families
were absent in symbiotic fungi except for strains in Pezizales

turnover model (BDI-GR-ML). Numbers on the branches denote the
minimum number of gains and losses estimated from the data. Bars
indicate copy numbers in sampled genomes

(ancestor can be tracked back to 400 mya). Therefore, GHS,
AA9 and AA10 declined with eruption of different ecotypes
of fungi but might be the versatile and essential cellulose
decomposition families during the whole evolution history.
However, genes of CBM1, GH6 and GH7 families mainly
appeared in white rot and litter saprotrophic fungi and were
absent in brown rot and symbiotic lineages. Two white rot
fungi, N. lepideus (38.3 mya) and C. ciscosa (30.5 mya), that
lack genes of CBM1 family were classified into Gloeophyl-
lales and Dacrymcetales, which mostly consisted of brown
rot fungi. Therefore, with the complex lifestyle and degrad-
ing pattern selection, the early decomposing cellulose pro-
cess (enhancing and accumulating enzymes on the surface
of crystalline cellulose with CBM1 family and then attack
crystalline cellulose with GH6 and GH7 families) might be
abandoned during gene evolution and development from
40 mya. Similar to situation of strains in GHS, AA9, and
AAI10 families’ distribution, M. conica (400 mya), C. veno-
sus (40.1 mya) and T. melanosporum (40.1 mya), which had
a common divergency point and were part of Pezizales, have
genes of CBM1. The reason was probably that early sym-
biotic fungi may decompose lignocellulose by themselves
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in need for cooperating with a smaller number of plants.
Therefore, in general, the earlier the divergence occurred,
the more complete the cellulose families were. And litter
saprotrophic and white rot fungi got a longer history in cel-
lulose decomposition.

Hemicellulose decomposition families

Predominantly, genes related to hemicellulose were involved
in 20 glycoside hydrolases families among 40 edible and
medicinal mushrooms. GH10 and GH62 families, which
primarily coded xylanases and deconstruct xylan, only
existed in some white rot and litter saprotrophic fungi and
Pezizales. Other families, like GH43 and GH35, were of
extensive existence among four ecotypes. A similar case in
cellulose decomposition evolution, white rot and litter sapro-
trophic fungi possessed a larger number of genes and a more
complete gene category. Differently, the hemicellulose deg-
radation process among different eco-lifestyle fungi mainly
differed in gene quantity increasing and decreasing while
the decomposing pattern still focused on secreting xylanase,
xylosidase, arabinofuranosidase and xylan esterase in the
evolution history.

Pectin and chitin decomposition families

Pectin lyase, pectate lyase, pectin esterase, and polygalac-
turonase can break down pectin (Alghisi and Favaron 1995;
Lagaert et al. 2009). Our results showed white rot and lit-
ter saprotrophic fungi were enriched in the total number of
pectin families and had higher retention rates than brown
rot and symbiotic fungi. In addition, GH28 family was a
reserved family for pectin digestion among almost all the
edible and medicine mushrooms while PL1 and PL3 families
were discarded in symbiotic fungi (except strains in Pezi-
zales). That demonstrates late divergency (after 40.1 mya)
symbiotic strains did not digest pectin through pectin lyase
and pectate lyase, which may result from the symbiotic vari-
ety of plants. On the other hand, for chitin digestion, there
was no significant difference in chitin families’ quantity
and category. GH18 and GH76 families only showed some
contraction in brown rot fungi, which may avoid chitin and
mannan to some extent.

Lignin decomposition families

Commonly, peroxidases were known to be key participa-
tors in breaking down lignin among various fungal species.
These enzymes typically were heme-containing proteins
and belonged to the class II peroxidase superfamily (Ham-
mel and Cullen 2008; Martinez 2002). Class II peroxidase
AA?2 family composed of LiP, MnP and VP families, and
AA?2 families were largely present in white rot and litter
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saprotrophic fungi and absent in brown rot fungi. In agree-
ment with previous results the LiP, MnP and VP fami-
lies involved in lignin degradation were distributed in the
white rot species and absent from the brown rot species
(Floudas et al. 2012; Martinez et al. 2004, 2009). And
AA3 family (encoding oxidoreductase) was in the same
case with AA2. For symbiotic fungi, they owned larger
gene expansion in AA1, AA5 and AA7 families, which
either depend on copper ions or act on benzoquinone redox
process. That meant the late evolution species may have a
preference in copper-enzymes and copper-depend decom-
position while the enzymes encoded by AA2 family may
still be principle in lignin-degradation pattern.

Apart from AA families, lignin degradation also hinged
on P450 families. Also, CYP502A1 (belonging to CYP64
clan) and CYP53 got a large distribution in white rot,
symbiotic and litter saprotrophic fungi (no matter when
the species diverges, and the earliest time point was
400 mya), which mainly did with the secondary metabo-
lism, like benzoate and lignin derivative decomposition.
Interestingly, these two families only existed in strains of
Basidiomycota.

Conclusion

Fungi in different ecotypes acquired an obvious preference
on specific decomposing gene families during evolutionary
selection. Overall, white rot and litter saprotrophic fungi
possessed more complete types of varied degradation gene
families and were superior in quantity. With the evolution
and development of lignocellulose decomposition mecha-
nism, certain families (like CBM1, GH6, GH7, GH10 and
CYP53) disappeared in brown rot and symbiotic fungi. In
addition, the earlier time of divergence point determined
the more integrated and larger decomposition families,
like M. conica (400 mya, symbiotic fungus). On the other
hand, various degradation families were able to expand
and contract in evolution history. Those gains and losses in
gene quantities of varied decomposition families resulted
in particularly phylogenetic clades or nodes, then led in
varied eco-lifestyles of species.
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