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ABSTRACT

Whole-genome sequencing of Flammulina ononidis, a wood-rotting basidiomycete, was per-
formed to identify genes associated with carbohydrate-active enzymes (CAZymes). A total of
12,586 gene structures with an average length of 2009 bp were predicted by the AUGUSTUS
tool from a total 35524,258bp length of de novo genome assembly (49.76% GC).
Orthologous analysis with other fungal species revealed that 7051 groups contained at least
one F. ononidis gene. In addition, 11,252 (89.5%) of 12,586 genes for F. ononidis proteins
had orthologs among the Dikarya, and F. ononidis contained 8 species-specific genes, of
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which 5 genes were paralogous. CAZyme prediction revealed 524 CAZyme genes, including
228 for glycoside hydrolases, 21 for polysaccharide lyases, 87 for glycosyltransferases, 61 for
carbohydrate esterases, 87 with auxiliary activities, and 40 for carbohydrate-binding modules
in the F. ononidis genome. This genome information including CAZyme repertoire will be
useful to understand lignocellulolytic machinery of this white rot fungus F. ononidis.

1. Introduction

Flammulina ononidis was first described as a new
species based on material from Germany and
growth on Ononis spinosa [1]. In previous studies,
F. ononidis differs from the popular edible mush-
room F. velutipes in having wider spores. The min-
imum average spore width (SW) of F. ononidis is
reported to be 4.2 um, with a maximum SW for F.
velutipes of 4 um [2-4]. In addition, Flammulina
species can be discriminated by species-specific
motifs in the internal transcribed spacer (ITS) DNA
region and there were variable regions of ITS1 rang-
ing from 28-bp to 63-bp, and from 148-bp to 149-
bp that were species-specific [5]. The authors dem-
onstrated that both F. velutipes and F. ononidis
lacked bases in the latter area [5].

Biological assay with mycelial cultures of the
genus Flammulina has been investigated by several
authors to provide fundamental data and for wide-
spread application [6,7].

Interestingly, inconsistent results from earlier
studies on Flammulina species have been reported,
one of which concerns the laccase activity of
Flammulina  species. In cultural studies of
Flammulina species, the similarity of F. ononidis
and F. velutipes were observed in growth rate [7]. In

addition, the authors reported that Flammulina spe-
cies varied in laccase (EC 1.10.3.2) activity and F.
velutipes and F. ononidis produced no laccase [7].
Other studies [8,9] also described the inability of
F. velutipes to produce laccase. However, the pres-
ence of laccase activity has been reported from all
Flammulina  species, with significant variation
between different isolates [10]. Moreover, laccase
production can vary based on growth time and sea-
son [11]. It has been suggested that the morpho-
logical characteristics and habitat of Flammulina
species are important for classification of the
European species of the genus Flammulina and that
F. ononidis generally grows on roots, gregarious or
scattered, and sometimes occurs in clusters [12].
Several fungi possess lignocellulolytic activity and
efficiently degrade lignocellulosic polymers derived
from plants [13]. Thus, fungi are frequently found
in nature, such as on softwoods, hardwoods, grasses,
crops, and forest waste. Among them, fungi capable
of decomposing lignin and polysaccharides are
termed wood-rotting fungi. They are generally div-
ided into white-rot fungi and brown-rot fungi [14].
These abilities of fungi are mainly due to their vari-
ous enzymes, which include carbohydrate-active
enzymes (CAZymes). CAZymes include glycoside
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Table 1. Statistics of genome sequencing of F. ononidis.

Hiseq 2000 NGS analysis

Total reads (100 bp)

Reads after trimming (%), >Q30
Velvet de novo assembly

25,964,380
24,132,250 (92.94)

Optimised Velvet hash value (kmer) 31
Total number of contigs 12,825
Number of contigs (>1kb) 1586
Contig N50 (bp) 73,451
Length of longest contig (bp) 808,623
Total bases in contigs (bp) 34,524,258
Total bases in contigs (>1kb) 32,738,129

GC content (%) 49.76
AUGUSTUS gene prediction

Predicted gene 12,269
Average gene length (bp) 2009
Average protein length (aa) 535.53
Average exon per gene 6.86
Average exon size (bp) 234.09
Average intron size (bp) 68.14
hydrolases (GHs), carbohydrate esterases (CEs),
polysaccharide lyases (PLs), glycosyltransferases

(GTs), and enzymes with auxiliary activities (AA),
as well as carbohydrate-binding modules (CBMs)
having  carbohydrate-binding  activity. = These
CAZymes are classified into several families based
on their functional amino acid sequences and struc-
tural similarity (CAZy database; http://www.cazy.
org/) [15]. Understanding the mechanism of degrad-
ation of wood-rotting fungi that can degrade ligno-
cellulosic polymers allows for a wide variety of use.
Therefore, CAZymes have a great potential due to
their diverse biotechnological and industrial applica-
tions [14].

To date, several studies have been carried out to
uncover wood degrading machinery of the fungal
genome. In addition, the excavation of enzymes cap-
able of degrading biomass in the fungal genome has
also become an important research area in the post-
genome era. Here, we first report the genome
sequence of F. ononidis for identification of
CAZyme genes to increase utilization of these bio-
technologically and industrially useful enzymes. The
genomic information of F. ononidis will help to
understand this fungus, and the gene information
predicted to encode CAZymes will be useful for
future biotechnology and industrial applications.

2. Materials and methods

2.1. Genome sequencing, gene modeling, and
gene annotation of F. ononidis

F. ononidis KACC46186 was obtained from the
National Agrobiodiversity Center (http://genebank.
rda.go.kr/) and was grown at 26 °C on potato dex-
trose agar (PDA, 20g dextrose, 4g potato starch,
15g agar per liter) for 14days. F. ononidis genomic
DNA was extracted by a previously described
method [16]. Genome sequencing of F. ononidis was
performed using the HiSeq 2000 platform according

to the manufacturer’s protocol (Illumina Inc., USA).
Sequence reads were deposited in the Sequence
Read Archive (SRA) at the National Center for
Biotechnology Information (NCBI; SRP152895).
Raw sequencing reads were processed by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) and Trimmomatic (version 0.32) [17] for
quality control and trimming of bad quality reads
including sequencing adapters, respectively. De novo
assembly of the resulting short-reads was performed
by Velvet Optimiser [18] with kmer-size search
range of 17-31. Gene structure modeling of F. ono-
nidis de novo assembly was performed using the
AUGUSTUS tool [19] trained in Laccaria bicolor.
Functional annotation of the predicted genes was
performed using DIAMOND [20] and BLASTP (v
2.2.31) softwares against a non-redundant database
and fungal genome database from NCBI. Protein
family search was further conducted using Pfam-
scan software [21] against the protein family data-
base (Pfam 31.0, http://pfam.xfam.org).

2.2. Ortholog analysis

Orthologous  groups  were  clustered  using
OrthoFinder (version 2.2.1) software [22] based on
all-versus-all protein comparison with fungal species
including Aspergillus nidulans FGSC A4 [23],
Botrytis cinerea B05.10 [24], Agaricus bisporus var.
bisporus H97 [25], Coprinopsis cinerea oka-
yama7#130 [26], Cordyceps militaris CMO1 [27],
Cryptococcus neoformans var. grubii H99 [28], F.
velutipes KACC42780 [16], L. bicolor S238N-HS82
[29], Lentinula edodes [30], Neurospora crassa
OR74A [31], Phanerochaete chrysosporium RP78 [32],
Saccharomyces cerevisiae S288C [33], Schizophyllum
commune H4-8 [34], Trichoderma reesei QM6a [35],
and Ustilago maydis 521 [36].

2.3. CAZyme identification

CAZyme genes associated with GHs, GTs, PLs, CEs,
and AAs, and CBMs were predicted using HMMER
3.0 package software (http://hmmer.org/) with the
dbCAN CAZyme database [37] and obtained from
DOE Joint Genome Institute (JGI Fungi Portal
database; https://genome.jgi.doe.gov/programs/fungi/
index.jsf) and CAZy database (http://www.cazy.
org/).

3. Results and discussion
3.1. General features of F. ononidis genome

The total number of quality-checked and trimmed
reads from the total 25,964,380 reads (100-bp
paired-end) was 24,132,250 (>Q30). The resulting
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Table 2. Comparison of genome characteristics between F. ononidis and other basidiomycetes.

Genome characteristics F. ononidis F. velutipes L. bicolar C. cinerea P. chrysosporium  U. maydis  S. commune
Strain KACC46186 KACC42780 S238N-H82 Okayama7#130 RP78 521 H4-8
Genome assembly (Mb) 345 35.6 64.9 375 35.1 19.7 38.5
Number of protein-coding genes 12,269 12,218 20,614 13,544 10,048 6522 13,181
GC contents (%) 49.76 48.99 46.6 51.6 53.2 54.0 56.6
Average gene length (bp) 2009 2,294 1533.0 1679.0 1667.0 1935.0 1794.9
Average exon size (bp) 234.09 2314 210.1 251.0 232.0 1051.0 249.3
Average intron size (bp) 68.14 190.3 92.7 75.0 117.0 127.0 79.0

short reads were assembled using Velvet assembly
tool with a kmer-size search range of 17-31. The
resulting optimized assembly (31 kmer) consisted of
12,825 sequence contigs with a total length of
34,524,258bp (49.76% GC) and N50 length of
73,451bp (Table 1). Gene structure modeling was
performed using the AUGUSTUS tool. A total of
12,269 gene models were predicted with an average
gene length of 2,009bp (Table 1). The predicted
genes contained exons and introns averaging
234.09bp and 68.14bp in length, respectively. Of
the 12,269 predicted genes, 85.8% (10,529) and 82%
(10,068) had significant sequence similarity
(0.001 > e-value) to documented proteins in NCBI-
NR and fungal genome database, respectively
(Supplementary data S1). In genome comparison
with other basidiomycetes, the general features of F.
ononidis genome were similar with those of its near-
est sequenced species, F. velutipes [16], except aver-
age intron size (Table 2).

In a protein family search against the Pfam 31.0
database, 6,964 and 1,206 genes were annotated as
functional proteins and as multi-domain protein
families, respectively (Supplementary data S2).
Cluster analysis with other sequenced fungal species
identified 7,051 groups containing at least one F.
ononidis protein (Table 3). Analysis of these clusters
suggested that 58.7% of F. ononidis proteins had
orthologs among the Dikarya and were thus con-
served in basidiomycetes and ascomycetes (Table 3).
Among the set of homologous genes, 592 single-
copy orthologs were detected and F. ononidis
contained 8 species-specific genes, of which 5 were
paralogous. Additionally, F. ononidis was classified
into one group with F. velutipes by ortholog-cluster-
ing analysis (Figure 1).

3.2. GTs in F. ononidis genome

GTs (EC 2.4.x.y) catalyze the formation of a glyco-
side involved in the biosynthesis of oligosaccharides,
polysaccharides, and glycoconjugates [38,39]. GTs
also catalyze glycosyl group transfer to specific
acceptor molecules, forming glycosidic bonds
[39-41]. In CAZyme identification based on a
dbCAN database search, a total of 32 GT families
including 87 GTs were identified from F. ononidis

genome, of which about 50% (15 families) were
identified as a family of one GT gene (Figure 2(a)
and Supplementary data S3). It has been reported
that a large number of GTs (approximately 1 —2%
of the gene products) are found in completely
sequenced organisms [15]. Among the GT families,
GT2 and GT4 account for approximately half of the
total number of GTs in the CAZy database (http://
www.cazy.org/). Presently, the GT2 family was
prominently present, with 11 genes in the F. ononi-
dis genome (Figure 2(a) and Supplementary data
S3). Additionally, 64 and 54 GTs were identified by
BLASTP (NCBI-NR) and protein family database
(Pfam 31.0) search, respectively (Supplementary data
S4). Thus, a total of 100 GTs was identified from
three different databases, of which 34 GTs were
commonly identified. Among the total 100 GTs, 17,
8, and 4 GTs were uniquely identified by dbCAN,
NCBI-NR, and pfam databases searches, respectively
(Figure 3(a) and Supplementary data S4).

GTs have been classified into families based on
amino acid sequence similarities [40,41]. Likewise,
100 GTs were identified in the three databases with
amino acid sequences of predicted genes in the
F. ononidis genome. However, many GTs showed
different activity, even though the members of GT
are closely related to their sequences [38]. It has
been reported that polyspecific families including
GT2 or GT4 have amino acid sequence similarities
within only a small portion of the catalytic domain
[38]. Therefore, Mukai et al. [42] suggested that a
method that does not rely on sequence similarity is
required for GT identification. The authors demon-
strated that a computational method for determin-
ing the transmembrane region of Golgi-localized
signal-anchor-type GTs and for discovering novel
GTs [42]. Furthermore, additional studies based on
structural, modeling, and mutational analysis are
needed to identify and elucidate the enzymatic char-
acteristics of these enzymes.

3.3. GHs in F. ononidis genome

GHs (EC 3.2.1.x) are key enzymes of carbohydrate
metabolism that catalyze the hydrolysis of glycosidic
bonds of carbohydrate substrates. GHs are involved
in the degradation of the most biomass such as
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Table 3. Ortholog analysis of F. ononidis with other sequenced fungal species.

No. of
orthogroups No. of species- No. of genes in
No. of genes in  No. of unassigned containing specific species-specific
Taxon Fungal species No. of genes orthogroups (%) genes (%) species (%) orthogroups orthogroups (%)
Basidiomycota Flammulina ononi- 12,269 11,249 (92) 1020 (8) 7051 (58.7) 3 8 (0.1)
dis KACC46186
Flammulina velu- 12,218 10,460 (86) 1758 (14) 6674 (55.6) 5 12 (0.1)
tipes KACC42780
Agaricus bisporus 10,448 9077 (87) 1371 (13) 5,893 (49.1) 24 186 (1.8)
var. bisporus H97
Coprinopsis cinerea 13,356 10,780 (81) 2576 (19) 6,585 (54.8) 44 247 (1.8)
okayama 7#130
Cryptococcus neofor- 7,826 6,515 (83) 1,311 (17) 4,898 (40.8) 38 131 (1.7)
mans var. gru-
bii H99
Laccaria bicolor 18,215 12,502 (69) 5713 (31) 6376 (53.1) 66 448 (2.5)
S238N-H82
Lentinula edodes 14,079 11,605 (82) 2474 (18) 6879 (57.3) 49 297 (2.1)
Phanerochaete 13,602 10,411 (77) 3,191 (24) 6437 (53.6) 34 186 (1.4)
chrysosporium
RP78
Schizophyllum com- 13,194 10,895 (83) 2,299 (17) 6397 (53.3) 50 337 (2.6)
mune H4-8
Ustilago maydis 521 6783 5656 (83) 1127 (17) 4845 (40.3) 9 22 (0.3
Ascomycota  Aspergillus nidulans 9561 8442 (88) 1119 (12) 5817 (48.4) 5 24 (0.3
FGSC-A4
Botrytis cin- 16,389 9329 (57) 7060 (43) 6389 (53.2) 14 43 (0.3)
erea B05.10
Cordyceps milita- 9651 8382 (87) 1269 (13) 6254 (52.1) 5 15 (0.2)
ris CMO1
Neurospora 10,812 8649 (80) 2163 (20) 6341 (52.8) 8 22 (0.2)
crassa OR74A
Saccharomyces cere- 6002 4631 (77) 1371 (23) 3572 (29.7) 13 34 (0.6)
visiae S288C
Trichoderma ree- 9115 8331 (91) 784 (9) 6417 (53.4) 4 9 (0.1)
sei QM6a
Saccharomyces cerevisiae S288C
Aspergillus nidulans FGSC-A4
Botrytis cinerea B05.10
Cordyceps militaris CMO1 Ascomycota
Trichoderma reesei QM6a

Neurospora crassa OR74A
Ustilago maydis 521
Cryptococcus neoformans var. grubii H99

Schizophyllum commune H4-8

_r Flammulina ononidis KACC46186
| Flammulina velutipes KACC42780

Lentinula edodes

E Coprinopsis cinerea okayama7#130
1 Laccaria bicolor S238N-H82

Agaricus bisporus var. bisporus H97

Phanerochaete chrysosporium RP-78

Basidiomycota

0.2

Figure 1. Phylogenetic tree of fungal species based on ortholog clustering. The amino acid sequences in each orthologous
group were aligned by MAFFT (https://mafft.cbrc.jp/alignment/software/) and phylogenetic tree was constructed with FastTree

(http://www.microbesonline.org/fasttree/) with 1000 bootstraps.

cellulose, hemicellulose, and starch [43,44]. GHs are
classified into various families based on sequence
similarity. At the time of writing (July 2018), the
database comprises more than 507,392 classified and

8,914 non-classified GH sequences that have been
divided into 153 families (CAZy database; http://
www.cazy.org/). Presently, a total of 228 GHs were
classified into 52 families predicted in the F. onionidis
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Figure 2. CAZyme distribution predicted from F. ononidis genome. The number after each CAZyme means family. (a) GT fami-
lies; (b) GH families; (c) AA, CBM, CE, and PL families. AA, auxiliary activities; GH, glycoside hydrolase; GT, glycosyltransferase;
CBM, carbohydrates- binding module; PL, polysaccharide lyase.

(a) dbCAN (b) dbCAN () dbCAN
GTs

dbCAN

dbCAN

Figure 3. Venn diagrams of CAZymes predicted in F. ononidis by three different database searches including protein family
database (Pfam), CAZyme database (dbCAN), and National Center for Biotechnology Information (NCBI) non-redundant data-
base (NCBI-NR). (a) GT families; (b) GH families; (c) PL families; (d) CBM families; (e) CE families; and (f) AA families.
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g10042/GH16 STeIMI  411—416 g902/CE4 402-406 g10086/CE16
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g10787/GH16 JISLIY 382 —387 g3832/CE4 498-502 gmqa—;,cm;
g10995/GH16 FKETGE  190— 195 g4597/CE4 339-343 gloqsv/csle
gll091/GH16 JZJIBVEZ 368 —373 g4939/CE4 2

g5425/CE4 286-290 g10487/CE16

g5718/CEA 441-445 gl0487/CE16

96087/CE4 1410-1414 g10495/CE16

g6093/CE4 165-169
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Figure 4. Conserved motifs within (a) glycoside hydrolase family 16, (b) carbohydrate esterase family 1, (c) carbohydrate ester-
ase family 16, (d) auxiliary activity family 1 (laccase), and (e) auxiliary activity family 3 (GMC oxidoreductase) amino acids of F.
ononidis. Position (a.a.) refers to the start and end positions of the motif in the amino acid sequence.

genome based on a dbCAN database search (Figure
2(b) and Supplementary data S3). GH family classifi-
cation revealed 17 families that consisted of only
1 GH. GH16 was prominently present, with 31 genes
(Figure 2(b) and Supplementary data S3). A total of
249 GHs were identified from the dbCAN, BLASTP
(NCBI-NR), and protein family (Pfam 31.0) databases
(Figure 3(b) and Supplementary data S5). Among
them, 134 and 166 GHs were identified by NCBI-NR
and Pfam 31.0 search, respectively, and 90 GHs were
commonly identified among the three different data-
bases (Figure 3(b) and Supplementary data S5).

In previous studies, most of the enzymes belong-
ing to the GH16 family were found to contain a
conserved motif, EXDX(X)E, in their amino acid
sequences [45,46]. Our results also showed the con-
served motifs within amino acid sequences of genes
predicted to encode GH16 families in F. ononidis,
except one GHI16 family (Figure 4(a) and
Supplementary data S3). Among them, 8, 6, 5, and 2
GH16 families possessed a catalytic motif identical
to EIDIIE, EIDILE, EIDIFE, and EIDVFE, respect-
ively (Figure 4(a)). Kotake et al. [47] indicated that
the first and last glutamic acid (E) residues are
important for the catalytic activity of the GH16 fam-
ily enzyme. Although further analysis is required to
characterize their biochemical activities, these results
suggest that these genes predicted to encode GHI16
families might act as GHs, such as lichenase (EC 3.
2.1.73), xyloglucan xyloglucosyltransferase (EC 2.4.1.
207), agarase (EC 3.2.1.81), kappa-carrageenase (EC
3.2.1.83), endo-beta-1,3-glucanase (EC 3.2.1.39),
endo-beta-1,3-1,4-glucanase (EC 3.2.1.6), and endo-
beta-galactosidase (EC 3.2.1.103).

GHs are essential for the processing of polysac-
charides including cellulose and xylan of various
plants and chitin, which are important carbon and
nitrogen sources in nature [15]. The enzymes belong-
ing to GH5-GH9, GH12, GH44, GH45, and GH48
families act as cellulases; those belonging to GHIO,
GHI11, and GH30 families act as xylanases; and those
belonging to GH18, GH19, and GH85 families act as
xylanase chitinases [15,48]. Our results also reveal
that F. ononidis contains genes associated with cellu-
lase (18 GH5, 2 GH6, 3 GH7, 1 GH9, and 2 GHI12
families), xylanase (3 GH10, 1 GH11, and 1 GH30),
and chitinases (16 GH18 and 1 GH85) in its genome
sequence (Figure 2(b) and Supplementary data S3).
f-Glucosidases (EC 3.2.1.21), which are also mem-
bers of GH families such as GH1 and GH3, convert
cellobiose into glucose. CAZyme annotation also
revealed F. ononidis contained these GH families
with 1 GH1 and 12 GH3 families in its genome
(Figure 2(b) and Supplementary data S3).

Plant cell walls often form complex polysacchar-
ides structure with cellulose and xylan. Therefore,
the synergistic activities of various GH families are
required to degrade these complexes efficiently.
Among various organisms in nature, fungi play a
key role in the degradation of these complex poly-
saccharide structures and, therefore, are likely to be
applied to the industrial and biotechnological appli-
cations, such as food, paper, textile, animal feed,
and other chemicals, including biofuels [14]. Thus,
our results suggest that F. ononidis has a strong
potential for industrial and biotechnological applica-
tions, because of the over 200 genes predicted to
encode various GHs in its genome.
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3.4. PLs in F. ononidis genome

Polysaccharides are essential cellular components of
all living organisms [49]. PLs (EC 4.2.2.-) act on
polysaccharides to produce an unsaturated polysac-
charide via a f-elimination mechanism [50].

To date, PLs have been classified into 28 families
with more than 14,200 classified and 1,300 non-clas-
sified PL sequences in the CAZy database (http://
www.cazy.org/). Pectate or pectin is less prominently
present in plants than cellulose and hemicellulose
[51,52]. The enzymes that catalyze the formation of
polygalacturonan are designated pectate or pectin
lyases [52]. Several fungi produce both pectin lyases
and pectate lyases, which are often accompanied by
other hydrolases to degrade pectin and/or pectate
[53]. Pectin and pectate lyases have been classified
into 6 PL families in the CAZy database: PL1, PL2,
PL3, PL9, PL10, and PL22 (http://www.cazy.org/).
All characterized pectin lyases (EC 4.2.2.10) are clas-
sified in the PL1 family. In addition, pectate lyases
(EC 4.2.2.2 and EC 4.2.2.9) of fungal species belong
to PL1, PL3, and PL9 (CAZy database; http://www.
cazy.org/).

In F. ononidis, a total of 21 PLs classified in 9
families were identified in the genome according to
a dbCAN database search (Figure 2(c) and
Supplementary data S3). Among them, the PL1 and
PL3 families were prominently present in the F.
ononidis genome, with 5 genes each (Figure 2(c)
and Supplementary data S3). Furthermore, 11 and
24 PLs were identified by NCBI-NR and Pfam 31.0
database searches, respectively, and 7 PLs were com-
monly identified among the three different databases
(Figure 3(c) and Supplementary data S6).

Recently, the determination of the sequences of a
variety of basidiomycetes has revealed information
about genes encoding PLs. This information has the
potential to be used in biotechnological applications.
S. commune is one of the most efficient (hemi)cellu-
lose degrading-basidiomycete because of the wealth
of putative pectin-degrading lyases in its genome
and, therefore, produces a high level of pectinase
[34,54]. Similarly, diverse members of PL families
including PL1, PL3, and PL9 in the F. ononidis gen-
ome suggest the potential of this fungus for various
applications involved in the processing of polysac-
charides in the future.

3.5. CBMs in F. ononidis genome

CBMs have carbohydrate-binding activity. They
bind to carbohydrate ligands and enhance the cata-
Iytic efficiency of CAZymes [55]. Although CBMs
have no hydrolytic activity, the enzymatic complex
including GHs, GTs, and PLs, which contain CBM,
more efficiently degrade substrate [56]. CBMs have
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been classified into 83 families with more than
133,400 classified in the CAZy database (CAZy data-
base; http://www.cazy.org/).

In the present study, a total of 40 CBMs classified
into 14 families with 17 CBM1 families were identi-
fied in the F. ononidis genome based on a dbCAN
database search (Figure 2(c) and Supplementary
data S3). Among them, 9 families including CBMS5,
CBM12, CBM20, CBM32, CBM35, CBM43, CBM43,
CBM63, and CBM67 consisted of only one CBM
(Figure 2(c) and Supplementary data S3). Moreover,
14 and 21 CBMs were identified by NCBI-NR and
Pfam 31.0 database searches, respectively (Figure
3(d) and Supplementary data S7), and 3 CBMs
(CBM1/5 and CBM21) were commonly identified
among the three different databases (Figure 3(d)
and Supplementary data S7). CBM is considered as
an essential module in cellulase and cellobiohydro-
lases, and belongs to the GH6 and GH7 families
[57]. In the present study, each GH6 and GH7 of
the F. ononidis genome contained a CBM1 family
(Supplementary data S3) and CBMs families were
also identified in several CAZymes including 11
GHs, 6 CEs, and 1 AA, suggesting that those
CAZymes may require CBM for their activities to
efficiently degrade substrates.

3.6. CEs in F. ononidis genome

Esterases act on ester bonds and are widely used in
industrial processes [58,59]. CEs are a class of ester-
ases and catalyze the O-de- or N-deacylation to
remove the ester of substituted saccharides [60].

To date, CEs have been classified into 16 fami-
lies with more than 53,400 classified and 930 non-
classified CE sequences in the current CAZy data-
base (http://www.cazy.org/). CEs act on diverse
substrates including xylan (acetylxylan esterases,
EC 3.1.1.72), feruloyl-polysaccharide (feruloyl ester-
ases, EC 3.1.1.73), acetic ester (acetyl esterases, EC 3.
1.1.6),  peptidoglycan  (poly-N-acetylglucosamine
deacetylases, EC 3.5.1.104), chitin (chitin deacetylases,
EC 3.5.1.41), and pectin (pectinesterase, EC 3.1.1.11)
among others [61]. In the present study, a total of 61
CEs classified into 10 families were identified in F.
ononidis genome based on a dbCAN database search
(Figure 2(c) and Supplementary data S3). CE1 fami-
lies were prominently present with 19 and CE4 family
was the second largest family with 11 in the F. ononi-
dis genome (Figure 2(c)). However, a relatively low
number of CEs were identified by an NCBI-NR
search with 23 and 11 CEs commonly identified from
the three different databases (Figure 3(e) and
Supplementary data S8).

Several characteristic features in the amino acid
sequences of CE families have been identified [62].
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Table 4. CAZymes of F. ononidis and other fungal species.

Taxon Species AA GH GT CE CBM PL Total Annotation
Basidiomycota F. ononidis 87 228 61 40 21 524 dbCAN (this study)
F. velutipes 85 239 63 44 25 540 dbCAN (this study)
A. bisporus 81 174 33 44 9 395 JGI
C. cinerea 1M1 195 60 105 16 570 dbCAN (this study)
L. bicolor 55 170 18 31 7 377 JGl
L. edodes 82 254 44 61 1 537 dbCAN (this study)
P. chrysosporium 85 175 16 62 4 407 JGl
S. commune 78 241 57 37 18 516 dbCAN (this study)
U. maydis 28 113 29 10 2 243 dbCAN (this study)
C. neoformans 14 97 5 12 4 202 CAZy
Ascomycota C. militaris 54 165 34 39 5 388 dbCAN (this study)
T. reesei 59 210 32 44 5 440 dbCAN (this study)
S. cerevisiae 5 57 2 12 0 144 CAZy
A. nudulans 33 267 30 46 23 490 CAZy
N. crassa 35 177 21 42 4 359 CAZy
B. cinerea 77 287 119 37 89 10 619 CAZy

Some CE1l, CE4, CE5, and CE7 families contain the
GXSXG (Gly-Xaa-Ser-Xaa-Gly) conserved motif in
their amino acid sequences [62]. However, CE2 and
CE3 families contain the Gly-Asp-Ser-(Leu)
(GDS[L]) motif in their amino acid sequences [62].

Our results also revealed those conserved motifs
in the amino acid sequences of some CE families
including CE1, CE3, CE4, and CE5 with GXSXG
(Gly-Xaa-Ser-Xaa-Gly) and GDS (Gly-Asp-Ser)
(Figure 4(b) and Supplementary data S3). In add-
ition, esterases involved with class C f-lactamases
have a Gly-Xaa-Xaa-Leu (GXXL) motif in their
amino acid sequences [63,64]. Indeed, all members
of the CE16 family identified in the F. ononidis gen-
ome contained multiple copies of these conserved
motifs in their amino acid sequences (Figure 4(c)
and Supplementary data S3).

CEs generally facilitate the access of GHs to
accelerate the degradation of substrates, thereby
leading to saccharification [65]. Therefore, our
results suggest that F. ononidis having various CE
families may be useful for industrial applications
that require saccharification, such as food, animal
feed, and biofuel production.

3.7. AAs in F. ononidis genome

The lignin degradation enzymes, such as lytic poly-
saccharide monooxygenases (LMPOs), are classified
into AA families in the CAZy database (http://www.
cazy.org/). Levasseur et al. [66] reported that the
GH61 and CBM33 families were characterized as
LPMOs, and these families were reclassified into a
new category as AA. These AA families catalyze
non-carbohydrate structural components, such as
lignin, which is the primary cell wall component of
plants [14].

These AAs are classified into 15 families with
more than 10,300 classified families based on mainly
amino acid sequence similarities in the CAZy data-
base (http://www.cazy.org/). The AA members are
grouped into eight families of ligninolytic enzymes

and three families of LPMOs. F. ononidis contains a
total of 11 AA families with 87 AAs in its genome
(Figure 2(c) and Supplementary data S3). In add-
ition, our results also show that F. ononidis contains
the majority members of AA3 (GMC oxidoreduc-
tase; alcohol oxidase, aryl-alcohol oxidase/glucose
oxidase, cellobiose dehydrogenase, pyranose oxi-
dase), AA7 (glucooligosaccharide oxidase), and AA9
(Iytic polysaccharide monooxygenase; GH61) family
in its genome (Figure 2(c) and Supplementary data
S3). Moreover, 54 and 102 associated with AAs
were identified by NCBI-NR and Pfam 31.0 data-
base search, respectively (Figure 3(f) and
Supplementary data S9) and 33 AAs were com-
monly identified from the three different databases
(Figure 3(f) and Supplementary data S9).

In previous studies, several AA families have
been identified to contain the conserved motifs that
are required for the interaction with substrates
[67-70]. Laccases (EC 1.10.3.2) in the AAl family
(multi-copper oxidase) contain copper-binding
motifs of His-Xaa-His-Gly (HXHG), His-Xaa-Xaa-
His-Xaa-His (HXXHXH), and His-Cys-His-Xaa(3)-
His-Xaa(4)-Met/Leu/Phe (HCHXXXHXXXXM/L/F)
within their amino acid sequences [67]. It has also
been reported that GMC oxidoreductase of the
AA3  family possesses the f-o-f dinucleotide
binding-motif, Gly-Xaa-Gly-Xaa-Xaa-Gly-Xaa'®-Glu
(GXGXXGX'®E), which interacts with the flavin
adenine dinucleotide cofactor [68-70]. Our results
also demonstrate that laccases belonging to the AAl
family and most GMC oxidoreductases belonging to
the AA3 family contain the copper-binding motif
(Figure 4(d) and Supplementary data S3) and the
p-a-f dinucleotide binding motif (Figure 4(e) and
Supplementary data S3) within their amino acid
sequences, respectively, suggesting that the AA1 and
AA3 families may act as laccase and GMC oxidore-
ductase on non-carbohydrate structural components.

Plants cell walls often contain a significant
amount of lignin (non-carbohydrate structural com-
ponent), which is an obstacle to the conversion of
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biomass (mainly carbohydrates) into bioenergy, such
as bioethanol. Several recent studies suggested that
the use of microbial enzymes belong to AA mem-
bers might be useful to degrade the recalcitrant lig-
nin matrix for bioethanol production [71-73]. In
the present study, a vast array of genes associated
with AA family was identified found in the F. ono-
nidis genome. These results suggest the strong
potential of F. ononidis as a biomaterial and for bio-
energy production through the degradation of non-
carbohydrate structural components such as the
recalcitrant lignin matrix.

3.8. CAZyme repertoire of F. ononidis and other
fungal species

In the present study, analysis of the genome
sequence of F. ononidis revealed a series of genes
associated with GT, GH, PL, CE, AA, and CBM.
For genome-wide comparisons, CAZymes of 7 fun-
gal species were further identified by a dbCAN
CAZyme database search [37]. In addition,
CAZymes of 8 other fungal species were obtained
from the CAZy database (http://www.cazy.org/) and
the JGI Fungi Portal database (https://genome.jgi.
doe.gov/programs/fungi/index.jsf). Table 4 shows
the distribution of the total CAZymes of F. ononidis
and 15 other fungal species (see also Supplementary
data S10).

In CAZyme identification based on the dbCAN
database search, 87 GTs were identified from the F.
ononidis genome and the GT2 family was promin-
ently present, with 11 genes (Figure 2(a) and
Supplementary data S3). More than 427,000 classi-
fied GT sequences have been divided into 105 fami-
lies in the CAZy database (http://www.cazy.org/), of
which more than 132,000 are GT2 family members.
Breton et al. [38] reported that not all GTs from
various organisms were present in the database, and
the number of families will be gradually increased
as new GTs are discovered. In the present study, the
GT2 family was also prominently present in F. ono-
nidis as well as other fungal species, implying that
this family is a major component of the GT family
of various organisms (Supplementary data S10).

Various members of the GH families were identi-
fied in most fungal species including F. ononidis. The
GH16 family was most abundant, except for some
ascomycetes including C. militaris, T. ressei, S. cerevi-
siae, and A. nudulans (Supplementary data S10). In
addition, multiple copies of the GH5 and GH18 fami-
lies in F. ononidis were similar to those in some other
basidiomycetes. GH5 (formerly cellulase family A) is
one of the largest of the GH families and utilizes a
variety of substrates, such as cellulase, endomanna-
nase, exoglucanases, exomannanases, [-glucosidase,
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and f-mannosidase [74]. GH18 family includes chiti-
nase (EC 3.2.1.14), lysozyme (EC 3.2.1.17), and endo-
p-N-acetylglucosaminidase (EC 3.2.1.96). Chitinases
break down all forms of chitin at varying rates
depending on the enzyme and the substrate [75].
Recently, various genes related to the degradation of
cellulose, chitin, and xylan have been identified in the
bacterial genome, suggesting industrial applicability,
such as biopolymer degradation [76-78]. In addition
to bacteria, several fungi also show high hydrolytic
activity toward polysaccharides due to their degrad-
ation machinery [48,79,80]. Thus, the various GHs
revealed in the F. ononidis genome as well as the vari-
ous fungi suggests the potential for biotechnology
applications.

Zhao et al. [80] reported that some PL families
are phylum-specific, among which PL10 and PL11
are ascomycetes-specific, with PL15 only in basidio-
mycetes. In the present study, PL family 11 and 15
were found only in A. nidulans (ascomycete) and C.
cinerea (basidiomycete), respectively. However, most
of the other fungal species have no PL family 11 or
15. Moreover, our results revealed that PL5, -14,
and -24 families are basidiomycetes-specific
(Supplementary data S10). To date, all characterized
pectin lyases belong to the PL1 family, and the fun-
gal pectate lyases belong to families PL1, PL3, and
PL9 (CAZy database). Our results showed that PL
family 1 and 3 comprised the majority of PLs of F.
ononidis as well as that of other fungal species.
However, most fungal species did not have the PL9
family. This family was only found in F. ononidis, F.
velutipes [16], S. commune [34], C. militaris [27],
and A. nidulans [23] (Supplementary data S10).
Xavier-Santos et al. [54] reported that S. commune
(basidiomycete) produced higher polygalacturonase
than A. niger in wheat bran cultures. Thus, because
of their diverse roles in the environment, there is a
compelling reason to discover new PLs with unique
properties from the basidiomycetes.

F. ononidis does not have a unique CBM in its
genome, but the distribution of multiple copies of
the CBM1, CBM13, and CBM50 CBM is similar to
some other fungal species. However, the abundance
of some families differed between basidiomycetes
and ascomycetes. Ascomycetes had more CBMI8
family members than other basidiomycetes and the
CBMS5 and CBM12 families were not observed in all
ascomycetes (Supplementary data S10). Zhao et al.
[80] also demonstrated that ascomycetes have more
CBM18 family members than basidiomycetes, while
CBMS5 and CBMI12 have less. Interestingly, the dis-
tribution of CBM in fungal species showed that the
largest number of CBMs, including 52 CBM family
1, were found in the coprophilic fungus C. cinerea
genome. Fernandez-Fueyo et al. [71] also observed a
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vast array of genes associated with CBMs including
CBM family 1 in C. cinerea genome.

The total number of CEs in F. ononidis was simi-
lar with that of F. velutipes, and the CEl, CE4, and
CE16 families were prominently present in F. ononi-
dis and other basidiomycetes. Presently, the abun-
dance of the CE family also varied in some
basidiomycetes and ascomycetes. For example, only
5 CEs, including 4 CE4 and 1 CE9 families, and 2
CE4 family members have been found in C. neofor-
mans and S. cerevisiae (Supplementary data S10). In
the CAZyme prediction against the dbCAN data-
base, various CE classified in the CE10 family were
identified in the F. ononidis genome (data not
shown). However, all of the CE10 family members
were not included in the study because they were
found to act on non-carbohydrate substrates [15].

The total number of AAs in F. ononidis was simi-
lar to that of other white rot fungus, such as F. velu-
tipes (white rot) [16], L. edodes (white rot) [30], S.
commune (white rot-like) [34], and P. chrysosporium
(white rot) [32], but not C. cinerea (white rot) [26]
(Table 4 and Supplementary data S10). In addition,
fungal species including L. bicolor (ectomycorrhizal
fungus) [29], U. maydis (plant pathogen) [36], and
C. neoformans (yeast) [28] have fewer AAs than
other basidiomycetes. Unicellular and lipophilic
fungi, such as C. neoformans, Rhodotorula glutinis,
and Wallemia sebi, possess very few genes encoding
polysaccharide degrading enzymes [14]. It has also
been suggested that U. maydis possesses at least a
gene encoding a polysaccharide degrading enzyme
due to plant defense responses [32,36].

As described above, various members of CAZyme
were identified in the F. ononidis genome including
228 GHs, 21 PLs, 61 CEs, and 87 AAs associated
with polysaccharide and lignin degradation (Table 4).
Our results reveal that the distribution of this
CAZyme repertoire in F. ononidis is comparable to
those of other basidiomycetes. Although further stud-
ies of these CAZymes are needed, the present study
suggests that F. ononidis degradation machinery has
great potential for industrial and biotechnological
applications, such as food, paper, textile, animal feed,
and other chemicals, including biofuels.
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