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The hydrolysis of sugar-containing compounds by glycoside hydrolases (GHs) plays essential roles in
many major biological processes, but to date our systematic understanding of the functional diversity
and evolution of GH families remains largely limited to a few well-studied terrestrial animals.
Molluscs represent the largest marine phylum in the animal kingdom, and many of them are herbivorous
that utilize algae as a main nutritional source, making them good subjects for studying the functional
diversity and adaptive evolution of GH families. In the present study, we conducted genome-wide iden-
tification and functional and evolutionary analysis of all GH families across major molluscan lineages. We
revealed that the remarkable expansion of the GH9, GH10, GH18 and GH20 families and the wide adop-
tion of carbohydrate-binding modules in molluscan expanded GH families likely contributed to the effi-
cient hydrolysis of marine algal polysaccharides and were involved in the consolidation of molluscan
algae-feeding habits. Gene expression and network analysis revealed the hepatopancreas as the main
organ for the prominent expression of approximately half of the GH families (well corresponding to
the digestive roles of the hepatopancreas) and key or hub GHs in the coexpression gene network with
potentially diverse functionalities. We also revealed the evolutionary signs of differential expansion
and functional divergence of the GH family, which possibly contributed to lineage-specific adaptation.
Systematic analysis of GH families at both genomic and transcriptomic levels provides important clues
for understanding the functional divergence and evolution of GH gene families in molluscs in relation
to their algae-feeding biology.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbohydrates including monosaccharides, oligosaccharides
and polysaccharides are the most abundant and widely distributed
organic compounds on Earth. Glycoside hydrolases (GHs) are the
key enzymes participating in carbohydrate metabolism, which is
a prerequisite for organisms to obtain energy [1–3]. Except for
some Archaea and parasitic single-cell eukaryotes, GH genes are
widely present in almost all organisms [4,5]. They are widely
involved in the hydrolysis of sugars and glycoconjugates and play
essential roles in many important biological processes, such as
energy acquisition and metabolism, degradation of cellular compo-
nents, recognition and adhesion between cells and other physio-
logical and biochemical reactions [6,7]. In recent decades, GHs
have become hot research subjects in various fields of biology,
involving various groups of microorganisms, plants and animals
[1,8–11].

Molluscs are the largest marine phylum in the animal kingdom.
Many of them are herbivorous that utilize algae as their main
nutritional source, which could be a characteristic of molluscan
ancestors and makes these organisms good subjects for studying
GH family evolution and adaptive roles [12,13]. The polysaccha-
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rides in marine algae, including cellulose, hemicellulose, chitin and
laminarin, are the main carbohydrate source of herbivorous mol-
luscs, and these compounds are substantially different from those
associated with terrestrial higher plants, which include mainly cel-
lulose and starch [14–24]. As a main source of energy, important
cellular components and signaling molecules, the differences in
polysaccharide types are closely related to the diet as well as mor-
phological and physiological functions of the animals that consume
these compounds. For example, most molluscs can encode cellu-
lases to degrade and utilize cellulose [25,26], while vertebrates
and most ecdysozoans are generally considered unable to encode
cellulases by themselves, and their cellulose degradation depends
on intestinal commensal microorganisms [27–29]. The organic
matrix of the ‘‘skeleton” of ecdysozoans and molluscs is composed
of chitin, and chitinase is involved in the metabolism of their
‘‘skeleton” [29,30]. While previous studies have reported multiple
GHs (including laminarinase, cellulase, chitinase, amylase, man-
nanase, and fucosidases) in molluscs [11,31,32], their genomic dis-
tribution, expressional and evolutionary characteristics across
major molluscan lineages remain poorly understood. Further study
could provide important clues for understanding the functional
divergence and adaptive roles of GHs in molluscs.

Due to the rapid development of advanced sequencing tech-
nologies in recent years, the molluscan genomics field has wit-
nessed significant achievements by providing invaluable genome
resources and unprecedented opportunities for addressing many
important biological questions [33–39]. In this study, we con-
ducted genome-wide identification, expressional and evolutionary
analysis of all GH families in major molluscan lineages. Our find-
ings provide important clues for understanding the evolution of
GH gene families in molluscs in relation to their algae-feeding
biology.
2. Methods

2.1. Genome-wide identification, classification and annotation of GH
family genes

To identify the GH family genes, we first obtained all the coding
genes of 7 molluscs (Chlamys farreri, Crassostrea gigas, Pinctada
fucata, Bathymodiolus platifrons, Modiolus philippinarum, Lottia
gigantea, Octopus bimaculoides) and 14 other metazoan species
including the deuterostomes Homo sapiens, Danio rerio, Branchios-
toma floridae, Apostichopus japonicus, the protostomes Lingula ana-
tina, Capitella teleta, Helobdella robusta, Tribolium castaneum,
Cryptotermes secundus, Drosophila melanogaster, Daphnia pulex,
Caenorhabditis elegans and the non-bilaterians Nematostella vecten-
sis, Acropora digitifera (Table S1). Since functional domains (cat-
alytic domains) were the most important features for
identification and classification of GH families [3,40], we used
the command ‘‘hmmscan” in the software HMMER (v3.1b2) to
search for GH domains, against the Pfam-A database [41] with
the e-value threshold 1e-5. The reliability of the identified GH fam-
ily genes was manually checked by their functional annotations
with the expected hydrolase activity derived from functional anno-
tation database, including the Carbohydrate active enzyme data-
base (CAZy) [4], Uniprot database [42], the NCBI non-redundant
proteins (Nr) database [43], Gene ontogeny (GO) [44] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database
[45], according to the sequence similarities. The genomic distribu-
tions of GH18 family genes in the seven molluscan genomes were
retrieved from genome annotation files released by previous stud-
ies (Table S1) [33–35,37,46,47]. The conserved domain structures
of all molluscan GH family genes were identified using the Batch
CD-Search tool in NCBI database by searching against the Pfam
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Database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/
bwrpsb.cgi).
2.2. Phylogenetic and evolutionary analysis of GH families

To construct the phylogenetic trees of GH family genes, the
sequences of the longest catalytic domain (>120 amino acids) for
each gene were first obtained. The multiple sequence alignments
were performed using the MEGA 6 software with default parame-
ters [48]. The Neighbor-Joining (NJ) trees were constructed using
the p-distance method with 2000 bootstrap replicates. The active
centre of the catalytic domain of each family was extracted based
on the sequence alignment according to previous studies [7,49]
and the sequence logo was generated using WebLogo (http://webl-
ogo.berkeley.edu/) [50].
2.3. Expression analysis of the GH family genes of C. farreri and C. gigas

The transcriptome data of adult tissues/organs and develop-
mental stages of scallop C. farreri and oyster C. gigas used in the
expression analysis were downloaded from NCBI database released
by previous studies [35,37]. High-quality sequencing reads were
retained by requiring 80% base with a quality value greater than
20. Then the high-quality reads were mapped to the corresponding
reference genomes using the software STAR (version 2.4.1c) [51].
Reads mapped to exonic regions were counted for corresponding
genes using the software featureCounts (v1.6.3) [52] to calculate
the gene expression level in term of TPM (Transcripts Per Kilobase
of exon model per Million mapped reads) values. The expression
patterns of GH genes and GH families (the sum of the TPM values
of GH genes in each family) of the C. farreri and the C. gigas were
shown in heatmaps. For a given GH family, its highly expressed tis-
sues/organs were defined as those with TPM values higher than 1.5
folds of the average TPM of the other tissues/organs.
2.4. Gene coexpression network analysis of the GH family genes

To ensure the reliability of network construction, the co-
expression network was constructed using the expression profile
of C. farreri, for which multiple replications of the main tissues/or-
gans are available but not in C. gigas. A total of 22,228 genes that
expressed at least in one tissues/organs of C. farreri with the TPM
values higher than two were used for weighted gene co-
expression network analysis (WGCNA) [53]. The coexpression net-
work was constructed using theWGCNA package in R [54] with the
parameters of ‘softPower = 15, cutHeight = 0.99 and
minModuleSize = 450’. Each gene module was labeled in unique
color and the unassigned genes were labeled in grey. The
intramodular connectivity value (Kwithin) was used to measure a
gene’s connection strength to other genes in the specified module
(i.e., the hubness of a gene) [54]. The over-representation analysis
of the GH family genes was performed for each module using a
hypergeometric test with p-values adjusted by the Benjamini-
Hochberg method for multiple-test correction [54,55]. To evaluate
the expression pattern of each module among different tissues/or-
gans, TPM values of each gene were firstly normalized across the
different tissues/organs using the scale function in R (version
3.6.1), and the expression level of each gene cluster was repre-
sented in the median value. GO and KEGG pathway enrichment
analyses of the gene modules were performed using the EnrichPi-
peline with the FDR cutoff 0.05 [56,57]. Cytoscape [58] was used
for visualization of the co-expression networks.
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3. Results

3.1. Genomic landscape and phylogenetic analysis of molluscan GH
families

We identified the full sets of GH family genes from the genomes
of seven molluscs covering major molluscan lineages, in compar-
ison with those identified from 14 additional animal species repre-
sentative of the major groups in the animal kingdom. Within the
molluscan group, the number of GH genes ranged from 70 to 167
(Fig. 1a; Table 1). These genes belonged to 26 different GH families
(Fig. 1a; Table 1), of which 17 families were present in all seven
molluscs, and only a few families were unique to certain species
(Fig. S1a). Across-Metazoa comparison revealed that the four
groups, Mollusca, Annelida, Ecdysozoa, and Deuterostomia, shared
17 GH families, accounting for 55% of all GH families. Compared
with Annelida and Ecdysozoa, Mollusca shared more GH families
with Deuterostomia (Fig. S1b), presumably a reflection of their
conserved genomes [37,59]. Compared with other animal groups,
a notable feature of molluscs was that both GH9 (endoglucanases)
and GH10 (endo-1,4-b-xylanase) families were present and
expanded in most herbivorous molluscs (Fig. 1; Table 1). The
expansion of these two families was prominent in gastropods
and bivalves (5–14 for GH9 and 2–13 for GH10; Fig. 1). In contrast
to herbivorous molluscs, the cephalopod contained only one GH9
and one GH10 family member. Compared with the shallow-water
mussel M. philippinarum, the deep-sea mussel B. platifrons showed
much reduced numbers of GH9 and GH10 family genes. Another
remarkable feature of the molluscan GH family was the expansion
of GH18 (chitinase) and GH20 (beta-hexosaminidase), which was
also common in ecdyzoans (Fig. 1a). Although most GH families
consist of more than one kind of enzymatic activities, approxi-
mately 77% molluscan GH families were identified as having only
one enzymatic activity, including even the expanded GH9, GH10
and GH20 (Table 1; Fig. S2). For molluscan GH18, chitinase (EC
3.2.1.14) and di-N-acetylchitobiase (also known as chitosanase,
EC 3.2.1.-) were identified, but only the chitinase genes were
expanded in molluscs (Table 1; Fig. 2b-c). For the other GH families
with two or more predicted enzymatic activities (i.e., GH2, GH13,
GH30, GH31 and GH38), family members were divided into several
subclades corresponding to different kinds of enzymes with differ-
ent catalytic unit sequences (Table 1; Fig. S2-3). Besides this major
class of carbohydrate-active enzyme, we also identified other
enzymes related to polysaccharide degradation in the twenty rep-
resentative metazoan species, such as alginate lyase (family PL14)
and Lytic Polysaccharide Mono-Oxygenase (LPMO) (Table S2). We
found that the expansion of PL14 may be a unique genomic feature
belonging to gastropods, while LPMO showed remarkable expan-
sion in molluscan genomes.
3.2. Functional domain diversity and its association with GH18 family
evolution

Most of the molluscan GH families (42%) possessed a simple
structural organization with only catalytic domains (Fig. 1b).
Except for the catalytic domains, 31% of molluscan GH families
had non-catalytic subdomains with b-sandwich fold (GH30_C,
GH59_M, GH63_N, GH81_N, NtCtMGAM_N, Gal_mutarotas_2),
zincin-like fold (GH20b) or jelly-roll fold (GH2_N) structures. Some
of the GH2 (28.0%), GH9 (8.2%), GH13 (9.5%), GH16 (33.3%), GH18
(34.9%), GH20 (45.3%) and GH81 (25.0%) genes of the molluscan
GH family contained one or more carbohydrate-binding modules
(CBMs) located at the N/C-terminus or interspersed among cat-
alytic domains, of which the most variable domain structures were
present in the GH18 family (Fig. 1b). Moreover, some GH genes
2746
also had an auxiliary domain, such as the fibronectin type 3-like
(Fn3-like) domain in the GH3 family, the trefoil (P-type) domain
in the GH31 family, the alpha mannosidase middle domain
(Alpha-mann_mid) in the GH38 family and the solute carrier fam-
ily 3 member 2N-terminus domain (SLC3A2_N) in the GH13 family
(Fig. 1b). It is worth mentioning that GH3 has two kinds of catalytic
domains: a triose phosphate isomerase (TIM) barrel-like domain
(GH3_N) and an a/b sandwich domain (GH3_C) with distinct cat-
alytic residues (the catalytic nucleophile/base Asp in GH3_N and
the catalytic proton donor Glu in GH3_C).

Most of the GH18 genes showed expansion and resided in tan-
dem arrays (Fig. 2a; Fig. S4), while the other expanded families
(GH9, GH10 and GH20) were mostly dispersed in the genome.
Based on phylogenetic analysis, GH18 family genes in the phylum
of Mollusca were classified into nine separate clusters (Group A-I)
(Fig. 2b). The hydrolase activities of the GH18 members are identi-
fied as chitinases (EC:3.2.1.14) except for group A, which is di-N-
acetylchitobiase (Fig. 2b). For groups A-E, most genes had only cat-
alytic domains but lacked CBMs. In contrast, genes from groups F-I
mostly had an N-terminal catalytic domain followed by one or
more CBMs (Fig. 2b). The conserved sequence logos showed the
active centres of the molluscan GH18 catalytic domains conserved
with the amino acid residues FDGLD(L/M)DWE(Y/F)P, and the most
critical residues (glutamate residue E and aspartic acid residue D)
in the GH18 catalytic domain were conserved among all groups
except group A with LDGXNXDXEX (Fig. 2b-c). In addition, com-
pared with group F-I, the active centres of groups B-E were less
conserved for leucine and tyrosine residues (Fig. 2c). The GH18
genes in Group G were absent in the bivalves. As a group specific
to Gastropoda and Cephalopoda, the active centres of Group G
were mostly different from those of other CBM-containing groups
(i.e., FDGLDMDWEFP instead of FDGLDLDWEYP) (Fig. 2b-c).

3.3. Comprehensive transcriptome profiling of molluscan GH families

Gene expression profiling facilitates the understanding of the
function and evolution of GH families. Although many molluscan
genomes have been sequenced, comprehensive transcriptome data
remain largely scarce for molluscs. Here, we chose C. farreri and C.
gigas, the two molluscs with the best availability of comprehensive
transcriptome datasets (Table S3) [35,36], for analyzing the expres-
sion profiles of GH genes in adult tissues/organs and across various
developmental stages. Molluscan GH family genes generally
showed diverse expression patterns across adult tissues/organs
and developmental stages (Fig. 3a-b; Fig. S5). In particular, approx-
imately half of the GH families showed highly restricted expression
in the hepatopancreas (Fig. 3a-b; Fig. S5). During development, the
highly expressed GH families in the hepatopancreas started to be
expressed after D-larval period and reached peak expression levels
in the later umbo larval period (Fig. 3a-b). The composition of
highly expressed GH families in the hepatopancreas was similar
between scallop and oyster (Table 1), probably reflecting similar
preferences for algae between the two molluscs. The highly
expressed GH families in the hepatopancreas of C. farreri, were also
previously reported as the main types of scallop polysaccharide
hydrolases through mass spectrometry analysis [31].

3.4. Coexpression gene network analysis of molluscan GH families

To identify coexpression modules and the key GH genes in the
hydrolysis of polysaccharides and other biological processes, we
further investigated the gene coexpression network of GH family
genes across the main tissues/organs of C. farreri using the
weighted gene coexpression network analysis (WGCNA) approach
[54]. Network construction revealed 14 gene modules (M1-14)
with different expression patterns among the main tissues/organs



Fig 1. Genomic landscape of the molluscan GH families. (a) Genome-wide identification of GH families of 7 molluscs (in blue box) and 14 other metazoan species. Branches
with different colors represent different metazoan groups (red, Deuterostomia; blue, Lophotrochozoa; green, Ecdysozoa; purple, non-Bilateria). (b) Summary of the domain
architecture of molluscan GH families. The horizontal grey bars represent amino acid sequences without predicted functional domains, whereas the colored boxes represent
the regions with successfully predicted domains. The green boxes represent the corresponding catalytic domain of each GH family, the orange boxes represent the CBM/CBM-
like domains, the blue boxes represent the non-catalytic subdomains with b-sandwich fold, zincin-like fold or jelly-roll fold structures, and the other boxes represent the
auxiliary domains (Fn3-like domain, trefoil domain, alpha-mann_mid domain, SLC3A2_N domain and DUF2152 domain). The domain that appears only in some family
members is marked with brackets. The pie charts show the relative scale of GH genes with (orange)/without (green) CBM/CBM-like domains. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3c-d; Fig. S6). The top 10% genes of each module sorted by the
Kwithin values were regarded as the hub genes within the module,
which suggested their key roles in functional regulation. A total
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of 110 GH genes from 25 GH families used for network construc-
tion were widely distributed in 14 gene modules and 15% of them
were hub genes (Fig. 3c; Table S4). The diverse expression pattern



Table 1
Summary of function, substrate, expression of the GH families in 7 molluscs.

GH Family member Function Enzymatic Activities Substrate Highly Expressed
Tissue/Organs

C.
farreri
(CF)

C.
gigas
(CG)

P.
fucata
(PF)

B.
platifrons
(BP)

M.
philippinarum
(MP)

L.
gigantea
(LG)

O.
bimaculoides
(OB)

GH1 6 1 4 5 10 7 1 lactase-phlorizin hydrolase EC:3.2.1.108; EC3.2.1.62 lactose, phlorizin Hepatopancreas,
Fgonad(CG)

GH2 2 4 5 3 3 6 2 b-glucuronidase; b-mannosidase EC:3.2.1.31; EC:3.2.1.25 glucuronoside,
mannosides

Hepatopancreas(CF),
Hemolymph(CF)

GH3 2 2 4 4 5 21 2 b-glucosidase EC:3.2.1.21 b-D-glucoside Kidney(CF),
Hemolymph(CG)

GH9 7 5 11 9 14 13 1 endoglucanase EC:3.2.1.4 cellulose Hepatopancreas
GH10 8 3 7 2 6 13 1 endo-1,4-b-xylanase EC 3.2.1.8 xylan Hepatopancreas,

Mgonad(CG)
GH13 10 15 8 12 9 10 4 a-amylase; a-glucosidase; 1,4-a-glucan

branching enzyme
EC:3.2.1.1; EC:3.2.1.20;
EC:2.4.1.18

starch, etc Kidney(CF),
Hepatopancreas(CG)

GH16 4 4 2 3 4 10 0 laminarinase EC:3.2.1.39 laminarin, etc Hepatopancreas
GH18 23 18 20 33 31 24 24 chitinase; di-N-acetylchitobiase EC:3.2.1.14; EC:3.2.1.- chitin; chitobiose Hepatopancreas,

Mantle(CF)
GH20 18 19 13 18 9 11 7 b-N-acetylhexosaminidase EC:3.2.1.52 hexosamine Smooth_muscle(CF),

Foot(CF),
Hepatopancreas(CG)

GH26 1 0 1 0 0 4 0 endo-1,4-b-mannosidase EC:3.2.1.78 mannans,
galactomannans,
glucomannans

Hepatopancreas(CF)

GH28 0 0 0 0 0 0 1 polygalacturonase EC:3.2.1.15 pectate and other
galacturonans

/

GH30 3 4 3 3 3 2 1 glucosylceramidase; b-1,6-glucanase EC:3.2.1.45; EC:3.2.1.75 glucosylceramide,
lutean, pustulan, b-
glucan

Hepatopancreas

GH31 10 11 12 11 19 19 7 a-glucosidase; maltase-glucoamylase; sucrase-
isomaltase; mannosyl-oligosaccharide alpha-
1,3-glucosidase; sulfoquinovosidase;
myogenesis-regulating glycosidase

EC:3.2.1.20; EC:3.2.1.3;
EC:3.2.1.48; EC:3.2.1.10;
EC:3.2.1.207;
EC:3.2.1.199; EC:3.2.1.-

Broad Substrate
(maltose, starch,
etc)

Hepatopancreas

GH35 6 4 3 4 3 2 2 b-galactosidase EC:3.2.1.23 lactose, etc Hepatopancreas,
Kidney(CF)

GH38 9 10 10 11 9 6 5 a-mannosidase; mannosyl-oligosaccharide 1,3–
1,6-a-mannosidase

EC:3.2.1.24; EC:3.2.1.114 mannoside Hemolymph(CF)

GH39 1 1 1 1 1 1 1 a-L-iduronidase EC:3.2.1.76 dermatan sulfate Gill, Hemolymph(CF),
Fgonad(CF),
Hepatopancreas(CG)

GH47 2 2 2 2 4 2 2 a-mannosidase EC:3.2.1.113 mannosides Hemolymph(CF),
Kidney(CF)

GH56 1 2 0 1 1 2 2 hyaluronidase EC:3.2.1.35 hyaluronan Hepatopancreas(CF),
Kidney(CF), Labial_palp
(CG)

GH59 1 1 1 2 2 6 1 galactocerebrosidase EC:3.2.1.46 galactosylceramide,
etc

Hemolymph, Kidney
(CG), Gill(CF),
Adductor_muscle(CG),
Mgonad(CG)

GH63 1 1 2 1 1 1 1 mannosyl-oligosaccharide glucosidase EC:3.2.1.106 Specific
oligosaccharide
precursor

Fgonad, Foot(CF),
Mgonad(CF)

GH65 2 2 1 2 2 2 1 protein-glucosylgalactosylhydroxylysine
glucosidase

EC:3.2.1.107 Specific glucose
from the
disaccharide unit,
trehalose

Hepatopancreas
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of each module suggested their putative roles in tissue/organ func-
tions (Fig. 3d). The 3D-line graphs systematically presented the
overall view of the expression pattern of the GH family in different
tissues/organs of C. farreri. The module M2 (hepatopancreas-
related module) comprised the most diverse categories of the GH
family (fifteen GH families), followed by M14 (ten GH families;
hemolymph-related module) and M12 (eight GH families;
kidney-related module), which was clearly different from other
modules containing one-to-four GH families (Figs. 3c-d; 4;
Table S5). The GH family genes in M2 started to be expressed after
the D-larval period and reached peak expression levels in the later
umbo larval period (Fig. S7). GH20, GH18 and GH31 were the top 3
widespread GH families distributed in seven modules, five mod-
ules and five modules, respectively, while most hub genes were
in the GH18 family (seven GH18 genes in contrast with three
GH20 genes and no GH31 gene) (Figs. 3c; 4; Table S5). It is worth
noting that in addition to four copies of the GH18 family in M2,
four tandem-arranged genes were specifically expressed in the
eyes of the scallop C. farreri (Fig. 3) and were also hub genes of
module M10 (Fig. 3c). The genes of M10 were highly expressed
in the eye and mantle (Fig. 3d). These genes were involved in chitin
binding, chitinase activity, pigment binding and symporter activity
according to the GO analysis (Fig. S8).

3.5. Functional analysis of the hepatopancreas-related module M2

The highly expressed GH genes were mostly found in the gene
module M2 (42 GH genes), with a p-value of 5.20e-15 (adjusted by
Benjamini-Hochberg) (Fig. 5a; Table S5), indicating significant enrich-
ment. The M2 genes were highly expressed in the hepatopancreas
(Fig. 5b). Functional analysis showed that these genes were enriched
in the GO terms of carbohydrate binding, hydrolase activity, trans-
ferase activity and oxidoreductase activity (Fig. 5c), and the KEGG
pathways of fat digestion and absorption, protein digestion and
absorption, PPAR signaling pathway, vitamin digestion and absorp-
tion and starch and sucrose metabolism (Fig. 5d; Table S6), which
correlated well with the digestive function of the hepatopancreas.

3.6. Expansion of the GH18 family with functional divergence

To understand molluscan GH family expansion in terms of func-
tional divergence, we focused on the GH18 family, as it is the lar-
gest GH family expanded among molluscan species. The di-N-
acetylchitobiase genes are widely expressed in different organs,
while most of the expanded chitinase genes are preferentially
expressed in the hepatopancreas, mantle or eye (Fig. 6a). These
chitinase genes are located in tandem arrays with variable domain
structures and are widespread in different coexpression modules
as hub genes, making them a good subject for studying GH family
evolution and functional divergence. When focusing on the expres-
sion profile and phylogenetic relationship of GH18 family genes,
we found evidence of within-cluster expressional divergence of
the GH18 family. For example, for the largest, four clustered
GH18 chitinase genes in the C. farreri genome (CF58153.4,
CF58153.5, CF58153.7, CF58153.8.1), CF58153.5 and CF58153.7
were located in the middle of the array and were specifically highly
expressed in the hepatopancreas, while the remaining two flanking
copies were specifically highly expressed in the mantle (Figs. 2a;
6a). A similar phenomenon was also observed in oyster, but its
hepatopancreas-related copies were more pronounced (five in con-
trast to two in scallop; Fig. 6a). This suggested that both
hepatopancreas-related and mantle-related GH18 copies were
already present in the common ancestor of scallop and oyster
(Fig. 6b), and the biased duplication of hepatopancreas-related
copies would be evolutionarily advantageous or adaptive for their
algae-feeding biology.



Fig. 2. The expansion characteristics of molluscan GH18 family genes. (a) Overview of tandemly arranged GH18 family genes in 7 molluscan genomes. Boxes with different
colors represent genes on genomic scaffolds (yellow: GH18 genes; blue: non-GH genes). The solid line between genes indicates gene adjacency. Only the longest GH18
tandem array of each species is shown, and the full view can be found in Fig. S4. The numbers below the GH genes correspond to the gene IDs. (b) Phylogenetic analysis of
GH18 family genes from seven molluscan species, C. farreri (CF), C. gigas (CG), P. fucata (PF), B. platifrons (BP), M. philippinarum (MP), L. gigantea (LG), and O. bimaculoides (OB).
A bootstrap analysis of 2000 replications was carried out on the tree inferred from the Neighbor-Joining method. Bootstrap values larger than 40 are shown at each branch of
the tree. Molluscan GH18 genes are grouped into nine different groups (Group A-I). The conserved domains of each gene are displayed in the outer layer. (c) The sequence
logos of the active centre residues in the catalytic domain of each GH18 group. The arrows indicate the positions of residues (D and E) that are essential for the catalytic
activity of chitinase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Carbohydrates are the most abundant and widely distributed
organic compounds on Earth and play a huge diversity of roles,
such as energy conversion, cell structural constitution and cell-
2750
cell recognition processes, in living organisms [60]. GHs play
essential roles in these important biological processes, primarily
by polysaccharide depolymerization [6,7]. As the largest marine
phylum in the animal kingdom, molluscs are mainly herbivorous,
with their main nutrition source being algae (e.g., diatoms, brown



Fig. 3. Overview of the expression profile of GH family genes. (a-b) The expression patterns of all GH families in various tissues/organs and developmental stages of C. farreri
(a) and C. gigas (b). For each species, the left heatmap shows the expression patterns of GH families in various tissues/organs (GH families clustered according to their
expression patterns), and the right heatmap shows the expression pattern of GH families during development (the same order of GH families as in the left heatmap). The
abbreviations and the corresponding full description of developmental stages/adult organs are shown in Table S3. (c) Gene coexpression network of GH family genes in the
main tissues/organs of C. farreri. For network visualization, each node represents a gene, and the yellow polygonal nodes represent hub genes. The border color of a node
indicates the GH family and the node size represents the intramodular connectivity. The GH numbers of each family in the module are listed at the bottom. (d)The dot plot
shows the modular expression patterns across adult organs. The dot color and dot size both represent the relative expression level. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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algae and green algae), which provide different types of polysac-
charides, including cellulose, hemicellulose, chitin and laminarin
[1,11,17–24]. Understanding the genomic distribution, expres-
sional and evolutionary characteristics of the molluscan GH family
is of importance for understanding their functional divergence and
adaptive roles in molluscs.

In this study, the full sets of GH family genes from seven mol-
luscan genomes were identified and grouped into 26 different
GH families based on their sequence similarity and catalytic
domains supported by the CAZy database [3,4]. According to the
global view of GH family distribution among 21 species represent-
ing the main metazoan groups, the GH9 and GH10 families are
prominently expanded in gastropods and bivalves whereas they
are contracted in cephalopod, which is possibly a reflection of
adaptive evolution for the herbivory in molluscs and carnicory in
cephalopod [12,13,61]. This finding is very interesting, as GH9 (cel-
lulases) and GH10 (endo-1,4-b-xylanase) are mainly responsible
for the hydrolysation of cellulose and hemicellulose, which are
important components of the algal cell wall [16,17]. Moreover,
2751
molluscs are among very few animals that have retained cellulose
digestion abilities [16,17,62–64]. The expansion of these two fam-
ilies may indicate adaptive evolution for the degradation and uti-
lization of cellulose and hemicellulose components in algal cell
walls. Compared with the shallow-water mussel M. philippinarum,
the deep-sea mussel B. platifrons shows much reduced numbers of
GH9 and GH10 family genes, possibly as an adaptation to its unu-
sual nutritional supply via chemoautotrophic endosymbionts [46].
The GH18 (chitinase) and GH20 (beta-N-acetylhexosaminidase)
families were also expanded in molluscs. The beta-N-
acetylhexosaminidase is an exo-type hydrolytic enzyme involved
in chitin degradation by cleaving chitin oligosaccharides into the
N-acetylglucosamine monomers, which has synergistic effect with
GH18 family on chitin hydrolysis [65–67]. Chitin is not only the
main polysaccharide from molluscan herbivore diets but also the
main component of molluscan shell organic scaffolds [12,68,69],
which may suggest the adaptive evolution of the GH18 family for
the digestion of food-source chitin and the calcification of shells.
Although diverse enzyme functions have been identified in GH9,



Fig. 4. The relative expression pattern of GH genes in each module across major tissues/organs of C. farreri. The x-axis, y-axis and z-axis of the 3D line graph represent
different tissues/organs, the GH family and relative expression levels, respectively.
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GH10, GH18 and GH20 according to the CAZy database, only one
kind of enzyme genes that closely related to the hydrolysation of
algal polysaccharides have been identified and expanded in each
of the expanded GH family, which suggested the adaptive evolu-
tion of molluscs for algae feeding.

The characteristic gene structure of the GH family is its catalytic
domain, which is often a (b/a)8 TIM barrel structure with conserved
catalytic residues that shape the active pocket. The non-catalytic
subdomains with b-sandwich fold, zincin-like fold or jelly-roll fold
structures beside the catalytic units are involved in the modifica-
tion of the pocket-shaped catalytic site and are supposed to be crit-
ical for the stabilization of enzyme-carbohydrate interations [70–
72]. The catalytic domains are responsible for the hydrolysis reac-
tion of polysaccharides [1,26]. However, the insoluble feature of
polysaccharides makes the GHs inefficient when targeting glyco-
sidic bonds. To overcome these problems, some GH family genes
often possess one or more CBMs, which can specifically bind to
polysaccharide substrates and efficiently promote adsorption of
the enzyme onto insoluble polysaccharides [73]. Approximately
20% members of all molluscan GH family genes contain one or
more CBMs, which is higher than the rough ratio (7%) of the CAZy
database entries containing one or more CBMs [4]. It is interesting
that most of the CBM-containing families (GH9, GH10, GH18,
GH20) that participate in cellulose, hemicellulose and chitin diges-
tion are expanded in molluscs [30,74–76]. Especially in the GH18
family, 35% of copies possessed up to five CBMs located at the N/
C-terminus or interspersed among catalytic domains, which can
promote the association of the enzyme with the substrate. The
location of CBMs has no effect on their carbohydrate-binding activ-
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ity [77,78]. Approximately 8% of GH9 members in mollusks pos-
sessed CBMs, while no CBM domain was identified in cellulases
of the termite C. secundus. Termites are one of the insects that
can degrade lignocellulose efficiently with the aid of intestinal
microbiota (e.g. bacteria, fungi and flagellates) [79,80]. The
cellulose-acting enzymes from flagellates usually have no CBMs,
which show activity towards water-soluble cellulose and hardly
any activity towards insoluble cellulose. In contrast, cellulases
from the symbiotic bacteria of termites usually contain CBMs
and show remarkable activities towards insoluble cellulose [81–
83]. The wide adoption of CBMs in molluscan-expanded GH fami-
lies is therefore evolutionarily advantageous and facilitates the
functional achievement of GH families in the digestion of diverse
marine algal polysaccharides. In view of the important roles of
intestinal microbiota in the energy metabolism, the symbiotic
microbiota in molluscs is probably involved in the hydrolyzation
of polysaccharides from marine algae. However, the exact roles
of symbiotic microbiota in the complex metabolic process in Mol-
lusca are still poorly understood, which deserves in-depth analysis
for more comprehensive understanding on the evolution of mol-
luscan feeding habits.

Moreover, some GH genes also had an auxiliary domain, such as
the Fn3-like domain in the GH3 family, the trefoil domain in GH31
family, the Alpha-mann_mid domain in the GH38 family and the
SLC3A2_N domain in the GH13 family. The Fn3-like domain in
GH3 has been suggested to stabilize the incomplete catalytic
domain and can aid the hydrolysis of cellulose by modifying its
surface [84,85]. The SLC3A2_N domain in GH13 can mediate the
transmembrane transport of all essential amino acids as a compo-



Fig. 5. Functional analysis of the GH gene-enriched hepatopancreas-related module M2. (a) Distribution of 110 GH genes in 14 gene coexpression modules. The modules that
were significantly enriched with GH family genes (FDR = 5.20e�15) are marked with asterisks**. (b) Boxplots show the relative expression pattern of genes in M2 across
major tissues/organs of C. farreri. The box colors represent different tissues/organs and the inside lines indicate the median values. (c) Directed acyclic graph (DAG) of GO
terms corresponding to molecular function by enrichment analysis of genes in M2. GO terms with FDR < 0.05 are colored from yellow to red with increasing significance. (d)
Top 15 KEGG pathways with adjusted enrichment p-values < 0.05 reveal the functional roles of module M2 genes (see Table S6 for the full result). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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nent of heteromericamino acid transport (HAT) [86]. The dupli-
cated trefoil domain in the GH31 family is probably involved in
protein–protein or carbohydrate moieties interactions [87]. The
alpha-mann_mid domains are suggested to be involved in enzyme
folding and substrate recognition [88]. Above all, different kinds of
auxiliary domains are suggested to have important contributions
to substrate binding and hydrolysis efficiency.

To understand molluscan GH family expansion for functional
divergence, we focused on the GH18 family (chitinase), which is
known to have complex and diverse biological functions and par-
ticipate in molluscan shell formation, algal digestion, immunity,
and early embryonic development [68,69,89–91]. GH18 family
genes are widely distributed in representatives of all kingdoms.
Extensive studies on the domain architecture, functional diver-
gence and structure-function relationship have been carried out
in mammals, insects, plants, fungi, bacteria, archaea, nematodes
and viruses [92–94]. However, little is known about the character-
istics and evolution of the molluscan GH18 family. The expansion
of GH18 genes was previously found in insects [95,96]. In this
study, molluscan GH18 family genes showed more prominent
expansions than those of insects. Most of the expanded GH18
genes reside in tandem arrays, possibly resulting from recent gene
duplications. Based on the phylogenetic analysis of molluscan
GH18 family genes, species-specific members are dominant in sev-
eral molluscan species, possibly indicating their recent intraspeci-
fic expansion. Functional analysis of active residues in molluscan
GH18 catalytic domains showed their good preservation of key
residues [e.g., glutamate residue (E) and aspartic acid (D)] that
are crucial for the retention of enzymatic activity [97,98], indicat-
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ing that the functionality of the expanded GH18 copies is possibly
ensured by purifying selection.

Gene expression profiling showed that the molluscan GH family
genes are generally widely expressed in a variety of adult tissues/
organs as well as at different developmental stages, which may be
related to the extensive involvement of GH in various biological
processes [6,7]. In particular, approximately half of GH families
showed highly restricted expression in the hepatopancreas, which
was related to the important roles of GH families in the digestion of
polysaccharides. During the developmental process, the highly
expressed GH families in the hepatopancreas started to be
expressed after D-larval period and reached peak expression levels
in the later umbo larval period. This corresponds well to the devel-
opmental formation of the molluscan hepatopancreas and the
nutritional supply change as molluscs consumed their egg-stored
energy and then started to obtain energy by ingesting algae in
the surrounding aquatic environment [99]. According to the coex-
pression network, GH genes from 25 GH families were widely dis-
tributed in 14 gene modules and 15% of them were hub genes,
which suggested their key roles in multiple biological processes.
The GH gene-enriched module was the hepatopancreas-specific
module. The wide-presence of diverse highly expressed GH fami-
lies (14 GH families) in the hepatopancreas suggests a complex
polysaccharide-hydrolase system in scallop, which coincides with
the largely unique substrate specificity of polysaccharide-
degrading enzymes and the diverse marine algal polysaccharides
consumed by scallop [1,9,14]. Moreover, genes from the same GH
family are widely distributed in different gene modules, which
suggests their potential functional diversity. Taking GH18 genes



Fig. 6. The within-cluster functional diversity of GH18 family genes. (a) Phylogenetic relationships of GH18 family genes and their relative expression levels across major
tissues/organs of C. farreri and C. gigas. The grey asterisks tagged the di-N-acetylchitobiase genes. (b) The putative evolution of hepatopancreas-related and mantle-related
GH18 genes within the same cluster of C. farreri and C. gigas. The yellow boxes indicate the GH18 genes that are highly expressed in the mantle (M), while the red boxes
indicate the GH18 genes that are highly expressed in the hepatopancreas (H). The putative expansion histories of GH18 genes were inferred based on their phylogenetic
relationships and expressional preference. The numbers below the GH genes correspond to the gene IDs. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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as an example, in addition to the highly expressed GH18 genes in
the hepatopancreas, which are related to the digestion of chitin-
containing food, four tandem-arranged genes are specifically
expressed in the eyes of scallop (also the hub genes of eye-
related module M10) and are therefore potentially involved in
eye function. Chitin has been identified in the compound eyes of
arthropods, where it is considered as a part of the visual system
[100]. This may suggest that the expansion of eye-related GH18
in the scallop could be responsible for maintaining eye function
in the scallop by chitin hydrolysis. The within-cluster expressional
divergence of the GH18 family was found both in scallop and oys-
ter. The expression features and gene location of cluster members
suggested that both hepatopancreas-related and mantle-related
GH18 copies are already present in the common ancestor of scallop
and oyster, and recent expansion of hepatopancreas-related copies
independently occurred after the divergence between scallop and
oyster. The higher expansion of hepatopancreas-related copies in
oyster than scallop is likely a reflection of their differential effi-
ciency of algae digestion based on the previous observation of
2754
the higher filtration efficiency of oyster over scallop especially at
low algal concentrations [101].

5. Conclusions

We conducted the most comprehensive genome-wide identifi-
cation, expressional and evolutionary analysis of GH families to
date for the largest marine phylum Mollusca. We revealed that
compared with other animal groups, the remarkable expansion of
GH9, GH10, GH18 and GH20 families in molluscs plays prominent
roles in consolidating their algae-feeding habits. The wide adop-
tion of CBMs in molluscan-expanded GH families likely contributes
to their efficient hydrolysis of marine algal polysaccharides. Gene
expression and network analysis revealed that the hepatopancreas
was the main organ for the prominent expression of approximately
half of GH families, which corresponds well to the herbivorous
diets of molluscan species and the digestive roles of the hep-
atopancreas. We also revealed the evolutionary signs of differential
expansion and functional divergence of the GH18 family for possi-
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bly contributing to lineage-specific adaptation. Taken together,
through systematic analysis of GH families at both genomic and
transcriptomic levels, our findings provide important clues for
understanding the functional diversity and evolution of molluscan
GH gene families and their association with molluscan algae-
feeding biology.
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