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Abstract Molluscs are one of the most diverse groups of animals and exhibit a rich and diverse variety of form and lifestyle. Most
molluscs live with a free-moving lifestyle, while some molluscs are sessile. The adaptation to the two distinct lifestyles required
complex changes, from molecules to organs, and physiology to morphology. In this study, we conducted a genome-wide scan for
positive selection by comparing the available genomes of two sessile molluscs with four free-moving molluscs. A total of 40 genes
were identified undergoing positive selection in the sessile molluscs by the branch-site model. Functional characterization showed
that they were mainly enriched in two pathways, Oxidative phosphorylation (OXPHOS) and TGF-beta signaling pathway. The unex-
pected positive selection on OXPHOS genes in sessile molluscs suggests that the adaptation of OXPHOS involves many factors be-
yond enhancing ATP production. A modified OXPHOS regulatory system may allow sessile molluscs to better cope with biotic and
abiotic stresses. Moreover, positively selected genes in TGF-beta signaling pathway probably have played a key role in the patterning
of body plans and growth in metazoans. We speculate that these genes are associated with the body structure and organic adaptation
to a sedentary lifestyle in sessile bivalve molluscs.
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erated. Changes in energy metabolism have inevitably
occurred between the sessile and free-moving molluscs.
The overall rates of energy expenditure by the sessile
Mollusca is the second largest phylum in the animal filter-feeding species are lower than those by the brows-

kingdom, and one of the most diverse groups of animals. ing species (Bayne and Newell, 1983). Sedentary mol-
Molluscs exhibit a rich and diverse variety of form and

lifestyle. The molluscan body plan is enormously varied,
and extremely plastic and adaptable, which has led to
their remarkable evolutionary success, representing about
200000 living species (Ponder and Lindberg, 2008).
Based on the moving ability, molluscs can be categorized
into free-moving and sessile forms. In general, most of
the molluscs are free-moving (e.g., squids, cuttlefishes,
snails, and sea slugs), while some molluscs, such as adult
oysters and mussels, cannot move or only move a little,
and are cemented or byssally attached. Different types of
lifestyles call for different physiological and anatomical
adaptations such as body shape and energy metabolism ) i .
(Shen ef al., 2010; Shen ef al., 2012). The adaptations can 2015). Thereforfz, the sessile rr.lolluscs offer an interesting
occur from molecules to organs. In molluscs, most sessile model for studying t.he adapFatlon evo}utlop.

species are filter feeding with hypertrophied gills (Ponder Many genome-wide studies have identified the selec-

and Lindberg, 2008), and their head and foot have degen- tive imprints of the development of new lifestyles or lo-
comotive styles adapting to their new ecological niches,

* Corresponding author. Tel: 0086-532-82031622 such as lipid transport in the aquatic adaptation of ceta-
E-mail: gili66@ouc.edu.cn ceans, flight adaptation in bats, transformation of noctur-

1 Introduction

luscs cannot escape predation, so they usually protect
themselves using thick calcareous shells (Zhang et al.,
2012a). In addition, some sessile filter-feeding molluscs,
such as oysters inhabiting in estuaries and intertidal zones,
must cope with harsh and dynamically changing envi-
ronments, including wide fluctuations of temperatures
and salinities as well as prolonged air exposure, and may
also have to face tremendous exposure to microbial
pathogens (Zhang et al., 2012a; Guo et al., 2015). Their
success of adapting to different stresses suggests that ses-
sile molluscs may possess special mechanisms for host-
defense against biotic and abiotic stresses (Guo et al.,
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nal to diurnal circadian rhythm in mammals, seasonal and
non-seasonal reproductive behaviors (Shen et al., 2012;
Sun et al., 2013; Nery et al., 2013; Cao et al., 2015;
Meng et al., 2015). However, our current understanding
of selective imprints is mainly limited to mammals. The
molluscs are one of the most diverse phyla on Earth and
play an important role as model organisms in scientific
research (Ponder and Lindberg, 2008), but their genetic
adaptation to ecological niches is largely unknown. Re-
cently, emerging high-throughput sequencing technology
and bioinformatics tools have undoubtedly facilitated the
study on the genetic basis of how molluscs adapt to di-
verse lifestyles. To date, six molluscan genomes (the Pa-
cific oyster Crassostrea gigas, pearl oyster Pinctada fu-
cata, freshwater snail Biomphalaria glabrata, owl limpet
Lottia gigantea, California two-spot octopus Octopus
bimaculoides, and California sea hare Aplysia californica)
have been released (Zhang et al., 2012a; Takeuchi et al.,
2012; Simakov et al., 2013; Albertin et al., 2015). These
six molluscs, including four free-moving and two sessile
species, can represent the end-lines of different and di-
verse evolutionary paths. The Pacific oyster and pearl
oyster are representative bivalve molluscs. They are ses-
sile filter-feeders with a bivalved shell. B. glabrata, L.
gigantea and A. californica belong to the Gastropoda,
which use the foot for crawling (Heller, 2015). Octopuses,
a major group of the molluscan class Cephalopoda, have
changed dramatically over the course of their evolution.
They are active, resourceful predators with a rich behav-
ioral repertoire (Albertin ef al., 2015). The availability of
molluscan genomes provides a unique opportunity to elu-
cidate the adaptive evolution of the sessile molluscs at the
genome level.

Here, we conducted genome-wide scans for the avail-
able molluscan genome sequences to identify the genes
showing evidence of adaptive evolution along the sessile
mollusc lineage. The findings will help elucidate the un-
derlying molecular basis of adaptation to the sessile life-
style.

2 Methods

The protein-coding sequences for five molluscan spe-
cies (O. bimaculoides, L. gigantea, C. gigas, A. califor-
nica, and B. glabrata) were retrieved from the genome
database in GenBank. The sequences for P. fucata were
downloaded from MarinegenomicsDB (http://marinege-
nomics.oist.jp/pearl/viewer/info?project_id=36).

To identify 1:1:1:1:1:1 gene orthologs, reciprocal
BLASTP searches were performed on the six molluscan
protein sequences (E-value<le™). If a gene had multiple
transcripts, the longest one was chosen for further analy-
sis. Totally 303 one-to-one orthologous genes were iden-
tified in the genomes of all the six species. The program
ParaAT (Zhang et al., 2012b) was used to codon-align all
of the 303 gene sets. To reduce the rate of false positive
prediction, all gaps and ‘N’ were deleted from the align-
ments. In addition, the degree of nucleotide substitution
saturation for each gene was tested using the method de-

veloped by Xia et al. (2003) that has been implemented in
DAMBE software (Xia, 2013). Only genes with signifi-
cantly lower Iss than Iss.c were retained. If the remaining
alignment was shorter than 150bp (50 codons), the entire
alignment was discarded. Our final data set included 286
genes. The phylogenetic tree was constructed based on
the 286 genes using the maximum likelihood method in
PHYML 3.0 (Guindon ef al., 2010). The best-fit model of
amino acid substitutions was selected using ProtTest 3
(Darriba et al., 2011) and Akaike Information Criterion
(AIC). The substitution model LG+I+G had the smallest
AIC value and was therefore the most appropriate substi-
tution model. The resulting phylogenetic tree (Fig.1) had
the same branching order as the tree developed by Kocot
et al. (2011). The 286 aligned protein-coding sequences
and the phylogenetic tree estimated by PHYML 3.0 were
used to estimate the parameters and test the hypotheses
about the adaptive evolution in PAML’s codeml program
(Yang, 2007).

Lottia gigantea

Aplysia californica

— ’ Biomphalaria glabrata
Crassostrea gigas
Pinctada fucata

Octopus bimaculoides

Fig.1 Phylogenetic tree of six molluscan species used for
the screen for PSGs. The blue line represents the sessile
molluscs lineage. Branch of interest (sessile molluscs) is
marked as S.

We used one-ratio model in PAML to estimate the dis-
tribution of the nonsynonymous/synonymous substitution
ratios (w=dN/dS) as a benchmark under an assumption of
no adaptive evolution in the gene sequences and free-ratio
model to estimate parameters for the genes of the labeled
branch of the tree. The improved branch-site model was
applied to identify genes under positive selection on a
specific branch of the tree (Zhang et al., 2005). In this
case, the lineage leading to the two sessile bivalves was
labeled as foreground branch (branch S, Fig.1) and the
others as background branches. A likelihood ratio test
(LRT) compared a model with positive selection on the
foreground branch to a null model where no positive se-
lection occurred on the foreground branch and the statis-
tic (2AInL) was calculated to obtain a P-value (Yang and
Dos Reis, 2011). The P-value correction was performed
based on the method of Benjamini-Hochberg (Benjamini
and Hochberg, 1995). In our study, genes whose LRT
analysis yielded P-values <0.05 and FDR <0.2 were con-
sidered to be positively selective gene (PSG) candidates.
To gain insight in the putative functions of the PSGs
found on the lineage S, the C. gigas ortholog of each PSG
was used to perform Gene Ontology terminology (GO)
and KEGG pathway annotation for all the PSGs using the
web-based OmicShare tools (www.omicshare.com/tools).
GO and KEGG enrichment analyses were estimated by
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hypergeometric test, and the calculated P-value was gone
through FDR correction, taking FDR <0.05 as a thresh-
old.

3 Results and Discussion

Totally 303 single copy 1:1 orthologs from six avail-
able molluscan genomes were identified. Saturation of
nucleotide substitution can bias evolutionary inferences,
and result in an underestimation of dS and an inflation of
dN/dS (). Therefore, we only retained 286 orthologs
without significant substitution saturation for further
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Fig.2 Distribution of e values obtained for all the genes
on branch S using the branch model. Proportion of genes
in the different w regions are indicated by the Y-axis with
the w regions on the X-axis.

analysis. In order to estimate the impact of natural selec-
tion acting on genes, the one-rate model, which provides
a single estimate of w across all codons and lineages, was
utilized. All the 286 orthologs had w values in the range
of 0.001-0.15, and no extreme w value was detected. The
branch model (model=2) was used to obtain the dN/dS
values for all the genes on the labeled branch (branch S,
Fig.1). The results showed that 61.19% of the genes had
w values larger than 1 (Fig.2), suggesting a dramatic
change in the selective pressures acting on the genes on
branch S, thereby providing potential explanations for the
emergence of new body plans, organs and lifestyles on
branch S.

To detect signals of positive selection that may have
occurred on branch S, the improved branch-site model
was used in this study. This model can detect positive
selection acting on a few sites on particular specified
lineages. As a result, 40 genes showed significant evi-
dence of positive selection (FDR<0.2) on branch S. In
order to understand the biological significance of the
PSGs, we classified them according to the scheme estab-
lished by the Gene Ontology project. Of the 40 PSGs, 22
PSGs were classified into 17 GO terms (Fig.3). The result
revealed the most GO hits were in ‘cellular component’,
followed by ‘biological process’ and ‘molecular function’.
Within the ‘biological process’ category, the most GO hits
were in ‘metabolic process’. Nine PSGs were related to
catalytic activities within the molecular function category,
including transferase activity, oxidoreductase activity, and
hydrolase activity.
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Fig.3 Histogram of the GO annotations of PSGs. The X-axis represents GO terms belonging to three categories and the

Y-axis represents gene numbers of each term.

Among the 40 PSGs, 13 PSGs were assigned to ten
pathways (Table 1). Enrichment analysis revealed that
two pathways, Oxidative phosphorylation (OXPHOS) and
TGF-beta signaling pathway, were significantly enriched
among the PSGs. Surprisingly, genes NDUFB10, AT-
PeFOB and Cytl were involved in Oxidative phosphory-
lation pathway under positive selection in C. gigas and P.
fucata. This result was in strong contrast to most previous
studies which detected association of positive selection on
OXPHOS genes with evolution of a variety of energeti-

a) Springer

cally demanding characteristics (Shen ef al., 2010; Shen
et al., 2012). A common expectation is that OXPHOS
functional efficiency is important to energy intensive
processes, and positive selection on OXPHOS genes
would lead to enhanced organismal performance, such as
powered flight (Shen et al., 2010). However, strong posi-
tive selection on OXPHOS genes detected among fishes
with low aerobic performance did not match simple ex-
pectations, suggesting that the adaptation of OXPHOS
involved many factors beyond enhancing ATP production
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in high performance taxa, and would not be readily pre-
dicted based solely on organismal performance (Zhang
and Broughton, 2015). In this study, the result showing
positive selection on OXPHOS genes in sessile molluscs

was consistent with those in low-performance fishes. The
organismal fitness in sessile molluscs may be increased
by a modified OXPHOS regulatory system or even a re-
duction in OXPHOS efficiency.

Table 1 Results of pathway enrichment analysis of PSGs from branch S

Pathway Number of positively selected genes with pathway annotation ~ P-value Q-value
Oxidative phosphorylation 3 (27.27%) 0.00095 0.00953
TGF-beta signaling pathway 2 (18.18%) 0.00822 0.04109
Pantothenate and CoA biosynthesis 1 (9.09%) 0.02841 0.09470
Nicotinate and nicotinamide metabolism 1 (9.09%) 0.07676 0.19190
Drug metabolism-other enzymes 1 (9.09%) 0.10318 0.20635
Ribosome biogenesis in eukaryotes 1 (9.09%) 0.15396 0.25660
Ribosome 1 (9.09%) 0.23989 0.31784
Pyrimidine metabolism 1 (9.09%) 0.25427 0.31784
Wnt signaling pathway 1 (9.09%) 0.34018 0.37798
Lysosome 1 (9.09%) 0.38514 0.38514

TGF-beta signaling plays a key role in the patterning of
metazoan body plans and growth (Kenny et al., 2014). It
is widely regarded as a ‘module’ capable of co-option into
novel functions. In gastropods, TGF-beta signaling path-
way has been reported as a major driving force of torsion
by regulating asymmetric cell proliferation (Kurita and
Wada, 2011). During the evolution of molluscs leading to
bivalves, the most prominent morphological change was
that a single dorsal shell was doubled (Kin et al., 2009). A
member of TGF-beta family, dpp, was found to be very
important for establishing the characteristic shape of the
shell anlagen in Japanese spiny oyster, suggesting that
TGF-beta signaling pathway played a pivotal role in the
morphological transition to two shells in bivalve (Kin ef al.,
2009). In this study, two genes (BAMBI and ID1) in
TGF-beta signaling pathway were found undergoing po-
sitive selection, which may be associated with the great
changes in body plans and organs of the sessile molluscs.

A little unexpectedly, we did not find any known genes
involved in immune and stress responses under positive
selection in the two sessile bivalves, considering they
may face tremendous exposure to microbial pathogens
and inhabit in highly stressful and widely changing envi-
ronments. This result is probably because only single
copy 1:1 orthologs were selected to identify the natural
selection in our study. Recent studies have revealed mas-
sive expansion of immune genes in sessile bivalves, sug-
gesting that the expansion was also important for the
evolution and adaptation of bivalve molluscs (Zhang et al.,
2012a; Guo et al., 2015; Takeuchi et al., 2016).

4 Conclusions

In summary, we conducted the first genome-wide scan
for positively selected genes to investigate the genetic
basis of attached lifestyle in the sessile molluscs, provid-
ing a new insight into the molecular landscape of sessile
adaptation in molluscs. Although only six molluscan spe-
cies were included in the analysis, it is clear that positive
selection is indeed an important source of evolutionary
innovation and plays a critical role in the evolution of the
sessile molluscs. Along with the development of the ge-

nome sequencing techniques, assembly of higher-quality
genomes, and more accurate gene annotation, the avail-
ability of more molluscan genomes will provide more
resources for the investigation of adaption evolution in
molluscs.
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