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ARTICLE INFO ABSTRACT

The complement system constitutes a highly sophisticated and powerful body defense machinery acting in the
innate immunity of both vertebrates and invertebrates. As central components of the complement system, sig-
nificant effects of thioester-containing protein (TEP) family members on immunity have been reported in most
vertebrates and in some invertebrates, but the spatiotemporal expression and regulatory patterns of TEP family
genes under environmental stress have been less widely investigated in scallops. In this study, expression pro-
filing of TEP family members in the Yesso scallop Patinopecten yessoensis (designated PyTEPs) was performed at
all developmental stages, in different healthy adult tissues, and in mantles during exposure to different levels of
acidification (pH = 6.5 and 7.5) for different time points (3, 6, 12 and 24 h); this profiling was accomplished
through in silico analysis of transcriptome and genome databases. Spatiotemporal expression patterns revealed
that PyTEPs had specific functional differentiation in all stages of growth and development of the scallop.
Expression analysis confirmed the inducible expression patterns of PyTEPs during exposure to acidification. Gene
duplication and alternative splicing events simultaneously occurred in PyTEP1. Seven different cDNA variants of
PyTEP1 (designated PyTEP1-A-PyTEP1-G) were identified in the scallop mantle transcriptome during acidic
stress. These variants were produced by the alternative splicing of seven differentially transcribed exons (exons
18-24), which encode the highly variable central region. The responses to immune stress may have arisen
through the gene duplication and alternative splicing of PyTEP1. The sequence diversity of PyTEP1 isoforms and
their different expression profiles in response to ocean acidification (OA) suggested a mechanism used by
scallops to differentiate and regulate PyTEPI gene expression. Collectively, these results demonstrate the gene
duplication and alternative splicing of TEP family genes and provide valuable resources for elucidating their
versatile roles in bivalve innate immune responses to OA challenge.
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1. Introduction

The complement system is a major defense effector component of
the immune response in both vertebrates [1] and invertebrates [2] and
is composed of more than 30 soluble plasma and cell surface proteins
[3] that function as part of a highly sophisticated and powerful body
defense mechanism [4]. As important constituents of innate immunity,
the thioester-containing protein family members involved in the com-
plement system were thought to be involved in defense as pattern

recognition receptors (PRRs), performing key regulatory functions in
immune recognition [5,6] and elimination of non-self particles [3]. This
evolutionarily conserved family comprises (1) a2-macroglobulins
(A2M), (2) C3/C4/C5 components of the complement factors, and (3)
thioester-containing proteins (TEPs) [7]. Previous studies demonstrated
that complement system members shared a common ancestor, but they
separated from each other at a rather early lineage, playing important
and widespread roles in the immune response [2,8]. Among these fa-
mily members, the structural thioester first appeared in the broad-
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spectrum endopeptidase inhibitors, A2M, which have to date been
characterized in metazoans (vertebrates and invertebrates) and Gram-
negative bacteria and are involved in the immobilization and entrap-
ment of proteases [9-11]. A2M proteins, together with their receptors,
have an opsonic function in the clearance of proteases and cytokines
and in the delivery of antigens to antigen presenting cells [12]. Com-
plement components C3, C4 and C5 are synthesized as single chains
with an approximate molecular mass of 180kDa, showing overall
phylogenetic sequence similarity to A2M [13]. C3 arose from a gene
duplication of A2M during evolution and was considered central to
both the activation and function of complement. A second component,
C4, is involved in the activation of C3 via the antibody and mannan
binding lectin (MBL) pathways [14]. Another component, C5, sequen-
tially activates complexes of C6—C9, which form the membrane attack
complex (MAC) that inserts into lipid bilayers and lyses susceptible
targets [9]. In addition, thioester-containing proteins (TEPs) appeared
early in animal evolution; members of this subfamily have been iden-
tified in diverse organisms such as nematodes, mollusks, insects, fish,
birds and mammals [15]. As relatively large proteins (1400-1800
amino acids), TEPs are characterized by the unique intrachain f3-cy-
steinyl-y-glutamyl thioester bond and a propensity for multiple con-
formationally sensitive binding interactions [7,12].

Considering the vital importance of the complement system in in-
nate immunity, numerous investigations of complement members in
immune recognition and signal transduction have been broadly con-
ducted, from vertebrates to invertebrates [2,4,6,12,16-18]. The ori-
ginal member of complement system, C3a, was identified as a human
serum protease inhibitor and acted as the central component of the
complement system [19]. Since then, many genes in Eumetazoa have
been shown to contain the thioester-encoding region and are defined as
thioester-containing protein (TEP) family members. For example, in
vertebrates, seven members of this family are encoded in the human
genome: C3, C4, C5, A2M, pregnancy zone protein (PZP), cell surface
antigen (CD109) and PZP-like A2M domain-containing 8 (CPAMDS)
[20]. In addition, similar TEP family members have been identified and
evolutionarily analyzed in species of Mus musculus, Gallus gallus, Xe-
nopus laevi, etc. [21]. Moreover, the complement system members were
investigated with their phylogeny, expression patterns and evolutionary
analysis in the host defense of some invertebrate model organisms. For
instance, in Drosophila, the TEP family is composed of six genes named
Tep1-Tep6, which are clustered in three distinct branches and function
in the innate response to bacterial and fungal infections [22]. Ad-
ditionally, the widespread presence of TEP family members was iden-
tified in coral (Swiftia exserta) [23], clam (Ruditapes decussates) [24],
squid (Euprymna scolopes) [25], crab (Carcinoscorpius rotundicauda)
[18], sea squirt (Ciona intestinalis) [26] and nematode (Caenorhabditis
elegans) [27], indicating that the origin of the complement system is
extremely ancient. Molecular characterization and phylogeny analyses
have only been conducted in a minority of mollusk species, including
Chlamys farreri [28-30] and R. decussates [23], for CfTEP, CfA2M and
Rd-C3. Additionally, eight thioester-containing genes, including a C3/
4/5-like gene (designated CgC3), two A2M-like genes, two CD109-like
genes and three TEPs, were identified in the Pacific oyster (Crassostrea
gigas) genome [31].

Interest in bivalve immunity has continuously increased in recent
years due to serious diseases and mortality problems threatening the
healthy development of bivalve aquaculture [2]. Moreover, rising CO,
concentrations observed in this century have made seawater more
acidic and reduced calcium carbonate availability, which is critical for
many marine calcifiers and likely to have transformative effects on
many coastal marine organisms, such as scallops [32,33]. Research has
demonstrated that ocean acidification (OA) influences the growth, re-
production and immune response of bivalves [33,34]. In particular, OA
weakens the immune responses of bivalves and may constitute a po-
tential threat by increasing the susceptibility of bivalves to diseases
[35-37]. As a consequence, exposure to acidic environments could be a
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major stress to which scallops’ innate immune responds in the ocean of
tomorrow.

The Yesso scallop (Patinopecten yessoensis Jay, 1859) is a major
economic shellfish cultured in Asian countries and consumed world-
wide [38]. The scallop is cultured in an open seawater environment and
has been proven to be affected by acidification stress, resulting in the
decrease of thermal tolerance and even the death of scallops, poten-
tially threatening the scallop aquaculture industry [34,38,39]. As an-
cient genes involved in the innate immune system, PyTEPs were parti-
cularly investigated in the Yesso scallop, including our previous study
that focused on the identification, phylogeny, protein structure and
expression profiles of the five PyTEPs in response to bacterial challenges
[40]. However, the spatiotemporal expression patterns of TEP family
members in Yesso scallop still remain unclear. Furthermore, seven
different cDNA variants of CfTEP were cloned from the gonad of the
Zhikong scallop C. farreri by RT-PCR technique, and the expression
profiles of these genes were different, displaying sex and bacterial de-
pendencies [28]. We wondered whether alternative splicing of PyTEPs
occurred upon immune-elicited challenge in the Yesso scallop, which
has a close phylogenetic relationship with the Zhikong scallop. As a
consequence, PyTEPs provide a novel model for investigating the di-
versity of TEP family members in scallop and determining whether/
how transcript isoforms function in the immune response [38]. In the
present study, PyTEPs and different splicing forms of PyTEP1 in the
Yesso scallop were specifically analyzed with RNA-seq datasets; these
studies examined the expression patterns of PyTEPs at different devel-
opment stages and in healthy adult tissues and the expression profiles of
PyTEPs and PyTEP1 in mantles after being challenged with different
levels of acidification (pH = 6.5 and 7.5). In brief, further analyses of
TEP family genes aimed (1) to identify different transcripts of PyTEPI,
(2) to characterize the spatiotemporal expression patterns of PyTEPs at
different developmental stages and in healthy adult tissues, and (3) to
investigate the regulation of PyTEPs and each transcript of PyTEP1 in
response to acidification exposure. This work may provide evidence to
elucidate the roles of TEP family members in the scallop immune re-
sponse, the regulation of TEP family members of scallops during ocean
acidification, and the evolutionary origin of this important, widespread
and functionally diversified family of proteins.

2. Materials and methods
2.1. Sample collection and acidification exposure experiment

Two-year-old healthy Yesso scallops (n > 500) were collected from
natural populations at Dalian Zhangzidao Fishery Group Co. (Dalian,
Liaoning Province, China). Approximately six hours were required for
the collected specimens to reach the laboratory (Qingdao, Shandong
Province, China). Prior to the experiments, the active animals were
acclimated in the laboratory for one week in filtered and aerated sea-
water maintained at approximately 8 °C, which is within the optimum
temperature range for their growth [38].

For spatiotemporal expression analysis of PyTEPs, oocytes, zygotes,
2-8 cells, blastulae, gastrulae, trochophores, D-shaped larvae, umbo
larvae, eyespot larvae and juvenile scallops were preserved in RNAlater
(Sigma-Aldrich, St. Louis, MO, USA) and stored at —80°C for sub-
sequent analysis. Additionally, the mantle, gill, male gonad, female
gonad, kidney, hepatopancreas, smooth muscle, striated muscle, foot,
hemocytes, eye and ganglia of healthy Yesso scallops were dissected,
immediately frozen in liquid nitrogen, and subsequently stored at
—80 °C for further RNA-seq analysis.

For ocean acidification exposure stimulation, a specially designed
gas proportionator system (Cole Parmer® Flowmeter system, multitube
frame) was used, and a pH regulation protocol was followed according
to Talmage and Gobler [32]. A total of 200 scallops were randomly
divided into three groups (groups C, P and N). Group P (pH = 6.5) and
group N (pH = 7.5) were used to evaluate the immune response of the
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Fig. 1. PyTEP1 duplication member and duplication patterns in P. yessoensis scaffold 11125 located in chromosome 7. Schematic of the PyTEP1 pre-mRNA (exons
17-24), which has a set of mutually exclusive exons, and the seven distinct mRNA transcripts (PyTEP1-A-PyTEP1-G) generated by alternative splicing.

scallops after acidification exposure stimulation, which imitated
changes in seawater pH over the twenty-first century [41]. The in-
dividuals were immersed in seawater, which was adjusted to pH = 6.5
and pH = 7.5, respectively, and three scallops from each group were
sampled at 0, 3, 6, 12 and 24 h, respectively. Mantle tissue from each
sampled individual was dissected and stored in liquid nitrogen for
further RNA-seq analysis. Group C was designated as the control group
and maintained in filtered and aerated seawater with normal pH (8.1)
at 8°C.

2.2. RNA isolation and RNA-seq analysis

Total RNA was isolated following the method described by Hu et al.
[42]. RNA-seq data, generated from larvae at different developmental
stages (oocytes, zygotes, 2-8 cells, blastulae, gastrulae, trochophores,
D-shaped larvae, umbo larvae, eyespot larvae and juvenile scallops,
n > 500) from three tubes and the sampled adult scallop tissues
(mantle, gill, male gonad, female gonad, kidney, hepatopancreas,
smooth muscle, striated muscle, foot, hemocytes, eye and ganglia),
were used to spatiotemporally examine the expression profiles of Py-
TEPs. Specially, acidification transcriptomes (pH = 6.5 and 7.5) were
assembled with RNA-seq data generated from the dissected mantles
following acidification exposure [43].

2.3. Expression pattern analysis of PyTEPs

RNA-seq data generated from the normal and immune-elicited
samples were used to examine the expression profiles of PyTEPs at
different developmental stages and in healthy adult scallop tissues, as
well as in response to ocean acidification. Barcodes were used to dis-
criminate the sequencing reads from different sampled individuals. The
estimated expression of PyTEPs determined via RNA-seq was normal-
ized and represented in the form of RPKM (Reads Per Kilobase of exon
model per Million mapped reads), and fold changes were calculated as
(RPKMtest'RPKMcontrol)/ RPKM_control-

In embryos and larvae, healthy tissues, the relative expression levels
were calibrated against the expression levels in the D-shaped larvae and
ganglia of each group, respectively. To determine significance
(P < 0.05, N = 3), one-way ANOVA with a post-hoc test was per-
formed among different developmental stages and healthy adult scallop
tissues. In the immune treatment groups, the control samples (Group C)

were used for normalization. Significant differences between the test
and control groups were determined with SPSS (version 21.0) using
independent-sample T-tests (P < 0.05, N = 3).

2.4. Identification and expression analysis of PyTEP1 scripts

Sequence identification of TEP family genes was performed ac-
cording to Liao et al. [40]. Five TEP family members, PyC3, PyA2M,
PyTEP1, PyTEP2 and PyCD109, were further confirmed to be present in
the Yesso scallop genome sequences. For further identification and
expression analysis of PyTEP] scripts, Stringtie (v1.3.1) [43] was uti-
lized to assemble different transcripts of PyTEP1 in the acidification
transcriptome of the Yesso scallop with expression levels. In particular,
diverse transcripts of PyTEP1 were searched, and only the complete and
unique transcripts were preserved for downstream analyses. ORF (open
reading frame) finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)
and DNAstar (version 4.05) were used to predict amino acid sequences
(Data S1). To confirm the predicted amino acid sequences, BLASTP was
conducted against the NCBI non-redundant protein sequence database.
The GT-AG rule was used to distinguish intron-exon boundaries
[44,45]. The putative isoelectric (PI) point and molecular weight of
protein encoded by transcripts/splices were computed using the Com-
pute pl/Mw tool (http://web.expasy.org/compute_pi/). The ClustalW2
Multiple Alignment program [46] was used to create a multiple se-
quence alignment of seven diverse splices of PyTEP1. Geneious 7.1.7
(http://www.geneious.com/) was used to predict the secondary struc-
ture of alternative splices.

For expression analysis of PyTEP1 scripts at 0, 3, 6, 12 and 24h
following acidification exposure, the absolute RPKM value was used.
Statistical analysis of the data was performed with SPSS (version 21.0)
software using an independent T-test (N = 3). Differences were con-
sidered significant at P < 0.05.

3. Results
3.1. Sequence identification and analysis of PyTEP1 splices

Five TEP family members (PyC3, PyA2M, PyTEP1, PyTEP2 and
PyCD109) were identified in the Yesso scallop genome and tran-

scriptome database in our previous study [40]. Specially, at the genome
level, a reverse tandem gene duplication of PyTEP1 occurred, with
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Table 1

The sequence features of seven splices of PyTEPI from Yesso scallop Patinopecten yessoensis.
PyTEP1_splices PyTEPI1-A PyTEP1-B PyTEP1-C PyTEP1-D PyTEP1-E PyTEP1-F PyTEP1-G
Total length (bp) 135,682 135,682 135,682 135,682 135,682 135,682 135,682
5 UTR length (bp) 322 322 322 322 322 322 322
3’ UTR length (bp) 192 192 192 192 192 192 192
ORF length (bp) 4620 4365 2364 2409 4554 2334 4485
Amino acids length 1539 1454 787 802 1517 777 1494
Weight (kDa) 168.21 159.52 86.67 87.90 165.69 85.83 163.77
Theoretical pI 6.10 6.06 6.54 6.52 6.05 6.38 5.98
Number of exons 35 36 19 19 35 18 35
Number of introns 34 35 18 18 34 17 34
Number of alpha helixes 66 61 31 31 65 30 64
Number of beta strands 111 109 64 60 109 59 108
Number of coils 136 124 71 72 130 69 128
Number of turns 113 103 54 56 110 56 111

PyTEP1 and PyTEP2 both located in the same scaffold (11125) of
chromosome 7 [47] (Fig. 1). Stringtie (v1.3.1) assembly results showed
that, of the five PyTEPs members, only seven transcripts of PyTEP1 were
identified. As a result, gene duplication and alternative splicing events
simultaneously occurred in PyTEP1. Moreover, exons 18-24 of PyTEP1
encoded the highly variable central region and formed seven different
splice isoforms (designated PyTEP1-A to PyTEP1-G). The basic in-
formation (total length, 5 UTR length, 3° UTR length, ORF length,
amino acids length, protein weight, theoretical pI, exon number, intron
number, alpha helix number, beta strand number, coils number and
turns number) of the seven PyTEP]I splices is summarized in Table 1.

Analysis of genome sequences showed that all of the exon-intron
boundaries in the seven PyTEP]1 splices were consistent with the GT/AG
rule for distinguishing intron-exon boundaries [44,45]. The number of
exons/introns in the seven PyTEP] splices varied from 19/18 to 37/36
(Supplementary Table 1). The highly diverse region located mainly in
the N-terminus was caused by alternative splicing, while the deduced C-
terminal 17 exons of the seven isoforms were similar. The first exon was
composed of at least 316 bp of the 5-terminal untranslated region
(UTR). The second exon was composed of a 6-bp 5'UTR and 53-bp
codon, which encoded the signal peptide. Exons 18-24 encoded the
highly variable central region of PyTEP1-A-PyTEP1-G, respectively,
confirming that the different transcripts of PyTEP1 resulted from al-
ternative splicing. Interestingly, the PyTEP-C/D/F transcripts were
short of the highly variable central coding region, the absence of which
introduced a premature termination codon. Although the gene struc-
tures of the seven splice isoforms of PyTEP] varied, several evolutio-
narily conserved domains and motifs were found by the ClustalW pro-
gram [48] (Fig. 2). Generally, aligning the results revealed the
identification of seven different transcripts, with the exception of a
continuous sequence of 66-2286 nucleotides that exactly encoded the
highly variable central region of 22-762 amino acids.

3.2. Spatiotemporal expression of PyTEPs

RNA-seq data generated from larvae at different developmental
stages and from sampled adult scallop tissues were used to examine the
spatiotemporal expression profiles of PyTEPs. As shown in Fig. 3 A,
PyA2M and PyCD109 displayed similar distribution patterns during all
developmental stages. The expression of both genes was highest in the
oocytes (27.53 and 4.57 folds compared to D-shaped larvae, respec-
tively), then gradually decreased as larval development stages pro-
ceeded and reached the lowest levels in the D-shaped larvae (PyA2M,
1.00 fold) and juvenile mollusk (PyCD109, 0.35 fold) stages, respec-
tively. In contrast, PyC3 and PyTEP1/2 displayed disparate expression
patterns, with trace expression in the first seven developmental stages
(oocytes, zygotes, 2-8 cells, blastulae, gastrulae, trochophores and D-
shaped larvae). Subsequently, an approximately inverted “V” trend of
the three TEP family members in the last three development stages
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(umbo larvae, eyespots larvae and juvenile mollusks) could be ob-
served. A dramatic increase in expression was observed in the umbo
larvae of the three TEP family members (14.79, 14.92 and 25.30 folds
compared to D-shaped larvae), reaching a maximum in eyespots larvae
(19.08, 43.73 and 48.24 folds compared to D-shaped larvae), and then
showing a significant reversal with a reduced expression pattern in the
juvenile mollusks (16.58, 4.45 and 18.51 folds compared to D-shaped
larvae).

The expression profiles of PyTEPs were determined in twelve tissues,
including the mantle, gill, male gonad, female gonad, kidney, hepato-
pancreas, smooth muscle, striated muscle, foot, hemocytes, eye and
ganglia from healthy adult scallops. As shown in Fig. 3 B, the expression
of PyTEPs was ubiquitous in all tissues examined but was pre-
dominantly detected in the mantle, gill, female gonad, kidney, hepa-
topancreas, foot, hemocytes and eye. PyC3 was expressed at the highest
level in the female gonad (1.60 folds compared to the corresponding
expression in the ganglia), followed by the striated muscle (0.78 fold),
male gonad (0.50 fold), kidney (0.47 fold), foot (0.46 fold), mantle
(0.38 fold) and gill (0.30 fold). PyA2M was most highly expressed in the
hemocytes, and its expression was 2.70 folds higher than that in the
ganglia. In addition to the hemocytes, PyA2M was mainly expressed in
the smooth (1.54 folds) and striated muscles (1.14 folds). PyTEP1
showed significantly higher expression in the tissues of the female
gonad (134.92 folds) and hepatopancreas (406.79 folds) but low or
barely detectable expression in other tissues. Similar to PyTEPI, the
expression of PyTEP2 was mainly detected in hepatopancreas (422.03
folds), and this expression was markedly higher than that in other tis-
sues. Unlike the other TEP family members, PyCD109 expression was
generally high in most tissues, and the highest expression was detected
in the hepatopancreas (7.80 folds increase relative to the ganglia),
followed by the kidney (7.29 folds), gill (5.49 folds), eye (5.33 folds),
mantle (3.82 folds), foot (3.73 folds) and female gonad (2.23 folds).

3.3. Expression regulation of PyTEPs after acidification exposure

To assess the challenge responses to acidification exposure, Yesso
scallops (30 individuals, 3 individuals for each time point) were sam-
pled before and after acidification exposure (pH = 6.5 and 7.5) and
analyzed to determine the expression pattern of PyTEPs. Barcodes were
used to distinguish the data from different individuals, and the mantle
was used for gene expression investigation because it is considered to
be the first barrier against pathogens [49]. Generally, all five PyTEPs
displayed notable expression patterns in response to acidification ex-
posure at pH = 6.5 and 7.5, including up- and down-regulated re-
sponses at different time points. Moreover, the down-regulated ex-
pression of PyTEPs was more dramatic than the up-regulated
expression, except for that at 3hat pH = 6.5 (Fig. 4). Upon pH = 6.5
challenge, PyC3 showed a slightly up-regulated expression pattern, with
relatively mild and stable levels (1.02-2.32 folds relative to the
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Fig. 2. Multiple alignment of the amino acid sequences of highly variable central region of PyTEP1 in seven isoforms. The identical and similar residues are shaded.
Amino acid residues that are conserved in at least 50% sequences are shaded in dark, and similar amino acids are shaded in grey.

control). In contrast, PyA2M and PyCD109 were notably (P < 0.05)
down-regulated and reached their lowest levels (—3.03 and —2.42
folds) within 3 h. After reaching this minimum, the response levels of
PyA2M and PyCD109 gradually increased and became up-regulated as
stimulation continued until 24 h post-challenge, when it reached the
maximum (1.29 and 1.69 folds, down- and up-regulated chron-
ologically). A completely reversed expression pattern (up- and down-
regulated chronologically) was observed in PyTEP1 and PyTEP2, both of
which were promptly up-regulated at 3h (12.83 and 4.59 folds). Sub-
sequently, notably down-regulated expression was displayed at 6, 12
and 24 h, with extremely significant (P < 0.05 or P < 0.01) decreased
levels of PyTEP1 or PyTEP2. 1t is worth noting that, among all PyTEPs,
PyTEP1 and its tandem duplication PyTEP2 showed the highest ex-
pression levels, varying from —32.95 to 12.83 folds and —57.37 to
4.59 folds, respectively, with significant (P < 0.05or P < 0.01) up- or
down-regulated expression levels during the whole period of duress. In
addition, PyTEP1 and PyTEP2 displayed distinct and continuous down-
regulated expression patterns after challenge for 3h, with significant
suppression levels relative to the control. Similar PyTEPs expression
patterns, including expression levels and trends, could be observed at
pH = 7.5, except for the down-regulated expression of PyTEPI (—2.18
folds) and PyTEP2 (—57.74 folds) at 3h, which was completely re-
versed compared to the up-regulated patterns at pH = 6.5 (12.83 and
4.59 folds, respectively). Overall, all PyTEPs were differentially ex-
pressed at one or several time points post-infection.

3.4. Expression regulation of PyTEP1 splices after acidification exposure

While fold change in the expression levels of PyTEP1 were de-
termined, the absolute amount of each PyTEP1 variant splice in re-
sponse to acidification exposure remained unclear. Therefore, the seven
splices containing the highly variable central region of PyTEP1 were
investigated in the mantle of Yesso scallops at different pH levels (6.5
and 7.5) (Supplementary Table 2, Fig. 5). In normal pH seawater (O h,
pH = 8.1), the seven PyTEPI1 splices displayed slightly elevated ex-
pression levels with RPKM values varying from 0 to 0.97, among which
PyTEP1-A and PyTEP1-E showed no expression. Under pH = 6.5
duress, most PyTEP1 splices, except PyTEP1-B, were promptly elevated
and reached the highest levels of expression (19.01, 0.11, 2.23, 0.03,
0.74 and 133.01 folds, respectively) within 3 h. The expression level of

PyTEP1-A was notably up-regulated, reaching the most significant
point (19.01 folds) at 3h. Then, a tremendous decrease in the levels,
even reaching zero, was observed at 6, 12 and 24 h. A similar expres-
sion pattern was also exhibited by PyTEP1-D and PyTEP1-G, with the
highest levels at 3h (2.23 and 133.01 folds, respectively). In addition,
PyTEP1-B displayed continuous trace expression levels at all challenge
time points, varying from 0.03 to 0.29 fold. Furthermore, PyTEP1-C,
PyTEP1-E and PyTEP1-F were expressed at relatively lower levels and
even showed no expression at most time points, showing some degree
of fluctuation in the expression. Under pH = 7.5 acidification exposure,
PyTEP1 splice expression was not as intense as that at pH = 6.5, with
no expression of PyTEP1-A, PyTEP1-C and PyTEP1-E at all challenge
time points. In addition to PyTEP1-G, which showed significantly
higher levels at 3, 6 and 12 h, the other splices of PyTEPI maintained
relatively minor and stable expression levels at one or several challenge
points. Overall, the disparate expression patterns of PyTEP1 splices at
different levels of acidification exposure suggested different responses
of gene regulation in innate immunity.

4. Discussion

Innate immunity, which provides nonspecific defense, is believed to
be the first line of host defense against pathogenic organisms and for-
eign materials [50,51]. In invertebrates, the absence of adaptive im-
munity makes innate immunity even more important because it fre-
quently means the difference between life and death [52]. The innate
immune responses in bivalves have been investigated in a complex
network of evolutionarily conserved signaling pathways [2] and mul-
tiple critical members are involved in immune defense upon invasion or
exposure to stimuli that threaten the healthy development of bivalve
aquaculture [53-59]. In particular, the complement system consists of a
family of proteins, mainly including complement factors, a,-macro-
globulins and TEPs, that participate in innate inflammatory and im-
mune responses in three distinct but overlapping pathways: the clas-
sical, lectin and alternative pathways [7,19]. Our work represents the
first genome-wide identification of TEP duplication accompanied by
alternative splicing in mollusk, providing evidence of molecular evo-
lution and elucidating how the expression profiles of these genes/
splices change in response to ocean acidification.

Gene duplication is crucial for supplying raw genetic material for
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Fig. 3. The expression profiles at different developmental stages (A) and in healthy adult tissues (B). A. Relative expression levels of PyTEPs at different embryonic
and larval stages. The relative expressions are shown as fold difference relative to the expression in D-shaped larvae. Cytochrome B was used as the internal control.
B. Relative expression levels of PyTEPs in healthy adult tissues. The relative expressions are shown as fold difference relative to the expression in the ganglia. DEAD-
box RNA helicase was used as the internal control. Vertical bars represent the mean + S.E. (N = 3). Bars with different superscripts indicate significant differences
(P < 0.05).
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Fig. 4. Expression of PyTEPs in Yesso scallop mantles after acidifying exposure (pH = 6.5 and pH = 7.5) at different time points (3, 6, 12 and 24 h) in fold change.
The vertical bars represent the mean = S.E. (N = 3). “*’ and “**’ indicate differences that are statistically significant (P < 0.05and P < 0.01, respectively). B-actin
was used as an internal control.
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Fig. 5. Expression of seven alternative splices of PyTEPI gene in Yesso scallop mantles after acidifying exposure (pH = 6.5 and 7.5) at different time points (0, 3, 6,
12 and 24 h). The vertical bars represent the mean = S.E. (N = 3). **’ and “**’ indicate significant difference from the control group (P < 0.05 and P < 0.01,
respectively). B-actin was used as an internal control. Red arrows indicate no expression of the corresponding PyTEP1 splice(s). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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biological evolution [60], and numerous duplicated genes have been
reported in vertebrates [61,62] and invertebrates [63,64]. Specifically,
it is well known that duplication of immune-related genes provides
opportunities for the host to recognize the variability of pathogens
[65-67]. In the Yesso scallop genome, PyTEP1 and PyTEP2 (conversely
located in the same scaffold of chromosome 7) are closely related, a
phenomenon caused by gene duplication [59,68]. Similarly, in the
Yesso scallop innate immune system, tandem or proximal (in a nearby
but not adjacent chromosomal region) duplications have been widely
reported in immune-related genes involved in immune recognition and
immune signaling pathways [43,51,52,61], inferring functional ex-
pansion in response to various stressful environmental stimuli. In ad-
dition, seven different transcripts produced by alternative splicing were
observed in the duplicated gene PyTEP1, suggesting that seven adjacent
exons encoding the highly variable central region were alternatively
spliced, and only two or three of these exons were included in the final
product, eventually allowing seven different transcripts to be produced.
Similarly, seven different cDNA variants of CfTEP were cloned from the
Zhikong scallop (C. farreri), while CfTEP-A-CfTEP-G were produced by
alternative splicing of six mutually exclusive exons (exons 19-24), with
only one/none of these exons being included to encode the highly
variable central region [28]. The differences in the highly variable
central region of TEPs exactly corresponded to the bait-like regions in
A2M, which were involved in ligand recognition as reported in CfTEP
[28] and dTEP2 [22]. The alternative splicing at these regions might
introduce structural changes to PyTEP1, producing different affinities to
various ligands. Gene duplication and alternative splicing have been
widely considered to be ubiquitous and crucial mechanisms for gen-
erating protein diversity and regulating protein expression, both of
which were discovered in PyTEP] for the first time, providing a mole-
cular model for investigating molecular evolutionary mechanisms in
the ancient and/or slow-evolving bilaterian lineage, Yesso scallop.

PyTEPs were expressed in all developmental stages and in all adult
tissues of healthy Yesso scallops, which indicated that PyTEPs had
specific functions in all stages of development and growth of the
scallop. The five PyTEPs had various expression patterns in the different
developmental stages, indicating that PyTEPs are involved in multi-task
functions throughout scallop development. The five PyTEPs can be ca-
tegorized into two groups based on their expression patterns. In early
developmental stages, PyYA2M and PyCD109 were detected with the
highest expression levels in oocytes and zygotes, suggesting that the
transcripts might be maternally derived and involved in the early de-
velopment of scallop embryos. Both of these genes exhibited an ap-
proximate trend of reduced expression, with a decrease during the D-
shaped larvae and juvenile mollusk stages, indicating that maternally
derived transcripts decreased during the period of increased immune
function in the early developmental stage. Conversely, the other three
PyTEPs showed minor expression levels from oocytes to D-shaped
larvae and displayed another reversed ‘V’-shaped pattern in the final
developmental stages (umbo larvae, eyespots larvae and juvenile mol-
lusks), with the highest expression levels during the eyespots larval
period. This result may suggest that PyYA2M and PyCD109 are mater-
nally derived, whereas PyTEP1/2 and PyC3 are synthesized de novo
from this stage. Such diverse expression patterns suggested that PyTEPs
show functional differentiation throughout all developmental stages of
scallops.

The tissue expression patterns of TEP family genes have been widely
characterized in various species, and high expression of these genes has
been detected in multiple immune-related tissues [24,28,29], reflecting
their crucial roles in the host immune response. In this study, the ubi-
quitous expression of all PyTEPs was observed in most healthy tissues,
with particularly high abundance in the mantle, gill, female gonad,
kidney, hepatopancreas, foot, hemocytes and eye, which are tissues that
are all relevant to the innate immune system. The scallop mantle, gill
and foot are generally considered to be the first barrier against patho-
gens [49]. Additionally, the kidney is the one of the major tissues
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involved in immune-related events [69]. Furthermore, functional genes
and related pathways in the hepatopancreas play critical roles in me-
tabolism and the immune system, as reported in the marine bivalves C.
farreri [70], Pinctada fucata [71] and Mytilus galloprovincialis [72]. As a
result, relatively high levels of PyTEPs expression ensure the realization
of their immune-related functions in scallops [49]. Moreover, relatively
high expression was observed in the hemocytes, which have been
widely reported to be one of the most important immune tissues in
mollusks and the location where the recognition and elimination of
bacterial pathogens occurs [73]. Interestingly, a relatively higher ex-
pression level of PyCD109 was observed in the eyes, suggesting that
scallops may have innate immune function in their visual organ, which
is controlled by a hierarchical organization of multilayered mirrors
[74]. In vertebrates, numerous types of antibodies activated by im-
munologic stimuli have been reported in eyes [75]; similarly, the first
report of immune protein expression in mantle eyes of bivalves was
conducted with PyTNFR (-like) [53]. As a result, PyCD109 is a major
immunologic protein of the complement system in bivalve mantle eyes,
playing an important role in the realization of accustomed foraging and
defense behavior [47,74,76]. Furthermore, remarkable up-regulated
expression of PyTEP1 was observed in the female gonad relative to the
male gonad and other detected tissues (except hepatopancreas), im-
plying PyTEP1 was constitutively expressed in tissues but highly ex-
pressed in female gonad and perhaps played a critical role in related
functions and/or pathways involved in female gametogenesis. A similar
study was conducted for CfTEP [29], which is highly related to PyTEP1
according to phylogenetic analysis [40]. The ubiquitous expression
patterns of PyTEPs in multiple immune-related tissues revealed the
widespread TEP family members involved in the fundamental immune
response of scallops.

To provide insight into the function of PyTEPs in the innate immune
response of scallops, expression analyses were performed after exposure
to acidification with pH = 6.5 and 7.5 seawater, respectively. As a
major immune tissue in mollusks and the first barrier against patho-
gens, the mantle was selected for immune-elicited expression pattern
investigation [49]. This study demonstrates that different elevated le-
vels of CO, negatively impact adult Yesso scallops. The expression
patterns of PyTEPs in response to acidification exposure confirmed their
induction in the acute phase after infection. During the acidification
exposure process, all inducible PyTEPs were either up- or down-regu-
lated after acidification exposure at pH = 6.5 and 7.5 relative to the
normal pH = 8.1. A similar phenomenon was also observed in PyTLRs
[591, Pyhsp70 [68], PyMyD88 [58], etc., which are genes involved in
the innate immune system of the Yesso scallop. Interestingly, the highly
consistent expression patterns of PyTEP1 and PyTEP2, especially their
tremendously down-regulated levels at most time points, implied a
weakened immune response under pH stress, which means this or-
ganism may be more susceptible to attacks by viruses and bacteria. In
contrast, the other three PyTEPs mainly showed a reversed and slightly
up-regulated trend at each challenge point. Although the molecular
mechanisms underlying different patterns of immune challenge in
mammals are almost completely understood, the diverse gene regula-
tion expression patterns of PyTEPs are unclear, and this interesting
phenomenon is worthy of further research.

Alternative splicing, as an important transcription mechanism, can
generate a large number of mRNA and protein isoforms with relatively
lower numbers of genes [77], resulting in a high degree of diversity and
flexibility of functional expression in response to changing environ-
mental conditions [78]. As a result, splices of PyTEP1 were further in-
vestigated during ocean acidification challenge at pH = 6.5 and 7.5.
The results showed that most PyTEP1 splices were significantly induced
during the acute phase (3 h) after acidification exposure at pH = 6.5,
which was the same phenomenon observed at the time point when the
excessive activation of other distinct groups of PRRs in bivalves, such as
peptidoglycan recognition proteins (PGRPs), Gram-negative binding
proteins (GNBPs), C-type lectins, galectins, scavenger receptors (SRs)
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and Toll-like receptors (TLRs), where inhibited [2]. Moreover, except
for the acute immune response (3 h) at pH = 6.5, PyTEP1-A-PyTEP1-F
displayed trace/zero expression levels at other challenge time points,
while PyTEP1-G was the main isoform of PyTEPI transcripts in the
scallops challenged by acidification exposure. Similarly, CfTEP-G was
the only and most highly expressed transcript of CfTEP splices in the
gonad of male scallops upon Listonella anguillarum challenge, with no
clones of the other six splices (CfTEP-A-CfTEP-F) detected. In the go-
nads of female scallops, four and five of the seven alternative splices
were detected in CfTEP cDNA from L. anguillarum- and M. luteus-chal-
lenged groups, respectively [29]. The sequence diversity of the scallop
PyTEP]1 isoforms and their different expression profiles in response to
OA suggested a mechanism by which scallops differentiate and regulate
the PyTEPI1 gene expression. In addition, the post-transcriptional reg-
ulation of PyTEP1 mediated by the alternative splicing mechanism in
response to time-dependent immune challenge suggests its essential
role as a PRR in innate immunity. One possibility is that TEP family
members perform their functions through expression allocation to
maintain physiology and response to immune challenge. Alternatively,
these proteins may be required in host defense against specific, but
currently unidentified, natural pathogens of bivalves. Furthermore,
diverse alternative splices of PyTEPI act in a significantly dominant
manner in post-transcriptional regulation, guaranteeing the realization
of specific immune functions, and their absence can be compensated by
other components of the immune response. TEP family members in
bivalves may thus provide a subtle selective advantage/strategy during
evolution. In summary, we hypothesized that PyTEPs were constitutive
and inducible acute-phase proteins and pH stress responses may have
arisen through tandem duplication and alternative splicing of PyTEP1
due to exposure to environmental stress. PyTEPI gene duplication and
regulated expression may play crucial roles in the maintenance of
homeostasis of the Yesso scallop under stress conditions.

In conclusion, this study represents a comprehensive analysis of TEP
family genes in the Yesso scallop. This is the first report of gene du-
plications accompanied by seven different splices that simultaneously
occurred in PyTEPI1 in bivalves. The alternative splicing and highly
variable central region of PyTEP1 protein sequences were detected and
specifically identified via bioinformatics analysis. The spatiotemporal
expression profiles of the five PyTEPs were examined at various de-
velopmental stages and in healthy tissues of Yesso scallops.
Importantly, the regulation of PyTEPs and each transcript of PyTEPI
were further investigated in the mantles after exposure to different le-
vels of acidification (pH = 6.5 and 7.5). Our expression analysis not
only confirms the involvement of PyTEPs in the scallop immune re-
sponse with distinct response patterns upon OA challenge but also
provides potential clues that the selection pressure derived from the OA
and/or other environmental stimuli is a potentially major factor leading
to the functional allocation of TEP family members in the scallop.
Future exploration of the activities of mollusk TEP family gene dupli-
cation and alternative splice generation, especially molecular me-
chanisms, will contribute to a better understanding of mollusk defen-
sive mechanisms against OA stress.
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