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Abstract Increasingly, exogenous stressors such as pathogen infections, variable water conditions,
and pollution are resulting in high mortality of Paphia undulata, deleteriously affecting the quality of clam
harvests. The foot is a burrowing organ in clams. Physical damage and constant contact with the external
environment cause the foot to be highly sensitive to pathogen invasion and water condition variation. In the
present study, the foot tissue transcriptome was analyzed to identify genes involved in immune and stress
responses. The P. undulata transcriptome included 5 286 668 078 bp reads generated by Illumina Hiseq 2000
sequencing and were assembled into 1 785 226 contigs by de novo method. The contigs were clustered into
99 339 transcripts and further grouped into 60 201 unigenes. Of them, 22 260 unigenes were successfully
annotated using public databases. Twelve genes that were response to immune and stress were identified with
abundant expression levels, including heat shock protein 70, cold shock protein, complement C3, cathepsin
L, ubiquitin carboxyl-terminal hydrolase LS5, and translationally controlled tumor protein. Furthermore,
566 unigenes were found homologous to genes involved in the immune response systems of pathogen
discrimination, signal transduction, and immune effector, such as lectins, toll-like receptors, complement
pathway, toll-like receptor signaling pathway, heat shock proteins, antioxidant enzymes, lysozymes, and
mucins, indicating that P. undulata could have a complete set of innate immune mechanisms. In addition,
4 270 microsatellite markers (SSRs) were identified from 60 201 unigenes, of which trinucleotide repeats
were most abundant and 16 SSRs were tested to be polymorphic. The present study provides a new insight
into innate immunity and stress response mechanisms in P. undulata.
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1 INTRODUCTION

Invertebrates rely mainly on innate immunity for
host defense (Loker et al., 2004). This defense system
is essential for the survival of invertebrates. They
have developed specific modalities to detect and
respond to microbial surface antigens, such as
lipopolysaccharides, peptidoglycan, (1—3) B-D-
glucans, and lipoproteins, as well as enzyme cascades
that work together in different biological host defense
systems, including complement system and anti-
microorganism system mediated by toll-like receptors
and peptidoglycan binding protein (Underhill and

Ozinsky, 2002; Iwanaga and Lee, 2005). Generally,
shellfish species have similar conserved immune
components and systems to the invertebrate model
animals in which immunity has been well study and
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characterized, such as Drosophila melanogaster and
Caenorhabditis elegans (Iwanaga and Lee, 2005).
However, only a small number of investigations into
immunity in shellfish have been reported (Gueguen et
al., 2003; Pallavicini et al., 2008; Bettencourt et al.,
2010; Feng et al., 2010; Venier et al., 2011; Moreira et
al., 2012).

Due to its constant contact with the external
environment, the foot is one of the main targets that
attack to pathogens in clams. Parasite infections are a
major problem in clams and can impede the
functionality of the foot, such as by reducing the
ability to burrow into sediment and by limiting
hemolymph movement and muscles contraction of
the clam’s foot (Thomas et al., 1998). The foot is also
the only site where echinostome parasites accumulate
in clams (O’Connell-Milne et al., 2016), which causes
tissue damage and stress to the clam, results in
immunosuppression, and increases vulnerability to
hypoxic conditions (Jensen et al., 1999; Paul-Pont et
al., 2010). Interestingly, clams have the ability to
regenerate foot tissue after physical damage or
parasitic penetration (Mouritsen and Poulin, 2003).
Meanwhile, the stress of wound healing can be in
response to immune reaction in order to expel harmful
substances from the clam tissue (Lauckner, 1983).

The venerid clam Paphia undulata is a common
soft-sediment bivalve species. It mainly distributes in
the coastal waters of southern China and Southeast
Asia and is an important shellfish resource
(Leethochavalit et al., 2004). However, exogenous
factors such as viral, bacterial and parasitic infections
and variations in water conditions have become major
threats to the clam, especially in aquaculture
production (Beaz-Hidalgo et al., 2010). To date, little
sequence information is available on the expressed
immune genes in P. undulata. The lack of genomic
resources, coupled with poor understanding of the
molecular and biochemical processes, have hindered
advances in disease control and aquaculture
productivity for P. undulata. RNA sequencing (RNA-
Seq) technology is a powerful high-throughput
method for exploring trait-related transcriptome
sequences (Feldmeyer et al., 2011; Shi et al., 2013).
RNA-Seq has been employed for gene discovery,
molecular resource development, and understanding
the biological processes of specific phenotypes in
shellfish species (Clark et al., 2010; Wang et al., 2011;
Huan et al., 2012; Niu et al., 2013a). In this study, we
used the Illumina Hiseq 2000 platform to characterize
the transcriptome of foot tissue to identify the stress-
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response and immune-related genes in P. undulata,
which will be useful for further immunity and
genomic studies.

2 MATERIAL AND METHOD
2.1 Sample collection and preparation

Paphia undulata specimens, with an average shell
length of 44 mm, were collected from the major
P. undulata farming area of the China Eastern Sea in
Dongshan Island, Fujian Province, China. The foot
tissue was immediately sampled and stored in liquid
nitrogen, and then transferred to -80°C for long-term
preservation.

2.2 cDNA library preparation and Illumina
sequencing for transcriptome analysis

The foot tissue from 6 clams was dissected for total
RNA extraction using TRIzol (Invitrogen, USA)
according to the manufacturer’s instructions. Equal
quantities of high-quality RNA from each clam were
pooled for cDNA synthesis and RNA-seq library
construction by an mRNA-seq sample preparation Kit
(Illumina Inc., San Diego, CA). The cDNA library was
sequenced using the [llumina Hiseq 2000 platform in
100-pair-ended mode (Biomarker Technologies).

2.3 Quality control and de novo transcriptome
assembly

The adaptor and ambiguous sequences were
removed from the raw data before quality filtering
and assembly. The quality screening was performed
using the FastX-toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/index.html). The reads with Q-value
<20 were defined as low quantity sequences and were
discarded from the raw data. Then de novo
transcriptome assembly was carried out using Trinity
(Version r20130225) (Haas et al., 2013). The clean
reads were assembled into transcripts through pair-
end joining and gap filling and then were clustered to
be unigenes.

2.4 Sequences annotation

All unigenes were then searched for homologous
sequences against public databases including Nr, Nt,
and Swiss-Prot using BLASTX (version 2.2.14)
(Altschul et al., 1997) with an E-value cut-off of 1e.
The best aligning results were chosen to annotate
unigenes. Blast2Go was employed to assign Gene
Ontology (GO) terms to unigenes (Conesa et al.,
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Table 1 Length distribution of unigenes and transcripts in
the P. undulata foot tissue transcriptome

Mean length  Total length  N50 length

Source  Total number (bp) (Mbp) (bp)
Reads 26173 215 - 5286 -
Transcripts 99 339 874 86 1478
UniGenes 60201 680 40 992

Table 2 Functional annotation of the unigenes in the P.
undulata transcriptome

Databases  Annotated unigenes 300<length<I 000 Length>1 000
Nr 21252 10 137 8 158
Nt 5131 1833 2758
Swiss-Prot 17 155 7709 7431
TrEMBL 21204 10 104 8155
GO 15017 6522 6738
COG 5786 2389 2 889
KEGG 6718 2 806 3141
Total 22260 10 707 8279

2005). The unigenes were also aligned to the Cluster
of Orthologous Groups (COG) database to predict
and classify possible functions (Tatusov et al., 2000).
Meanwhile, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database was also used to
annotate the unigenes using an online server (http://

www.genome.jp/kegg/kass/), with an E-value
threshold of 1¢e7.
2.5 Microsatellite marker detection and

polymorphism validation

Microsatellite markers (SSRs) were screened from
all unigenes using MISA software (http:/pgrc.ipk-
gatersleben.de/misa/misa.html). ~ The  minimum
contiguous repeat units were set as dimer-6, trimer-5,
tetramer-5, pentamer-5, and hexamer-5. SSR primers
were obtained from the flanking regions of
microsatellite locus using the software Primers 5.0
(http://www.bbioo.com/download/58-166-1.html). Thirty
wild P. undulata individuals were sampled from
Beihai, Guangxi Province, China and were used for
the polymorphism validation of 16 SSRs. The
genomic DNA was obtained from the foot tissue for
each individual using the standard phenol-chloroform
protocol (Sambrook et al., 1989). PCR was performed
on a gradient thermal cycler (Bio-Rad, USA) with the
following protocol: denaturation at 94°C for 5 min;
30cycles 0f20 s at 94°C, 20 s at annealing temperature,
and 20 min of elongation at 72°C; and a final
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Fig.1 Overview of the distribution of transcripts and
unigenes in the transcriptome

elongation of 8 min at 72°C. PCR products were used
for electrophoresis on 6% polyacrylamide gels with
silver staining. The 100 bp DNA marker (GeneStar,
Beijing, China) was used to determine the allele size.
The software PopGen32 (1.32 version) was used to
estimate the allele frequency, observed heterozygosity
(H,) and expected heterozygosity (H.) (Yeh et al.,
2000), and polymorphism information content (PIC)
was calculated using the method described by Botstein
et al. (1995).

3 RESULT

3.1 Sequencing and de novo assembly

The length distributions of transcripts and unigenes
are in Fig.1. There were 24 396 transcripts longer
than 1 kb and 9 928 transcripts longer than 2 kb. All
transcripts were clustered into 60 201 unigenes, of
which 23 296 (38.7%) unigenes were longer than
0.5kb and 10434 (17.33%) were longer than 1 kb
(Table 1).

3.2 Functional annotation

In total, 22260 wunigenes (36.98%) were
successfully annotated by public databases listed in
Table 2. Among the annotated unigenes, 15 017 were
assigned to one or more GO terms and were further
divided into 63 functional terms (Table S1). For the
cellular component category, the terms “membrane”,
“membrane part”, and “membrane-enclosed lumen”
accounted for 10.29%, 5.81%, and 2.99% of the total,
respectively (Fig.2). Whilst, in the molecular function
category, a large number of unigenes were defined as
“binding” (47.16%), “catalytic activity” (28.99%),
and “transporter activity” (5.32%) functions. The top
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Fig.2 Functional annotation of assembled unigenes based on the GO terms

J: Translation, ribosomal structure and biogenesis

2000 A: RNA processing and modification
K: Transcription
L: Replication, recombination and repair

B: Chromatin structure and dynamics
D: Cell cycle control, cell division, chromosome partitioning

Y: Nuclear structure

1600 —
V: Defense mechanisms
T: Signal transduction mechanisms

M: Cell wall/membrane/envelope biogenesis

N: Cell motility
Z: Cytoskeleton

1200 |
W: Extracellular structures
U: Intracellular trafficking, secretion, and vesicular transport

O: Posttranslational modification, protein turnover, chaperones

800 C: Energy production and conversion
G: Carbohydrate transport and metabolism
E: Amino acid transport and metabolism
F: Nucleotide transport and metabolism
H: Coenzyme transport and metabolism
I: Lipid transport and metabolism

P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism

0 - .I [ | ._I I I II I I R: General function prediction only
o S: Function unknown

UL L L L L L
NZWUOCGEFHIPQR

Frequency

400

[

TT T T T T T 11
AKLBDYVTM
Function class

Fig.3 Clusters of orthologous groups (COG) classification

—
— -

5 GO terms in the biological process category were
“cellular process” (14.35%), “metabolic process”
(10.71%),

(11.84%),  “biological  regulation”
“response to stimulus” (8.63%), and “developmental

process” (8.15%).
In total, 7 832 unigenes could be assigned to the

COG classifications. The group “general function
prediction” (26.59%) represented the largest cluster,

followed by “replication, recombination and repair”
(9.86%), “signal transduction mechanisms” (7.39%),
and “transcription” (6.94%). Only 5 and 17 unigenes
were assigned to the COG of “cell motility” and
“nuclear structure”, respectively (Fig.3).
A total of 6 718 unigenes were predicted in 19
KEGG pathways. The top 5 metabolic pathways were
“ubiquitin-mediated proteolysis” (ko04120), “purine
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metabolism” (ko00230), “protein processing in
endoplasmic reticulum” (ko04141), “lysosome”
(ko04142), and “RNA transport” (ko03013) (Table
S2).

3.3 Stress-response and immune-related unigenes
in the high abundant expressed sequences

The 50 most expressed unigenes with a large
number of reads were identified from the transcriptome
data. BLAST sequence similarity searches indicates
that these unigenes belonged to diverse functional
classes, reflecting the many functions of the foot
tissue, including response to stress, immune reaction,
growth and complex contractile (Table 3). The classes
of unigenes included the heat shock protein 70, cold
shock domain protein, and Opine dehydrogenase.
Moreover, other unigenes were response to immune,
such as ferritin, ubiquitin carboxyl-terminal hydrolase
L5, translationally controlled tumor protein, and
cathepsin L (Table 3).
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Fig.5 Distribution of putative single nucleotide poly-
morphisms (SNPs) in the P. undulata transcriptome

3.4 Putative immune-related genes

A total of 566 unigenes showed significant
similarities to genes known to be involved in the
immune system. These unigenes include pattern
recognition receptors (PRRs), signal transduction,
and immune effectors according to the process of
immune response (Table 4).

3.5 Molecular markers identification

A total of 4 270 SSRs were identified from 60 201
unigenes, indicating that 7.1% of the unigene
sequences contained SSR loci. Detailed analysis
showed that the types of SSR markers were 35.2%
di-nucleotide, 52.3% tri-nucleotide, 8.9% tetra-
nucleotide, 3.5% penta-nucleotide, and 0.2% hexa-
nucleotide (Fig.4). For the 16 SSRs that possessed
high numbers of core sequence repeats, allele
frequency analysis showed that the number of
effective alleles ranged from 4 to 11, with an average
of 6.4 per locus, and their PIC values varied from
0.405 to 0.890, averaging 0.705 per locus (Table 5).

Atotal 0f261 237 single nucleotide polymorphisms
(SNPs) were identified in the present study, of which
40 488 were putative transitions (7;), 220 353 were
putative transversions (7,), giving the mean 7: T, ratio
of 1:5.44 across the transcriptome of P. undulata
(Fig.5). The A/T, G/T, and A/C SNP types were the
most common. In contrast, the A/G, C/T, and C/G
were the smallest SNP types. Moreover, the numbers
of the two SNP types of transitions were almost
identical.

4 DISCUSSION

4.1 High abundant expressed sequences

Several clam species including P. undulata live in
intertidal regions ofthe sea. The various environmental
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Table 3 Top 50 most-expressed sequences with associated BLAST matches
UniGene Length (bp) Number of Reads  E value Description Species

14 636 13 584 1203 586 0 COXI1 gene product Paphia undulata
39 469 7 668 463 643 0 Hypothetical protein Oxytricha trifallax
42 940 1468 323250 2.0E-67 Myosin: essential light chain Mizuhopecten yessoensis
26458 1849 315556 0 Elongation factor 1 alpha Mpytilus galloprovincialis
47 834 960 204 470 2.1E-115 Ferritin Mercenaria mercenaria
5328 2 855 201 996 0 Elongation factor 2 Caenorhabditis elegans
2469 3717 201377 4.0E-55 mRNA for paramyosin Mpytilus galloprovincialis
41729 4341 166 632 4.0E-51 Signal transducing adapter molecule 2 Crassostrea gigas
58 588 2596 157 209 3.0E-174 Tropomyosin Ruditapes philippinarum
52193 2922 152 036 1.5E-65 Troponin T Mizuhopecten yessoensis
14232 14 166 149 337 2.8E-117 Apolipophorins Locusta migratoria
5727 2062 131571 6.1E-143 Ubiquitin carboxyl-terminal hydrolase L5 Crassostrea gigas
54 781 2228 120 146 5.4E-94 Myosin regulatory light chain, smooth muscle Spisula sachalinensis
11 391 2 876 118 853 3.7E-12 Serine/arginine repetitive matrix protein 1 Gallus gallus

375 2378 111 151 0 Heat shock protein 70 Meretrix meretrix
9088 2084 108 022 0 Actin I Sepia officinalis
4775 1851 106 912 0 beta-tubulin Scrobicularia plana
8004 3137 101931 2.4E-164 4-aminobutyrate aminotransferase, mitochondrial Crassostrea gigas
14 571 28 027 96 762 0 Titin Crassostrea gigas
11393 10 113 92 069 0 Myosin heavy chain Argopecten irradians
14 637 1395 85764 2.2E-177 ADP, ATP carrier protein Crassostrea gigas
52 899 2570 85 657 1.7E-84 Cold shock domain protein Azumapecten farreri
5543 1 663 85419 2.0E-115 Heterogeneous nuclear ribonucleoprotein A2-like protein 1 Crassostrea gigas
26 469 1229 84 407 3.8E-86 Hypothetical protein Crassostrea gigas
57 593 2959 84 339 0 Polyadenylate-binding protein 4 Crassostrea gigas
56 53 1883 77 890 0 Tubulin alpha-1A chain Rattus norvegicus
14 621 15 740 68 313 0 Twitchin Mpytilus galloprovincialis
42 021 2125 64 248 7.4E-66 Translationally controlled tumor protein Ruditapes philippinarum
57 501 1305 60 042 0 60S ribosomal protein L3, partial Crassostrea gigas
7293 2938 53 555 2.0E-133 Opine dehydrogenase Haliotis discus hannai
6468 2 803 53 146 0 Fructose-1, 6-bisphosphate aldolase Meretrix meretrix
13 682 6939 52512 0 Complement component C3 Ruditapes decussatus
46 252 1037 51332 1.8E-177 60S ribosomal protein L5 Crassostrea gigas
10 356 3201 50961 8.3E-135 Cathepsin L Crassostrea gigas
14 653 3707 48 802 1.9E-87 NADH-ubiquinone oxidoreductase chain 5 Anopheles gambiae
41553 2226 48 760 8.2E-167 60S acidic ribosomal protein Crassostrea gigas
45473 881 47 654 7.5E-160 Ribosomal protein rpl7a Arenicola marina
6 466 3643 46 826 1.1E-56 Smoothelin-like protein 1 Crassostrea gigas
3428 2433 46 337 7.0E-142 60 kDa SS-A/Ro Ribonucleoprotein-like Amphimedon queenslandica
27 946 931 45125 2.1E-175 40S Ribosomal protein S2 Urechis caupo
26 747 1197 42 445 0 Guanine nucleotide-binding protein subunit beta-2-like 1 Rattus norvegicus
12 404 6799 41 561 0 Sarco/endoplasmic reticulum calcium ATPase isoform B Pinctada fucata
14 573 11 695 41 381 3.7E-127 Janus kinase and microtubule Interacting protein 1-like Saccoglossus kowalevskii
56 945 791 40971 3.0E-08 Ribosomal protein L41 Drosophila melanogaster
51549 1103 40 327 0 Laminin receptor Meretrix meretrix
26 710 897 39 768 9.9E-160 Ribosomal protein S4 Argopecten irradians
6537 15010 39382 0 Hypothetical protein Crassostrea gigas
3490 4613 39 149 3.0E-41 Hypothetical protein Crassostrea gigas
51462 903 38 587 8.6E-167 40S ribosomal protein S3a Crassostrea gigas
56 790 1513 37 608 8.1E-22 cAMP-responsive element binding protein Crassostrea ariakensis
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Table 4 The identified unigenes putatively involved in stress and immune response reaction in the foot tissue P. undulata

Candidate genes Hits Length (bp) E-value
Pattern recognition receptors (PRRs)
Lectins
C-type lectin 4 207-1 650 1.0E-07-2.8E-56
C-type lectin domain family (member type) 4 452-1276 5.1E-18-1.5E-23
C-type lectin domain-containing protein 2 926-1 389 1.6E-06-3.0E-15
Galectin 3 236-550 3.0E-13-9.7E-31
tandem repeat galectin 3 269-1 255 0-5.3E-38
Collectin-12 3 257-1 628 1.8E-21-2.1E-24
Mannan-binding lectin 2 399-4 022 1.0E-06-1.0E-12
Techylectin 2 231-1992 4.7E-18-2.0E-62
Fucolectin-2 1 615 8.2E-08
D-galactoside-binding lectin 1 409 9.7E-10
Lactose-binding lectin 1-2 1 483 1.0E-11
sialic acid-binding lectin 19 232-2 408 7.0E-09-8.1E-112
Toll-like receptor
Toll-like receptor 1 6 250-2 026 2.6E-07-7.9E-12
Toll-like receptor 2 12 319-2 464 3.9E-06-2.0E-55
Toll-like receptor 3 3 235-2 899 6.1E-06-4.9E-18
Toll-like receptor 4 4 529-1 602 1.6E-10-1.7E-14
Toll-like receptor 5 1 1681 9.8E-06
Toll-like receptor 6 3 337-1477 4.5E-08-1.7E-19
Toll-like receptor 7 2 4324 546 8.4E-11-2.1E-19
Toll-like receptor 13 10 397-3 289 5.0E-17-3.1E-58
Peptidoglycan recognition proteins
peptidoglycan recognition proteins 5 211-1637 4.1E-06-7.6E-71
peptidoglycan-binding domain-containing protein 2 515-822 8.7E-41-7.2E-70
Scavenger receptor
Scavenger receptor 7 208-692 1.8E-11-2.1E-60
Scavenger receptor class A member 5 1 2018 1.1E-25
Scavenger receptor class B member 1 2 304-1322 4.8E-06-2.6E-87
Scavenger receptor class F member 1/2 19 2041367 4.8E-06—-1.7E-36
Scavenger receptor cysteine-rich domain-containing protein 8 204-3 030 3.7E-08-4.0E-63
Thioester-containing proteins 2 5519-6 792 0-2.4E-140
C1g-domain-containing (C1qDC) protein
Clg-domain-containing (C1gDC) protein 9 603-1 599 1.6E-08-4.9E-24
Clg-like protein 9 250-1 401 2.3E-07-1.6E-22
Cl1q tumor necrosis factor-related protein 17 279-2 704 1.8E-06-7.6E-27
Clq subcomponent subunit B 1 443 2.2E-13
Other PRRs
Chitinase-like protein 6 4004 282 9.3E-06-7.4E-10
Lipopolysaccharide-binding protein 2 271-3 446 3.4E-07-2.2E-70

To be continued
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Table 4 Continued
Candidate genes Hits Length (bp) E-value
Signal transduction
Complement pathway
C2 1 3406 1.3E-59
C3 19 202-6 939 0-2.8E-13
C4 2 204-307 3.8E-06-6.7E-14
C4-B 1 6939 8.8E-135
Mnnose-binding lectin 3 341-4 022 1.0E-06-1.0E-12
Ficolin-1 7 225-2 084 3.5E-10-1.2E-66
Ficolin-2 3 1395-3 366 1.1E-53-7.4E-69
Ficolin-1-like 2 206-962 3.2E-23-1.5E-29
Factor B 1 765 1.5E-11
Factor B-like protein 3 305-2 637 0-3.9E-47
Kalikrein 2 254-1 068 5.1E-08-3.2E-34
Thrombin 5 227-3 647 1.0E-19-2.0E-76
Membrane cofactor protein 1 1775 1.7E-26
Complement receptor 1 1 231 4.5E-07
Factor H 2 281-459 3.2E-09-8.5E-20
Factor H-related protein 1 1 305 1.3E-12
Decay-accelerating factor 1 285 7.1E-11
Membrane-bound inhibitor 1 2262 2.6E-34
Vitronectin inhibitor 1 411 1.6E-10
Carboxypeptidase N 4 253443 3.0E-07-7.5E-18
C5 2 236-3 734 1.9E-10-8.5E-59
Cc6 1 338 1.7E-08
C9 3 201-439 8.7E-07-4.3E-42
Complement receptor 2 3 261-953 3.1E-06-8.5E-23
NF-«B signaling pathway
Dorsal 2 1 7046 530 2.9E-28-2.7E-104
Relish 1 5356 5.0E-06
p100 2 358-1 894 4.8E-08-1.0E-17
pl05 1 1278 1.1E-25
kB 3 358-1491 5.6E-15-7.2E-129
IkB alpha 2 458-1 452 4.9E-10-9.5E-33
IkB-like protein 3 242-631 1.8E-07-3.8E-27
Cactus 3 1269-1738 1.4E-30-5.2E-41
IKK alpha 2 217-951 4.2E-08-1.0E-147
IKK beta 1 690 5.9E-14
NF-kB essential modulator 1 2 660 1.0E-13
IKK epsilon 4 466-2 635 4.1E-42-1.0E-131
TRAF family member-associated NF-kB activator binding kinase-1 3 248-956 7.0E-17-7.4E-86
IKK-like protein 1 649 1

MAPK signaling pathway

To be continued
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Table 4 Continued
Candidate genes Hits Length (bp) E-value
Mitogen-activated protein kinase kinase (2/4/5/7/9/13B/15/MLT) 24 209-2 797 3.0E-06—-1.0E-160
Mitogen-activated protein kinase kinase (1/3/4/5/7) 5 1442-2 831 0-5.3E-148
Mitogen-activated protein kinase (1/6/7/10/14) 8 312-4 587 0-4.2E-174
extracellular signal-regulated kinases 3 942-1513 0-1.0E-105
c-Jun amino-terminal kinases 1 2462 0
p38 MAPKs 1 1586 5.0E-40
MKKK-interacting protein 2 1436-2 761 0-3.6E-37
MKK-interacting protein 1 846 1.2E-37
JNK-interacting protein 2 1968-5 034 0-1.2E-127
MAPK-binding protein 3 376-494 1.8E-09-4.2E-68
Toll-like receptor signaling pathway
MyD88 4 377-3 821 0-1.5E-23
Interleukin-1 receptor-associated kinase 1 1 2034 6.0E-95
Interleukin-1 receptor-associated kinase 4 1 1727 4.8E-60
TNF receptor-associated factor (2/3/4/5/6/7) 15 264-3 571 0-8.0E-139
Transcription factor AP-1 1 1811 4.7E-62
TIR domain-containing adapter molecule 2 1 3846 3.2E-09
Ras-related C3 botulinum tox in substrate 1 2 24004 343 6.6E-118-3.1E-119
Phosphatidylinositol 3/4- kinase 6 358-5950 0-6.3E-28
RAC-alpha serine/threonine-protein kinase 1 1094 0
TGF-B-activated kinase 3 1436-2 761 3.1E-31-6.7E-119
Signal transducer and activator of transcription 1 1 3930 4.3E-33
Apoptosis pathway
Fas apoptotic inhibitory molecule 2 617-1454 2.0E-67-8.2E-92
Caspase 24 222-21702 4.9E-06-1.4E-117
Tumor necrosis factor alpha 3 301-1 608 9.1E-34-1.0E-122
Tumor necrosis factor receptor 8 410-1 680 2.4E-07-1.3E-56
Apoptosis regulator BAX 2 693-2 434 9.9E-08-1.1E-57
Cytochrome C 2 787-1 187 2.0E-60-1.0E-126
Apoptotic protease-activating factor 1 1 358 1.1E-06
Amyloid beta A4 protein 3 649-3 669 0-5.5E-68
Apoptosis-inducing factor 1/3 4 357-1299 1.9E-07-1.6E-102
Calpain 5/7/9/15/A 21 213-5 639 0-8.3E-88
Calcineurin B 4 270-6 078 9.5E-08-2.5E-100
Cathepsin B/D/F/L/O/Z 22 225-3 201 0-5.9E-166
Immune effectors
Antimicrobial peptides
Defensin 1 256 1.0E-42
Heat shock proteins (HSPs)
small mass HSPs 5 556-2 112 6.7E-09-9.4E-45
HSP22 4 343-1 404 2.3E-24-3.7E-114
HSP27 1 586 3.4E-15
HSP40 1 1010 0
HSP60 1 2032 0
HSP70 9 350-2 378 0-9.5E-110
HSP90 7 213-2 853 0-3.9E-122

To be continued
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Table 4 Continued

Candidate genes Hits Length (bp) E-value

HSP90 7 213-2 853 0-3.9E-122

Antioxidant enzymes

Superoxide dismutase 8 239-4 145 0-4.7E-105
Catalase 3 229-2 434 0-3.5E-50
Glutathione peroxidase 6 210-2 205 1.1E-14-7.6E-132
Thioredoxin 8 344-1 584 1.3E-39-1.0E-147
Thioredoxin peroxidase 1 2240 2.1E-115
glutathione reductase 1 1621 7.0E-18
Glutathione-S-transferase 25 209-1938 1.5E-06-1.2E-131
Protease inhibitors
Cysteine protease inhibitor 2 6001 238 1.6E-10-6.5E-76
Protease inhibitor 1 494 2.1E-14
Serine protease inhibitor 2 265494 3.4E-06-7.3E-06
Metalloproteinase inhibitor 1 1794 2.8E-17
Kazal-type proteinase inhibitor 1 634 6.0E-62
Kunitz-type proteinase inhibitor 1 932 2.8E-19
Lysozyme
c-type lysozyme 3 252-339 8.1E-09-1.8E-65
g-type lysozyme 1 357 6.2E-06
phage-type lysozyme 1 551 4.2E-10
lysozyme 2 1193-1231 6.4E-34-7.1E-79
Mucin
Mucin 1/2/4/5AC/16/22 7 433-1 536 43E-07-1.1E-48
Integumentary mucin C.1 6 3212210 1.5E-08-1.4E-22

Table 5 Characterization of 16 polymorphic simple sequence repeat (SSR) markers in P. undulata

Name Motif Primer sequence (5—3") Size (bp) 7,(°C) N, H, H. PIC
Pul (ATTGA),, F:CTCCAGTTTTCTTCCACCAGR:GTCCCAATGAAGTCACATCTAC 231-287 57 8 0.73 0.82 0.82
Pu2 (A)p(GA),, F:AGAGTTTCCCTGTTCTTCACR:TACATGGATTTGGAGAGCT 223-292 56 6 0.72 0.79 0.75
Pu3 (GA), F:TAACATGGTGGAAGGTAAGR:AAAGAGCCAGTGGTTACAT 187-206 53 4 040 0.61 0.40
Pu4 (TGTA), F:GATTACAAGTCGCCGATAAGR:GTCAGTGGTGGGTTGGTTTC 223-288 57 8 0.74 0.68 0.75

Pu5  (ACA)s+(ACA)s F:TGTCCAATCCGCTACAGAGTAR:CTTGTGCCTGACTCTGTGATT 201-233 55 4 040 053 047

Pu6 (ATTTG), F:ATAGCCACATTATAGAGGAR:CTCTAACCTAAGATGACCC 150-185 50 6 0.68 0.84 0.78
Pu7 (TA),, F:.TATGTATGAATGTCGGGAGAR:TGGAGTAGTTCTGATGGAAA 272-312 53 10 0.76 0.84 0.71
Pu8  (T)o(AT)s+(AT)s F:TTCATTTTCCATGCACCAR:CAGAGCAATAAACTTGTG 145-192 48 11089 091 0.89
Pu9 (AT)s(T)1o F:ATGCTATAATGAACTTGCR:ACCCATCAAACTACTACA 126-147 53 4 053 047 042
Pul0 (CT)s (A F:GAAATTGGGCTGGTTTGTCTTR:GTTTCCTGGAGTCAAGGTC 285-320 56 7 0.79 0.85 0.77
Pull (TA)s+(A)o F:GGCATATGAATCACCAGTAGR:CTCAGGGTGTATTGTAGTCA 205-245 54 6 071 0.73 0.72
Pul2 (TG)y F:TTACCTGAATGTTTATGTGAR:TATCCATAATACTCAAGAAAGAC 120-150 48 6 079 0.81 0.65
Pul3 (CT), F:GAATGTTCATGGGCAGCTTTGR:TAACTCATCTCCAGGATCACC 220-255 52 8 0.67 083 0.82
Pul4 (C)1(CA), F:ACAAGGATAAAATGTATGTAAGCR:CACAAGCATAGAAATGTGA ~ 250-335 48 6 070 0.72 0.66
Pul5 (ATG)¢(ATG)s F:AAGGATAATGCAACTGACGAR:CATAAAAATGGCATCATCATCTTCA 288-313 53 4 053 071 0.79
Pul6 (GTTTT), F:ATACACGAATGACATGGCGAAAGR:ACAGCGTCCACTTTTCCATTC 250-356 55 5 075 083 0.84

T,: specific annealing temperature; N,: number of alleles; PIC: polymorphism information content; H,: observed heterozygosity; H.: expected heterozygosity.
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stresses such as high temperature, hypersalinity,
exposure to air, and clearing organism invasion are
thought to make the clam more vulnerable to body
damage due to the excessive and accelerated
production of harmful metabolic products, such as
oxidized proteins, reactive oxygen species (ROS),
and polyamine (Aguirre et al., 2005). However, clams
have necessarily developed the capacity to cope with
such constant stressors (Philipp et al., 2005). Our
results strongly support the hypothesis, because
numbers of unigenes are response to environmental
stresses and immune reactions and abundantly
express. Those unigenes can be classed as four groups.
One group includes heat shock protein 70, cold shock
domain protein, and opine dehydrogenases, which are
the conserved nucleic acid-binding proteins with a
role in response to heat, cold, and hypoxia. The
second group includes complement component C3
and ferritin, which are generally regarded as cytokine
as part of the complement pathway and the iron-
independent nuclear factor kappa B pathway. The
third group includes cathepsin L and ubiquitin
carboxyl-terminal hydrolase L5, which are proteases
involved in intracellular protein degradation. The
fourth group is translationally controlled tumor
protein, which possesses the capacity to bind
pathogens.

Thermal stress can cause problems with folding
proteins (Brun et al., 2008). P. undulata has been
reported to express the constitutive form of heat shock
protein 70 (Wu et al., 2014), possibly in order to make
protein folding more efficient at high temperatures.
Additionally, cold shock domain protein (CSDP) is an
RNA chaperone and can bind to RNA to prevent the
termination of transcription at low temperatures
(Thieringer et al., 1998). Indeed, studies on
Escherichia coli and the Zhikong scallop Chlamys
farreri have shown that CSDP expressed in response
to cold shock (Jiang et al., 1997; Yang et al., 2012). In
the present study, the CSDP sequence of P. undulata
(PuCSDP) consists of a cold shock domain (CSD)
with two consensus RNA-binding motifs (Fig.S1)
(Weber et al., 2002). Multiple alignment analysis also
showed that PuCSDP is 52% identical to both the
Haliotis diversicolor Y-Box binding protein 1 and the
Aplysia californica Y-box factor. Thus, there is a
possibility that CSDP can be an RNA chaperone in
response to low temperature in P. undulata. Opine
dehydrogenases (OpDHs) are a set of the pyruvate
oxidoreductases. Studies on OpDHs in invertebrates
have shown that OpDHs play an important

physiological role in regulating the cytoplasmic redox
balance in hypoxic conditions (Grieshaber et al.,
1994). Sequence alignment showed that P. undulata
OpDH (PuOpDH) had the highest identity of 54.1%
with the octopine dehydrogenase of Mytilus
galloprovincialis and the alanopine dehydrogenase of
Crassostrea gigas (Fig.S2), which suggests a new
homology of OpDH in P. undulata. The abundant
occurrence of PuOpDH indicates that foots are
exposed frequently to low oxygen in P. undulata.

Complement component C3 is a central component
of the innate immune system and is able to detect and
clear potential pathogens in association with other
complement proteins (Delanghe et al., 2014). C3
expressed in high concentrations in the serum and
liver of the razor clam Sinonovacula constricta (Peng
etal.,2016). This study confirms that C3 is abundantly
expressed in the foot tissue (PuC3), suggesting that
C3 also plays an important role in the innate immune
response of P. undulata. Sequence alignment showed
that PuC3 was 75% identical to the known C3
sequence of Ruditapes decussatus (Fig.S3). Ferritin
plays an important role in the immune response, as it
can capture circulating iron to defend against infection
and functions as a cytokine through the iron-
independent nuclear factor kappa B pathway (Ruddell
et al., 2009). Multiple alignments showed that it is
mostsimilar (95.3%) to the ferritin of R. philippinarum
(Fig.S4).

In invertebrate species, translationally controlled
tumor protein (TCTP) is an anti-bacterial or anti-viral
factor (Cronin et al., 2009). Multiple alignment
indicated that P. undulata TCTP is 61.6% identical to
R. philippinarum TCTP (Fig.S5), and its high levels
of expression in the foot tissue suggest it has important
roles in innate immunity in P. undulata. Ubiquitin
carboxyl-terminal hydrolase L5 (UCHLS) can
suppress protein degradation through disassembling
polyubiquitin and play an important role in the
defense against pathogens (Yeh and Klesius, 2010).
So far, the public database includes only one homolog
of UCHLS, that of C. gigas. The UCHLS of P.
undulata has 11.1% identical to that of C. gigas (Fig.
S6). Cathepsin L (CtsL) is a lysosomal cysteine
protease and plays a role as chemical barrier defending
against microbial invasion. Four types of CtsL (L1-
L4) have been identified in bivalve species (Niu et al.,
2013b). Phylogenetic analysis indicated that
P. undulata CtsL is 92% identical to the CtsL3 of
S. constricta, which may suggest that the CtsL of P.
undulata is a new homology of CtsL3 (Figs.S7, S8).
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There are a number of other highly abundantly
expressed unigenes, which are not specifically
involved in immune reactions but could be involved
in defense mechanisms and signal transduction in
immune reaction pathways, including smoothelin like
protein 1, signal transducing adapter molecule 2,
janus kinase and microtubule interacting protein
1-like, and cAMP-responsive element binding
protein. In P. undulata, the foot tissue is more
sensitive to changes in external environmental factors
than other tissues, as it is in constant contact with the
external environment and thus has adapted to receive
external signals sensitively. The genes that abundantly
expressed in the foot tissue may be involved in the
pathway of signal reception and transduction.

4.2 Putative immune-related genes

The initial step of the immune response is
commonly immune recognition and involves the
identification of an exogenous substance, mainly via
pattern recognition receptors (PRRs). Several PRRs
homologies were identified in this study (Tables 4 and
S3), in which lectins and toll-like receptors (TLRs)
were highly expressed. Lectins are a superfamily of
proteins that play crucial roles in exogenous substance
recognition,  agglutination,  opsonization, and
phagocytosis in innate immunity (Matsubara et al.,
2006). Several lectins such as c-type lectin, galectin,
lactose-lectin, mannose-lectin or sialic acid-binding
lectin were identified from bivalve species (Kim et
al., 2008; Wang et al., 2009; Song et al., 2010). In the
present study, 4, 4 and 2 unigenes are homologous to
C-type lectin, C-type lectin domain family, and
C-type lectin domain-containing protein, respectively,
all of which are calcium-dependent carbohydrate-
binding lectins (van de Wetering et al., 2004).
Collectins and mannan-binding lectins are also
included in the family and were identified in the
present study. Three unigenes each are homologous to
galectin and tandem repeat galectin, which are
ubiquitous in multicellular organisms and bind to
B-galactosides (Janeway and Medzhitov, 2002). Two
unigenes homologous to techylectin were found in
the present study. Techylectin is a novel type of lectin
and can recognize and bind to the exposed
polysaccharides on the surface of microorganisms, to
aid in microbial clearance (Bahia et al., 2010).
Homologous unigenes were also found for other
members of the lectin family, including fucolectin,
D-galactoside-lectin, lactose-lectin, and sialic acid-
binding lectins. The highly abundant occurrence of
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lectins in the foot tissue suggests that lectins are
strongly involved in immune responses in P. undulata.
Toll-like receptors initiate immune responses by
recognizing a variety of PAMPs (Iwasaki and
Medzhitov, 2004). Although TLRs are widely
distributed in nearly all animal phyla, the research
into TLRs is still quite scarce in bivalves (Song et al.,
2011). In the present study, 41 unigenes are considered
TLR 1, 2, 3, 4, 5, 6, 7, and 13. Their abundant
expression may indicate that they play special roles in
the innate immune response in the foot tissue.

After recognition of the invasive pathogens,
signaling pathways are triggered. In the present study,
genes involved in several of these conserved signaling
pathways have been identified, including the
complement pathway, TLR signaling pathway,
mitogen-activated protein kinase (MAPK) signaling
pathway, NF-kB signaling pathway, and apoptosis
pathway, reinforcing the suggestion that multiple
signaling pathways could be present in P. undulata
(Table 4 and Table S4). The complement pathway is
considered a crucial component in innate immunity,
as it plays an important role in the innate defense
against common pathogens. The pathway is a
relatively complex network that comprises more than
30 serum proteins and cell surface receptors, all of
which participate in a range of functions from direct
cell lysis to the enhancement of B and T cell responses
(Carroll, 2004). Although the complement pathway
has not been extensively studied in bivalve species,
several sequences with similarity to complement
pathway components such as C1q domain, C3, and B
factor-like proteins have been found in bivalve species
(Gourdine and Smith-Ravin, 2007; Zhang et al., 2008;
Gerdol et al., 2011). Our results demonstrated that the
complement pathway in the P. undulata foot tissue
was almost complete compared to the KEGG
reference pathway (ko04610) and a previous study on
the complement pathway (Dunkelberger and Song,
2010). However, some complement components were
absence from the transcriptome of P. undulata, which
may be due to a distinction between the immune
systems of bivalve species and vertebrate species. In
addition, the low sequencing coverage for the present
study may be partially responsible for the absence of
some complement components. The TLR signaling
pathway is consist of five successive parts: receptors,
adaptors, kinases, transcription factors, and effectors
in mammals and invertebrate species (Jeong and Lee,
2011). Each part also comprises several different
members, depending on the type of TLRs. The TLR



No.4 WU et al.: Transcriptome analysis in Paphia undulata 1313

signaling pathway discovered here was almost
complete compared to the KEGG reference (ko04620)
and previous reports about TLRs (Akira, 2003;
Takeda and Akira, 2005).

The elimination of pathogens and the management
of environmental stress through innate immunity are
directly reliant on the production of immune effectors.
Several classic immune effectors were identified in
the present study, including heat shock proteins,
antioxidant enzymes, lysozymes, and mucins. They
were abundantly expressed in the P. undulata foot
tissue (Tables 4 and SS5), probably indicating
widespread participation in the innate immunity
occurring in the foot tissue. HSPs play important
roles in an NF-kB signaling pathway and apoptosis
pathway (Parcellier et al., 2003). The unigenes
homologous to HSP90o/B, HSP70, HSP60, and small
HSPs (HSP40, HSP27, HSP26, HSP22, and HSP10)
were identified in the present study, indicating that
heat shock proteins express abundantly and probably
play major roles in innate immunity in the foot tissue
(Table S5). For the antioxidant enzymes, eight
unigenes were homologous to superoxide dismutase
(SOD). Three unigenes were similar to catalase
(CAT). Six unigenes were homologous to glutathione
peroxidase (GPx). Four unigenes were similar to
thioredoxin (TRx) and four to TRx-like protein. One
unigene was homologous to thioredoxin peroxidase
(TPx). One unigene was similar to glutathione
reductase (GR). Twenty-five unigenes were
homologous to glutathione-S-transferase (GST).
These unigenes make up a relatively completely
spectrum of antioxidant enzymes, strongly supporting
the hypothesis that antioxidant enzymes widely
participate in the management of oxidative stress in
the P. undulata foot tissue. Lysozymes can cause
bacterial cell lysis (Bachali et al., 2002). In this study,
five unigenes each were similar with chicken-type,
goose-type, and phage-type that were defined by
Wang et al. (2013), while two unigenes were
homologous to the lysozymes found in other bivalve
species (Moreira et al., 2012). The abundant
expression of lysozymes may indicate major roles for
lysozymes in the P. undulate foot tissue. Mucins
(MUC) are large, highly glycosylated viscoelastic
macromolecular proteins. In the present study, three
unigenes were homologous to the secreted mucins,
MUC2 and MUCS5AC; four unigenes were similar to
the membrane-associated mucins, MUC1, MUC4,
MUCI16, and MUC22. In addition, six unigenes were
homologous to the integumentary mucin C1. To our

knowledge, there are few reports concerning mucins
in clam species. In P. undulata, the abundant
expression of mucins suggests that they probably play
an important protective role by forming an
immunological barrier between environment and
organism as reported in vertebrate (Gendler and
Spicer, 1995).

4.3 SSR development and polymorphism validation

SSR discovery from high throughput transcriptome
data is more effective than the traditional approaches,
because the assembly of unigenes is a rich resource
for SSR detection and discovery (An and Lee, 2012).
In the present study, 7.5% of unigenes possessed SSR
loci, which was higher than those of the hard clam
Meretrix meretrix (3.1%) and pearl oyster Pinctada
maxima (1.6%) and was lower than those of P. fextile
(8.73%) (Lietal., 2011; Deng et al., 2014; Chen et al.,
2016). However, many other SSRs failed in PCR
amplification. The location of primers across splice
sites, chimeric primers and poor quality sequences
might be the main reasons for the failed amplification.
Nevertheless, those polymorphic loci identified by
this study will be beneficial to the studies of germplasm
assessment, quantitative trait loci mapping, and
comparative genomics in P. undulata.

5 CONCLUSION

For the first time, a transcriptome of the foot tissue
was obtained using the Illumina Hiseq 2000
sequencing platform, yielding 5.29 Gb raw data in
total, and the reads were de novo assembled into
60 201 unigenes with an N50 of 992 bp. BLAST
searches against public databases resulted in 22 260
unigenes annotated with significant similarity. Twelve
genes that were in response to stress and immune
expressed abundantly, suggesting a constant and
broad occurrence of immune defense in the foot tissue
of P. undulata. Furthermore, 566 unigenes matched
to the genes involving in the innate immune reaction
system, including exogenous substance
discrimination, signal transduction, and immune
effectors, indicating that a relatively complete immune
mechanism also occurred in the foot tissue. In
addition, 16 SSRs developed from the unigenes were
polymorphic. The transcriptome analysis could
facilitate research about the molecular mechanism of
physiological adaptation to tropical environments and
the mechanism of innate immunity occurred in foot
tissue of P. undulata.
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6 DATA AVAILABILITY STATEMENT

The data that supports the findings of this study is
submitted to the National Center for Biotechnology
Information Short Read Archive, accession numbers
SAMNO09771584.
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