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Abstract: An aquatic gastropod belonging to the family Neritidae, Clithon retropictus is listed as an
endangered class II species in South Korea. The lack of information on its genomic background
limits the ability to obtain functional data resources and inhibits informed conservation planning
for this species. In the present study, the transcriptomic sequencing and de novo assembly of
C. retropictus generated a total of 241,696,750 high-quality reads. These assembled to 282,838 unigenes
with mean and N50 lengths of 736.9 and 1201 base pairs, respectively. Of these, 125,616 unigenes
were subjected to annotation analysis with known proteins in Protostome DB, COG, GO, and
KEGG protein databases (BLASTX; E ¤ 0.00001) and with known nucleotides in the Unigene
database (BLASTN; E ¤ 0.00001). The GO analysis indicated that cellular process, cell, and catalytic
activity are the predominant GO terms in the biological process, cellular component, and molecular
function categories, respectively. In addition, 2093 unigenes were distributed in 107 different KEGG
pathways. Furthermore, 49,280 simple sequence repeats were identified in the unigenes (>1 kilobase
sequences). This is the first report on the identification of transcriptomic and microsatellite resources
for C. retropictus, which opens up the possibility of exploring traits related to the adaptation and
acclimatization of this species.

Keywords: Clithon retropictus; transcriptome; de novo assembly; functional annotation; simple
sequence repeats
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1. Introduction

Mollusca comprises a highly diversified group of animals, with members distributed in almost
every ecosystem. The molluscan habitats include terrestrial mountaintops and the hot vents and cold
seeps of the deep sea. These creatures have adapted to terrestrial, marine, and freshwater habitats
and constitute the second most speciose phylum of all animals. Despite their ubiquity across the
globe, many thousands of molluscan species still remain undescribed. Among the known molluscs,
approximately 80% are gastropods (snails and slugs, limpets, and sea hares). Gastropods have
successfully occupied all marine and freshwater habitats and are the only group of molluscs to have
invaded the land. They have been the subject of paleobiological and numerous other ecological,
evolutionary, physiological, and behavioural studies [1,2]. Their undisputed variety of morphology,
structure, and habits, augmented by their utility to humans throughout history as a source of food,
ornaments, tools, and even pets, has made the members of the gastropod community valuable for
research investigations [3,4].

Within the molluscan clades, Neritospina contains several families that have marine, freshwater,
and terrestrial members. Neritidae, which comprises the largest family, includes marine, brackish, and
freshwater lineages. The members of this family are among the most abundant intertidal molluscs
on tropical and subtropical coasts. Most species live on rocky shores and coral reefs, taking shelter
in crevices or under rocks or seaweed. Their herbivorous habit allows grazing on the thin layer of
algae on rock surfaces. In estuaries, members of this family live on rocks, wood, and mangrove roots.
Among Neritids, the genus Nerita is most closely associated with the marine environment, whereas
species belonging to genera Neritina and Clithon preferably inhabit brackish or freshwater habitats.
Among the identified species within the genus Clithon, C. retropictus (Martens, 1878) inhabits saltwater
or freshwater and is among the most long-lived gastropods, with a lifespan of 12 years. This species
has been reported in Japan, South Korea, Thailand, Southern China, and Taiwan, especially occurring
on hard substrates, such as stones and concrete blocks suggesting the association of snail occurrence
with stone presence [5–8].

In South Korea, this neritid species has been reported to exist in Jeollanam-do (South Jeolla
Province), Gyeongsangnam-do (South Gyeongsang Province), and Jeju-do Island [9–12]. The details
of this species, including shell morphology and ecology, were first determined from studies on the
south coast of Jeju Island, after which it was identified from under rocks adjacent to a dry river bed on
a muddy substrate along the north coast [7,12]. C. retropictus was also identified from a shell drift at
Yaerae-dong, on the southern coast of Jeju Island and from a small, shallow brackish-water estuary
southwest of Gangjeong Town. The population of this species (distributed in restricted habitats in
South Korea) is continuously under threat due to changes in natural habitats, blocking of seawater
due to dam construction, pollution, pathogens, and so on [13]. This species has been designated as
an endangered class II species by the National Institute of Biological Resources, South Korea and
is protected under law. To protect the valuable genetic resources of this species and to avoid its
extinction, a high-throughput genome-scale identification of transcripts is necessary. Transcriptomic
analysis is directly relevant to features at genetic level and allows unbiased phenotypic screens of
many traits. With the cataloguing of measurable traits in this species, genetic rescue experiments can
be successfully implemented. This could foster a new kind of conservation planning by promoting
beneficial hybridization [14,15]. At present there are no entries for C. retropictus in the National
Centre for Biotechnology Information (NCBI) records, which limits our understanding of functional
transcripts from this species for application in prioritized conservation plans.

With the advent of next-generation sequencing (NGS) platforms, the genome and transcriptome
of non-model species have been rapidly explored. A reduction in the cost of sequencing technologies
has helped in the generation of a large quantity of genomic resources from endemic, endangered,
and invasive species [16–20]. Transcriptomic information has helped in the study of the functional
transcripts involved in biological, cellular, and molecular processes. Additionally, a number of
valuable polymorphic microsatellite markers have been identified in relevant unigenes. The most
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recent transcriptomic characterization of molluscan species has used the Illumina HiSeq paired-end
platform due to its relatively low cost and good results [19,21,22].

In this study, we present the first visceral mass transcriptomic analysis of the neritid C. retropictus,
using the Illumina HiSeq 2500 platform, de novo analysis and annotation using protein and nucleotide
sequences in public databases. The new datasets, which will be held publicly in a sequence database,
should improve our understanding of genes involved in defense, immunity, and other metabolic
processes. Furthermore, the discovery of microsatellite markers in the protein-coding gene sequences
of this species will be valuable for analysing the attributes of functional genes in association with
their phenotypes. The ultimate goal of this study is to describe the species transcriptome and provide
genetic information for future studies that aim at understanding phenotypes, adaptation, inbreeding,
and conservation priorities.

2. Materials and Methods

2.1. Ethics Statement

C. retropictus is regionally protected by law as endangered wildlife. Hence, permission for the
use of samples of the species in the experiments was obtained from Yeongsangang River Basin
Environmental Office (permission certificate number 2014-11; dated 10 July 2014). All animal
experiments were conducted in accordance with national and international regulations.

2.2. Sample Collection and RNA Preparation

Four C. retropictus individuals were collected (collection date: 19 July 2014) from Sumun-ri,
Anyang-myeon, Jangheung-gun, Jeollanam-do, South Korea. After transfer to the laboratory, the
visceral mass tissue was carefully dissected and immediately placed in liquid nitrogen for RNA
preparation. The flash-frozen visceral mass tissue was processed for total RNA using Trizol reagent
(Invitrogen, Waltham, MA, USA) in accordance with the manufacturer’s instructions. Briefly,
1 mL of Trizol reagent was added per 50–100 mg of tissue samples. After the phase separation
by adding chloroform and a subsequent centrifugation step, RNA was precipitated by adding
100% isopropanol. The RNA pellet was washed with 75% ethanol, vortexed, and vacuum-dried.
The purity and concentration of RNA were measured using a NanoDrop-2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and a Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA). Approximately 5 µg of total RNA pooled from the four sampled individuals
was used as the input material for cDNA library construction.

2.3. Library Construction and Illumina Sequencing

cDNA libraries were constructed using Illumina’s “TruSeq RNA Sample Preparation Kit”
(Illumina, San Diego, CA, USA) following the manufacturer’s recommendations. Briefly, mRNA was
purified from total RNA using oligo (dT) magnetic beads and fragmented using divalent cations under
an elevated temperature. First-strand cDNA was synthesized using random oligonucleotides and
SuperScript II. Subsequently, second-strand cDNA synthesis was performed using DNA polymerase I,
RNase H, buffer, and dNTPs. The double-stranded cDNA was end-repaired using T4 polynucleotide
kinase (New England BioLabs, Ipswich, MA, USA), Klenow fragment (New England BioLabs),
and T4 DNA polymerase (New England BioLabs). After end-repair of cDNA, Illumina paired-end
(PE) adapter oligonucleotides were attached. The library fragments were purified with the AMPure
XP system (Beckman Coulter, Beverly, MA, USA) and enriched by polymerase chain reaction (PCR).
Finally, the library preparations were sequenced on an Illumina HiSeq 2500 platform at the sequencing
facility of GnC Company (Daejeon, South Korea) with the generation of 100-base pair (bp) PE-reads.
The datasets obtained were submitted to the NCBI Short Read Archive (SRA) database with the
accession number SRP072407.
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2.4. Quality Control of Reads and de novo Analysis

Raw reads from the sequencer in fastq format were pre-processed to obtain clean reads. Briefly,
the adapter-only (recognized adapter lengths ¤ 13 nucleotides and remaining adapter excluded
lengths ¤ 35 nucleotides) reads, reads containing poly-N, and low-quality reads were trimmed using
the Sickle software (version 1.33) tool (http://github.com/najoshi/sickle) and Fastq_filter software
(version 1.33) [23]. For de novo analysis, clean reads were assembled using the de Bruijin graph-based
Trinity program [24], followed by the TIGR Gene Indices Clustering Tool 2.1 (TGICL) [25] with default
parameters. This resulted in sequences called unigenes that could not be extended at either end.
These are sequences that are expressed but not sufficiently characterized to be considered a gene.

2.5. Transcriptomic Annotation

We utilized multiple databases for the annotation of unigenes that could help to provide novel
insights into functional transcripts. The databases used for functional annotation included public
protein databases, such as the locally curated Protostome DB (PANM DB), Clusters of Orthologous
Groups (COG), Gene Ontology (GO), and the Kyoto Encyclopaedia of Genes and Genomes (KEGG)
database, as well as the Unigene nucleotide database (a cluster of sequences within the NCBI database).
The query unigene sequences were then matched with the subject sequences in the multiple databases
using BLAST (BLASTX tool for proteins and BLASTN tool for nucleotides) at an E-value cut-off
of e-5 (<0.00001) [26]. Subsequently, GO analysis was performed based on PANM DB annotation
using the BLAST2GO professional version software (http://www.BLAST2go.org/). WEGO software
(http://wego.genomics.org.cn/cgi-bin/wego/index.pl/) was utilized for the classification of unigenes
into GO term (level 2) categories [27]. The classification of unigenes (including those with Enzyme
Commission Numbers) into the functional pathways was conducted by KEGG analysis [28]. The KEGG
automatic annotation server was used for KEGG Orthology (KO) and KEGG pathway annotation.
Similarly, a BLASTX search against the COG database resulted in the classification of unigenes into
COG functional groups [29].

2.6. Identification of Simple Sequence Repeats (SSRs)

Microsatellites in unigenes were screened using the MicroSAtellite Identification Tool (MISA;
version 2.0) available at http://pgrc.ipk-gatersleben.de/misa/. For the identification of SSRs, only
unigenes with a length of >1000 bp were selected. Minimum unit size cut-offs of six, five, four,
four, and four were used to report di-, tri-, tetra-, penta-, and hexanucleotide repeats, respectively.
Mononucleotide repeats were excluded from the analysis due to the possibility of homopolymer
generation during Illumina sequencing. A minimum distance of 100 nucleotides was allowed between
two SSRs. Furthermore, for SSR validation in the detection of polymorphism, primers were designed
with the following criteria: dinucleotides with a minimum of six iterations and tri-/tetranucleotides
with a minimum of four iterations. The primers designed using the BatchPrimer 3 program [30] show
the following features: primer size of 18–23 bases with an optimum size of 21 bases, product size of
100–300 bases, melting temperature (Tm) ranging from 50–70 �C, and GC% of 30%–70%.

3. Results and Discussion

3.1. Illumina Reads and Sequence Assembly

We obtained the first visceral mass transcriptome of C. retropictus, an endangered mollusc of the
neritid family found only in restricted locations in South Korea. The C. retropictus transcriptome was de
novo assembled using Trinity software with the default parameters (sequence length > 200 nucleotides).
The overall scheme of the whole-transcriptome study of C. retropictus is shown in Figure 1.
The overall number of Illumina read pairs for the sample was 123,371,899 (246,743,798 sequences
with 31,089,718,548 nucleotides processed), and they were archived with NCBI with the accession
number SRP072407. Furthermore, the sequencing information (including the assembled contigs) can
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be downloaded from http://bioinfo.sch.ac.kr/submission/ one year from the date of submission
(26 March 2016). The raw reads were subjected to quality control, which included trimming of adapter
sequences using the Cutadapt program. We recovered 99.80% of reads with an average length of
125.8 bp after the adapter trimming process. After removing the adapter and low-quality sequences,
we obtained 30,038,741,871 clean read bases (241,696,750 sequences). The processed sequences were
used for de novo assembly. An overview of pre-processing of the raw reads is shown Table S1.
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Figure 1. Schematic work-flow of C. retropictus transcriptome using Illumina sequencing, de novo
analysis, and annotation. The visceral mass transcriptome of C. retropictus was obtained using an
Illumina HiSeq 2500 platform. The raw reads were pre-processed using the Sickle software tool
(quality: 20, length: 40) and Fastq_filter software to obtain clean reads. Using Trinity (K-mer: 25;
minimum contig length: 200) de novo assembler and TGICL clustering, the clean reads were processed
to unigene sequences. Subsequently, the unigene sequences were blasted against public databases
including PANM, Unigene, COG, GO, and KEGG for functional annotation. The SSRs were detected
within the unigene sequences using MISA software.

A total of 503,882 contigs having 330,800,003 bases were identified. The contigs had an average and
N50 length of 656.5 and 953 bp, respectively with the largest contig of 22,900 bp. The size distribution
of contigs showed that 340,185 contigs had lengths < 500 nucleotides, 89,899 had lengths in between
501 and 1000 bp, 29,268 had lengths between 1001 and 1500 bp, 15,298 had lengths in between 1501 and
2000 bp, and 29,232 had lengths > 2001 bp (Figure 2A). The average and N50 lengths of the assembled
contigs obtained in the present study were longer than those previously reported for the visceral mass
transcriptome of the bradybaenid gastropods Aegista chejuensis (average and N50 length of 610.8 bp
and 788 bp, respectively) and Aegista quelpartensis (average and N50 length of 582.1 bp and 719 bp,
respectively) [19]. The average and N50 lengths were also longer than those of the multiple-tissue
transcriptome of Anadara trapezia [31], the whole transcriptome of Echinolittorina malaccana [32], and the
mantle transcriptome of Chlamys farreri [33]. Furthermore, we used TGICL for clustering the contigs to
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form a single pair of non-redundant unigenes. Clustering reduces the redundancy of the sequences
and enriches the information contained in the cluster. We obtained a total of 282,838 unigenes having
208,418,920 bases with an average and N50 length of 736.9 and 1201 bp, respectively. The N50 value is
one of the assessed parameter for understanding the quality of the assembly. The high N50 value for
unigenes obtained in this study is better than that for transcriptome assemblies in invertebrates [34–36].
By TGICL clustering, the smallest unigene showed a length of 110 bp, whereas the length of the largest
one was 22,900 bp. The size distribution of unigenes is shown in Figure 2B. Approximately 64.4% of
the unigenes had lengths < 500 bp, 18.92% had lengths ranging between 501 and 1000 bp, 7.46% had
lengths > 2000 bp, 5.90% had lengths in between 1000 and 1500 bp, and 3.25% had lengths between
1501 and 2000 bp. A negative trend (longer unigenes = less sequences) was observed between the
unigene length and the number of sequences. The summary statistics of C. retropictus transcriptome
sequencing and assembly are shown in Table 1.
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Figure 2. Sequence length distribution of de novo assembled contigs (A) and unigenes (B) from C.
retropictus transcriptome.

Table 1. Statistical summary of C. retropictus transcriptome and de novo assembly.

Transcriptome Summary

Number of raw read sequences 246,743,798
Number of raw read bases 31,089,718,548
Number of clean read sequences 241,696,750
Number of clean read bases 30,038,741,871
Mean length of contig (bp) 124.3
N50 length of contig (bp) 126
GC % of contig 50.93
High-quality reads (%) 97.95 (sequences), 96.62 (bases)

Contig Information

Total number of contigs 503,882
Number of bases 330,800,003
Mean length of contig (bp) 656.5
N50 length of contig (bp) 953
GC % of contig 46.80
Largest contig (bp) 22,900
No. of large contigs (¥500 bp) 164,129

Unigene Information

Total number of unigenes 282,838
Number of bases 208,418,920
Mean length of unigene (bp) 736.9
N50 length of unigene (bp) 1201
GC % of unigene 46.61
Length ranges (bp) 110–22,900
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3.2. Annotation of Unigenes and BLAST-Based Homology Search

We attempted to annotate the sequences of C. retropictus unigenes using five different databases.
PANM-DB was preferred over the NCBI nr database due to its speed and efficiency of annotation
retrieval. The processing of annotation data by PANM-DB was 15 times faster, with twice as many
significant hits compared with the NCBI nr database [37]. PANM-DB is considered valuable for
annotating NGS data on non-model species belonging to a majority of the Protostomia group as it
resolves the inconsistencies in molluscan sequences available at NCBI [19,20]. We used the BLASTX
program at a stringency of E ¤ 0.000001 to annotate unigene sequences against the protein databases,
such as PANM, COG, GO, and KEGG, and used the BLASTN program with a similar E-value cut-off
to annotate sequences against Unigene DB. Of 282,838 unigenes, 125,616 sequences (44.41% of the
total) showed a match to at least one of the databases used for annotation; 94,634 (33.46% of the total),
78,825 (27.87%), and 43,306 unigenes (15.31%) matched in the PANM, Unigene, and COG databases,
respectively. In total, 17,162 (6.07% of the total) and 896 (0.32%) unigenes showed homology to matches
in the GO and KEGG functional databases, respectively. The annotation of C. retropictus unigene
sequences against protein and nucleotides sequences in public databases is shown in Table 2. Although
a greater proportion of the unigene sequences annotated against PANM and Unigene DB showed
lengths ranging from 300 to 1000 bp, most unigenes annotated against COG DB had lengths ¥ 1000 bp.
Approximately 55.59% of unigenes did not show homology to known proteins in the five databases,
as noted in molluscan transcriptomic studies [19,38]. These sequences probably represent untranslated
mRNA regions, transcripts lacking conserved protein domains or transcripts derived from assembly
errors. We also speculate that some of these sequences would represent novel genes not reported before
and hence unique to this species [36,38,39]. Furthermore, to understand the annotation of unigenes to
homologous sequences in PANM, Unigene, and COG DB, we constructed a three-way Venn diagram
(Figure 3). Among the total unigenes annotated in PANM DB, 30.93% and 18.12% showed annotation
with Unigene and COG DB, respectively. Approximately, 27.56% of unigenes had homologous matches
in three of the databases, whereas 23.40% of unigenes were uniquely annotated to only PANM DB.
Similarly, 28.49% of the assembled sequences found matches to homologous sequences in Unigene
DB, and only 0.14% found matches in COG DB. Additionally, there was a 39.6% overlap of sequence
annotations in COG DB with those in PANM DB with regard to the C. retropictus transcriptome.
The details of unigene annotation against PANM, Unigene, and COG DB is shown in Table S2.

Table 2. Sequence annotation of C. retropictus unigenes against public databases.

Database All ¤300 bp 300–1000 bp ¥1000 bp

PANM 94,634 17,610 43,881 33,143
Unigene 78,825 16,601 38,056 24,168

COG 43,306 5916 15,559 21,831
GO 17,162 3702 7915 5545

KEGG 896 138 240 518
All Database 125,616 26,229 61,447 37,940

The unigene sequences annotated against PANM DB using the BLASTX program were assessed for
the top-hit E-values, identity distribution, similarity distribution, and hit and non-hit ratio (Figure 4).
The E-value distribution of the annotated unigenes showed that the top-hit E-value ranged from
1 � 10�50 to 1 � 10�5 (79% of sequences). Other top-hit E-value distribution ranges were less than 10%
for unigene sequences (Figure 4A). We found that 42% of unigene sequences had identities of 40%–60%
to known proteins in the database, followed by 28% and 22% of unigenes having identities of 12%–40%
and 60%–80%, respectively (Figure 4B). Furthermore, 43% of sequences showed similarity of 60%–80%
and 36% showed similarity of 40%–60% to known sequences in the database (Figure 4C). There was
also a direct relationship between the annotation hits and the length of the sequences. Sequences
having a length of less than 500 bp were less frequently annotated (less than 30%) compared with those
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with more frequent annotations (Figure 4D). BLAST-based sequence annotation involves conserved
domain-specific analysis and, therefore, shorter sequences may define no or uncharacteristic domains
for homology.
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With regard to the top-hit species distribution, for matching against PANM DB, 13.71% of the
assembled sequences showed similarities with Lottia gigantea; this was followed by Crassostrea gigas
(13.34% of the assembled sequences) (Figure 5). L. gigantea (owl limpet) is a gastropod snail and
the first lophotrochozoan for which a draft genome has been characterized; it has helped in the
prospecting of genes for many functional processes [40]. Similarly, analyses of the genome along with
the transcriptome of C. gigas (Pacific oyster) have revealed an extensive set of genes for environmental
stress and adaptation, thus ensuring a thorough understanding of lophotrochozoans. Approximately
9.47% of the assembled sequences showed top-hit homology to Aplysia californica genes, for which the
genomic resources have been characterized in detail [41].
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PANM protein database.

3.3. COG, GO, and KEGG Classifications

For the functional prediction, the assembled unigenes were subjected to a BLASTX search against
the proteins in the COG database. COG represents an orthologous gene product database wherein
every protein is assumed to have evolved from an ancestral protein, and the whole database is built on
coding proteins. The classification of the unigenes into 26 COG classes is shown in Figure 6. Of the
COG annotated unigenes, most (35.63%) were clustered under the ‘multi’ functional group, followed
by 13.8%, 8.76%, 6.87%, and 5.02% under general function prediction; signal transduction mechanisms;
post-translational modification, protein turn-over, and chaperones; and unknown function, respectively.
Among the COG functional categories, nuclear structure and cell motility were the least represented.
The COG-based functional prediction of C. retropictus unigenes were found to be consistent with the
COG representation of unigenes in the bradybaenid snails of the genus Aegista [19].
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The assembled sequences of C. retropictus were classified into GO categories and KEGG pathways
using the BLAST2GO (B2G) bioinformatics tool [42]. B2G was originally developed as a web-interface
for GO consortium annotation, but it subsequently included functions such as Enzyme Code (EC),
KEGG Maps, and InterPro Motifs [43]. Generally, under the B2G tool, BLASTX is run at NCBI
followed by an InterProScan analysis and subsequent GO mapping. The assignment of each query
sequence into three GO functional categories, namely biological process, cellular component, and
molecular function, is associated with evidence codes (ECs) that define the validity of the functional
annotation [44]. In the present study, 17,162 unigene sequences were annotated using the GO database
and assigned to the three functional categories. A three-way Venn chart summarizes the assignment of
the GO-annotated unigenes to biological process (1032 unigenes), cellular component (1000 unigenes),
and molecular function categories (3288 unigenes). Furthermore, 5119 sequences were assigned to
both biological process and molecular function and 5045 sequences were assigned to all three GO
functional categories (Figure 7A). The detailed information on the suggested classification of unigenes
to biological process, molecular function, and cellular component category is shown in Table S3.
We find that only 22.99% of unigene sequences were annotated to a single GO term, and the rest
were ascribed to more than one GO term annotation. A histogram depicting the distribution of the
unigenes regarding the number of GO terms is shown in Figure 7B. The results of assignment of the
unigenes to three GO categories (level 2) are shown in Figure 8. For the biological process category, the
predominant GO terms included “cellular process” (3094; 22.81%), “metabolic process” (3049, 22.48%),
and “single-organism process” (2409, 17.76%) (Figure 8A). In the cellular component process, “cell”
(1733; 21%), “cell part” (1696; 20.55%), “membrane” (1408; 17.06%), and “organelle” (992, 12.02%)
represented the predominant GO terms for the classification of unigenes (Figure 8B). Meanwhile, the
unigenes were assigned to 13 terms in the molecular function process, the predominant one being
“catalytic activity” (2982; 41.40%); this was closely followed by “binding” (2757; 38.28%) (Figure 8C).
The GO term annotation results only suggest a gene grouped to a known (or predictive) function,
and are, thus, not evidence of functionality [45–47]. The EC associated with each GO term annotation
suggests a majority of terms to be of “IEA” (inferred from electronic annotation) quality, which is not
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manually curated or experimentally verified. In this scenario, the interpretation of unigene function is
only predictive.
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KEGG pathway analysis helps to record the biological functions of genes through elucidation
of enzymes and other proteins in biochemical processes [28,48]. It is essentially an enrichment
process for the classification of genes to functional processes such as “metabolism”, “environmental
information processing”, “genetic information processing” and “cellular processes”. In the present
study, 2093 unigene sequences (including 528 sequences with EC numbers) were classified to
107 pathways KEGG pathways (Table S4). As expected, most of the sequences were assigned to
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the “metabolism” category, with “carbohydrate metabolism” forming the dominant group, with
268 unigenes (including 123 sequences with EC numbers), followed by nucleotide metabolism,
with 612 sequences (including 46 sequences with EC numbers). Other important KEGG pathways
to which the unigene sequences were assigned included “translation”, “signal transduction” and
“immune system”, with 16, 26, and 41 sequences, respectively. The representative pathways from
KEGG pathway annotation are depicted in Figure 9. Overall, the COG, GO, and KEGG pathways
were sufficient to predict the functionality of annotated sequences at the whole-transcriptome level.
This putative functional analysis should be useful in the path toward experimental validation of
gene function through a targeted gene approach. The immune-, defense-, and reproduction-related
transcripts identified from such transcriptomics studies, in particular, have been utilized to shed light
on the resistance of organisms to biotic and abiotic stresses, adaptation potential, and commercial
success [49–51].
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3.4. InterProScan Analysis for Conserved Protein Domains

An InterProScan using the B2G bioinformatics tool searched for conserved protein domains in the
unigene sequences obtained from C. retropictus transcriptomic analysis. Altogether, 21,069 sequences
(7.45% of the total unigenes) showed conserved InterPro domains. A list (top 20) of the most
abundant InterPro domains is shown in Table 3. This includes the zinc fingers (C2H2-like and
RING-type), ankyrin repeats, immunoglobulin subtype, protein kinases (serine/threonine/dual
specificity), EGF-like, RNA recognition motif, WD40, and C-type lectin domain. Protein kinases
form one of the most abundant domains, and the related proteins are involved in intracellular
cell signaling, metabolism, transcription, differentiation, and apoptosis. The kinases are pivotal
in modulating the NF-kB signaling in the invertebrate immune system [52]. Zinc finger domains are
abundant in protein sequences and are responsible for interactions with DNA, RNA, and proteins [53].
The zinc finger domains are very highly conserved and have been identified in many molluscan
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transcriptomes [20,38,54,55]. C-type lectins are pathogen recognition molecules having one or more
carbohydrate recognition domains (CRDs). These act as one of the non-self-determinants conferring
immunomodulatory signals in molluscs [56]. InterProScan analysis thus adds to the functional
annotation of unigenes, and conserved protein domain searches could reveal the putative functions of
assembled sequences.

Table 3. The top 20 InterPro domains in the unigenes of C. retropictus.

Domain Short Name Description Number of Unigenes

IPR015880 Znf_C2H2-like Zinc finger, C2H2-like domain 1141
IPR002110 Ankyrin_rpt Ankyrin repeat 862

IPR027417 P_loop_NTPase P-loop containing nucleoside triphosphate
hydrolase domain 566

IPR013783 Ig-like_fold Immunoglobulin-like fold domain 475
IPR020683 Ankyrin_rpt-contain_dom Ankyrin repeat-containing domain 360
IPR000477 RT_dom Reverse transcriptase domain 338
IPR003599 Ig_sub Immunoglobulin subtype domain 307
IPR000504 RRM_dom RNA recognition motif domain 271

IPR002290 Ser/Thr_dual-sp_kinase Serine/threonine/dual specificity protein kinase,
catalytic domain 257

IPR000742 EGF-like_dom EGF-like domain 244
IPR011989 ARM-like Armadillo-like helical domain 206

IPR005135 Endonuclease/exonuclease/
phosphatase Endonuclease/exonuclease/phosphatase domain 202

IPR000276 GPCR_rhodopsn G protein-coupled receptor, rhodopsin-like family 198
IPR001680 WD40_repeat WD40 repeat 187
IPR003598 Ig_sub2 Immunoglobulin subtype 2 domain 181
IPR001841 Znf_RING Zinc finger, RING-type domain 176
IPR002048 EF_hand_dom EF-hand domain 161
IPR001881 EGF-like_Ca-bd_dom EGF-like calcium-binding domain 160
IPR001304 C-type_lectin C-type lectin domain 159
IPR002035 VWF_A von Willebrand factor, type A domain 158

3.5. SSR Characterization and Primer Identification

Next-generation sequencing methods have shown immense potential in unraveling polymorphic
microsatellites for studies focusing on species diversity, population dynamics, and conservation
genetics. As microsatellites are primarily identified in unigene sequences putatively related to a protein
function, these markers could be utilized for large-scale gene polymorphism studies, facilitating
evolutionary analyses [48]. In the present study, we screened SSRs in 48,973 unigene sequences
(106,535,022 bases) having lengths of ¥1 kilobase. Using the MISA tool, a total of 49,280 potential
SSRs were screened. These SSRs were identified from 25,365 sequences (51.79% of total unigene
sequences considered), with 12,546 sequences containing more than one SSR. Of the identified SSRs,
68.42% were di-nucleotide repeats; this was followed by 16.99% tri-nucleotide repeats and 14.59%
tetra/penta/hexa-nucleotide repeats (Table 4). The predominance of di-nucleotide repeats in the
unigene sequences of C. retropictus is in agreement with findings of SSRs in invertebrates, including
molluscs [12,50,57]. Mononucleotide repeats were not included in the SSR screening as they may
be the result of homopolymer generation, which is common in Illumina sequencing. Di-nucleotide,
tri-nucleotide, and tetra-nucleotide repeats were represented most commonly in six (22.88% of repeats),
five (49.74%), and four (60.13%) iterations, respectively (Table 5).

Among the dinucleotide repeats, (AC/GT)n, (AG/CT)n, and (AT/AT)n were the three
predominant repeat motif types, with frequencies of 73.43%, 20.29%, and 5.45%, respectively. Among
the tri-nucleotide repeats, (AAC/GTT)n, followed by (AAT/ATT)n, and (ACC/GGT)n, were the most
common types, with a combined frequency of 59.5%. Similarly, among the tetra-nucleotide repeats,
(AAAC/GTTT)n was the most predominant, with a frequency of 31.34%. The distribution of repeat
motif types is shown in Figure 10. We also attempted to identify PCR primers flanking the SSR regions
for further validation of polymorphic sites using Primer 3. Table S5 shows the characteristics of
primers that can be used for the validation of SSRs identified from the transcriptomic study. To date,
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microsatellites have not been explored from C. retropictus, and, hence, the development of SSRs for
the protection of this species in its natural habitat is highly desirable. Natural populations of the
endangered species can be augmented by beneficial hybridization or supportive breeding. In this
regard, microsatellites are important genetic tools to assess the loss of genetic diversity that contributes
to extinction risks, especially in smaller populations of endangered species [58].

Table 4. Identification of SSRs and repeat types from unigene sequences (>1 kb) of C.
retropictus transcriptome.

SSR parameters Numbers identified

Total number of sequences examined 48,973
Total size of examined sequences (bp) 106,535,022

Total number of identified SSRs 49,280
Number of SSR containing sequences 25,365

Number of sequences containing more than 1 SSR 12,546
Number of SSRs present in compound formation 11,278

Unit size Number of SSRs

2 33,718
3 8373
4 5756
5 1180
6 253

Genes 2016, 7, x  16 of 20 

 

Among  the  dinucleotide  repeats,  (AC/GT)n,  (AG/CT)n,  and  (AT/AT)n  were  the  three 

predominant repeat motif types, with frequencies of 73.43%, 20.29%, and 5.45%, respectively. Among 

the tri‐nucleotide repeats, (AAC/GTT)n, followed by (AAT/ATT)n, and (ACC/GGT)n, were the most 

common types, with a combined frequency of 59.5%. Similarly, among the tetra‐nucleotide repeats, 

(AAAC/GTTT)n was the most predominant, with a frequency of 31.34%. The distribution of repeat 

motif  types  is  shown  in Figure 10. We  also attempted  to  identify PCR primers  flanking  the SSR 

regions for further validation of polymorphic sites using Primer 3. Table S5 shows the characteristics 

of primers that can be used for the validation of SSRs identified from the transcriptomic study. To 

date, microsatellites have not been explored from C. retropictus, and, hence, the development of SSRs 

for the protection of this species in its natural habitat is highly desirable. Natural populations of the 

endangered species can be augmented by beneficial hybridization or supportive breeding.  In  this 

regard,  microsatellites  are  important  genetic  tools  to  assess  the  loss  of  genetic  diversity  that 

contributes to extinction risks, especially in smaller populations of endangered species [58]. 

 

Figure 10. The distribution of SSR repeats motifs found in C. retropictus visceral mass unigenes. For 

an analysis of types of repeats and motifs, only unigenes having >1 kb sequence size were considered. 

4. Conclusions 

Here, we report the first comprehensive transcript dataset of Clithon retropictus, a brackish‐water 

snail  classified as an endangered  class  II  species  in South Korea.  In  total, 282,838 unigenes were 

annotated  for  putative  functions  using  protein  and  nucleotide  databases.  This  will  enable  the 

identification  of  immunity‐,  defense‐,  and  reproduction‐related  genes,  which  should  facilitate 

approaches to the conservation of this species in the wild. Furthermore, the large number of identified 

SSRs provides targets for identifying polymorphisms across the populations. In terms of the design 

of informed conservation plans for the species, the transcriptome provides an amount of data that 

circumvents the need to decide on a limited number of traits and allows unbiased phenotypic screens 

of many traits. 

Figure 10. The distribution of SSR repeats motifs found in C. retropictus visceral mass unigenes. For an
analysis of types of repeats and motifs, only unigenes having >1 kb sequence size were considered.



Genes 2016, 7, 35 15 of 19

Table 5. Summary of SSRs and their repeat numbers in C. retropictus unigenes of length > 1 kb.

Repeats 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 ¥21 Total

Di 0 0 7713 5048 3566 2579 2119 2543 2180 676 811 710 614 556 504 479 435 3185 33,718
Tri 0 4165 1899 940 729 123 139 74 51 43 26 28 35 28 20 10 23 40 8373

Tetra 3461 1263 680 91 77 51 29 15 28 15 6 6 8 6 3 4 0 13 5756
Penta 740 220 39 34 25 27 27 17 13 11 7 11 3 2 0 0 0 4 1180
Hexa 222 18 9 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 253
Total 4423 5666 10,340 6114 4398 2782 2314 2649 2272 745 850 755 660 592 527 493 458 3242 49,280
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4. Conclusions

Here, we report the first comprehensive transcript dataset of Clithon retropictus, a brackish-water
snail classified as an endangered class II species in South Korea. In total, 282,838 unigenes
were annotated for putative functions using protein and nucleotide databases. This will enable
the identification of immunity-, defense-, and reproduction-related genes, which should facilitate
approaches to the conservation of this species in the wild. Furthermore, the large number of identified
SSRs provides targets for identifying polymorphisms across the populations. In terms of the design
of informed conservation plans for the species, the transcriptome provides an amount of data that
circumvents the need to decide on a limited number of traits and allows unbiased phenotypic screens
of many traits.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/7/7/35/s1, Table S1:
Pre-processing of raw reads using the Cutadapt program; Table S2: The annotation of unigenes against PANM,
Unigene and COG databases; Table S3: The suggested classification of unigenes to GO functional groups.
C, cellular component; F, molecular function; P, biological process; Table S4: KEGG biochemical pathway mapping
for C. retropictus unigenes; Table S5: The primers flanking the SSR polymorphic sites of C. retropictus unigenes.
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