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Abstract The Korean endemic land snail Koreanohadra
kurodana (Gastropoda: Bradybaenidae) found in humid
areas of broadleaf forests and shrubs have been considered vulnerable as the number of individuals are declining
in recent years. The species is poorly characterized at the
genomic level that limits the understanding of functions at
the molecular and genetics level. In the present study, we
performed de novo transcriptome sequencing to produce a
comprehensive transcript dataset of visceral mass tissue of
K. kurodana by the Illumina paired-end sequencing technology. Over 234 million quality reads were assembled
to a total of 315,924 contigs and 191,071 unigenes, with
an average and N50 length of 585.6 and 715 bp and 678
and 927 bp, respectively. Overall, 36.32 % of the unigenes
found matches to known protein/nucleotide sequences in
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the public databases. The direction of the unigenes to functional categories was determined using COG, GO, KEGG,
and InterProScan protein domain search. The GO analysis
search resulted in 22,967 unigenes (12.02 %) being categorized into 40 functional groups. The KEGG annotation
revealed that metabolism pathway genes were enriched.
The most prominent protein motifs include the zinc finger,
ribonuclease H, reverse transcriptase, and ankyrin repeat
domains. The simple sequence repeats (SSRs) identified
from >1 kb length of unigenes show a dominancy of dinucleotide repeat motifs followed with tri- and tetranucleotide
motifs. A number of unigenes were putatively assessed to
belong to adaptation and defense mechanisms including
heat shock proteins 70, Toll-like receptor 4, AMP-activated
protein kinase, aquaporin-2, etc. Our data provide a rich
source for the identification and functional characterization
of new genes and candidate polymorphic SSR markers in
K. kurodana. The availability of transcriptome information (http://bioinfo.sch.ac.kr/submission/) would promote
the utilization of the resources for phylogenetics study and
genetic diversity assessment.
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Introduction
Gastropods represent one of the most successful classes
of living molluscs having greatly reduced shells or a complete absence of shells. From an evolutionary standpoint it
is perplexing, though on account of parallel development
of such an adaptation trait, it relates to a strong advantage
for colonization on land. The Gastropod class of molluscs
has invaded the land with more than 62,000 described living species, comprising about 80 % of living molluscs. The
land snails are the most numerous with close to 35,000
described species, mostly inhabiting the tropics. Still, many
species remain undescribed mainly due to their minute
sizes and under-exploration from extreme terrestrial ecozones. The land snail family Bradybaenidae, identified on
the basis of the presence of dart sac and dart-related organs,
are a relatively younger taxon, to the closely related Camaenidae family (Hirano et al. 2014). The bradybaenids are
extremely specious with distribution in Northwest America and Europe, Southeast and East Asia including Japan,
Korea, Taiwan, Indonesia, Philippines, and China (Chen
and Zhang 2004; Wu et al. 2007; Kuznik-Kowalska et al.
2013; Hirano et al. 2014; Huang et al. 2014). A study by
Kwon et al. (1993) classified the Korean Bradybaenidae
snails into 24 species. Among the land snail fauna of Jeju
Island, species belonging to family Bradybaenidae are one
of the largest, with eight reported species (Noseworthy
et al. 2007). Under bradybaenid snails, Koreanohadra has
been classified as a genus of its own by Min et al. (2004)
and accorded synonyms of Fruticicola and Karaftohelix by
Schileyko (2004) and Sysoev and Schileyko (2009), respectively. Koreanohadra kurodana is a bradybaenid land snail
species endemic to Korea. The species is found at humid
areas in broadleaf forests with shrubs and known from
Gangwon-do and Gyeonggi-do provinces of Korea. Chromosome numbers and karyotype of K. kurodana reported
by Lee and Kwon (1993) suggests that it possesses 11 pairs
of metacentric chromosomes, 17 sub-metacentric and one
telocentric chromosome. Such an analysis was referred
while reporting the 29 chromosome pairs in another species
from the same genus, Koreanohadra koreana (Park 2011).
Koreanohadra kurodana has been assessed as vulnerable (≤10 species occupied within <2000 km2) by Korean
Red List of Threatened Species, 2014. A continual decline
has been observed in the area of occupancy of the species
due to predation by natural enemies, indiscriminate collection for ornamental use, change and loss of natural habitats caused by forest development. The species has been
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threatened for extinction with lack of regional conservation
measures. With genomic information lacking for the species, an evaluation of population genetic structure, genetic
diversity, and possible evolutionary responses to environmental perturbations and climate change are not feasible. The National Centre for Biotechnology Information
(NCBI) database only shows the sequence of mitochondrial
protein cytochrome c oxidase I (CO-1) under the synonym
name Fruticicola koreana.
Next-generation sequencing (NGS) such as Illumina
sequencing by synthesis (SBS) allows for massive characterization of the transcriptome by generation of millions of short reads. The short reads produced provide a
more sensitive application for the detection of differential
expression compared to conventional gene arrays (Marioni
et al. 2008; Collins et al. 2008). The Illumina platform has
become increasingly cost-effective and been successfully
used to characterize the transcriptome of non-model species with greater precision (Wang et al. 2010, 2012; Meng
et al. 2013; Yue et al. 2015; Patnaik et al. 2015; Hwang
et al. 2016). The Illumina NGS technology has also greatly
benefitted with the development of algorithms and experiments for de novo assembly (Martin and Wang 2011; Ekblom and Wolf 2014). The Illumina sequencing technology
has been utilized for the transcriptome characterization of
molluscs and annotation of genes suggested to participate
in various metabolic, cellular and immune pathways (Castellanos-Martinez et al. 2014; Deng et al. 2014; Patnaik
et al. 2016a). Furthermore, molecular markers such as single nucleotide polymorphism (SNP) and simple sequence
repeats (SSR) have been detected from de novo assembled
sequences of Illumina-based transcriptome of molluscs
(Franchini et al. 2011; Patnaik et al. 2016b). In this study,
we have used Illumina HiSeq 2500 sequencing to generate a transcriptome of K. kurodana. We have conducted
de novo assembly of the transcriptome and used bioinformatics analysis to annotate the functional direction of the
assembled sequences. In doing so, we have suggested the
predicted functions based on database classification structure. This is the first large-scale transcriptome information
for K. kurodana that could be useful in providing valuable
resources towards functional gene discovery and development of molecular markers for the conservation of the
species.

Materials and methods
Species collection and RNA extraction
Specimens of K. kurodana were collected from the mountain near to Maha-ri, Mitan-myeon, Pyeongchang-gun,
Gangwon-do, Republic of Korea in August 2014. No
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prior permission and ethical clearance was required as the
species is endemic to Korea and enlisted under ‘vulnerable’ category of Korean Red List KORED assessments.
As per the regulations of National Institute of Biological
Resources (NIBR), Korea, only the collection of ‘endangered’ species class I or class II needs a permission certificate. The collected specimens were housed in the laboratory within purpose-built enclosures at room temperature,
and provided with water and carrot diet ad libitum. Necessary care was taken during the period of laboratory
acclimatization and dissection of visceral mass tissue followed the International Guiding Principles of Biomedical Research Involving Animals (1985) (http://www.ncbi.
nlm.nih.gov/books/NBK25438/). Visceral mass tissue was
dissected from three living snails, and was stored in RNAlater stabilization reagent (Qiagen) that preserves the integrity of RNA in tissue samples. Total RNA was extracted
with TRIzol® reagent (Invitrogen, Carlsbad, CA, USA)
using manufacturer protocols. Residual DNA (if any) was
removed using RNase-free DNase I (Qiagen) by incubation
at 37 °C for 30 min. Following extraction, the RNA quality
was assessed on a 1.2 % formaldehyde agarose gel electrophoresis and quantified using NanoDrop Spectrophotometer (Thermo Scientific, Wilmington, DE) and Agilent 2100
Bioanalyzer (Agilent Technologies).
Illumina HiSeq 2500 sequencing and de novo
transcriptome analysis
Paired-end cDNA library was prepared using the mRNAseq sample preparation kit. For the same, poly (A) mRNA
was isolated using oligo (dT) beads and fragmented using
the fragmentation buffer. The cleaved mRNA was used to
synthesize first strand cDNA using random-hexamer primers and reverse transcriptase (Invitrogen). RNase H (Invitrogen) and DNA polymerase I (New England BioLabs,
Ipswich, MA, USA) were used to prime the second-strand
cDNA. The double-stranded cDNA, thus formed was endrepaired using T4 DNA polymerase, the Klenow fragment,
and T4 polynucleotide kinase (New England BioLabs).
Illumina paired-end adapters were ligated to the endrepaired cDNA and were sequenced at GnC Bio Company,
Daejeon, Korea, using an Illumina HiSeq 2500 sequencing
platform (2 × 100 bp paired-ends). The sequencing reads
were pre-processed for adapter removal using Cutadapt
program (http://code.google.com/p/cutadapt/) with default
parameters. After filtering the adapter-only sequences,
low-quality reads (≥20) were removed using Phred (http://
www.phrap.com/). GC content bias in the first 13 bases of
Illumina reads, possibly introduced through random-hexamer priming were also removed to get high quality reads.

The reads, thus, obtained were assembled using Trinity
software with default options (minimum allowed length
of 200 bp) (Grabherr et al. 2011). A K-mer length of 25
was chosen that seems appropriate as smaller K-mers lead
to complex de Bruijin graphs. Trinity de novo program
used extensively as an assembly algorithm compiles the
sequence data into a number of de Bruijin graphs that ultimately reports transcripts in its final form. The TIGR Gene
Indices Clustering Tool (TGICL) (Pertea et al. 2003) was
used to assemble unigene sequences (without Ns that could
not be extended on either end).
Annotation of unigene sequences
The non-redundant unigenes were annotated to public protein sequence repositories using BLASTX at an E value
cutoff of 1E−5. The databases for annotation include Protostome (PANM-DB), Clusters of Orthologous Groups
(COG) (http://www.ncbi.nlm.nih.gov/COG/), Swiss-Prot,
Gene Ontology (GO), and Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa et al. 2010). The Unigene DB resource was also utilized for the annotation of
assembled sequences using BLASTN. PANM-DB registers the protein sequence information of species belonging to Mollusca, Arthropoda, and Nematoda phylum in a
multi-FASTA format. PANM-DB is readily accessible in a
web-based interface of the Malacological Society of Korea
(http://malacol.or.kr/blast/aminoacid.html) (Kang et al.
2015). The Venn diagram plot constructed using Venny 2.0
(http://bioinfogp.cnb.csic.es/tools/venny/) was used for the
representation of sequence similarity using PANM, Unigene, and COG DB. The BLAST2GO software (Ashburner
et al. 2000; Conesa et al. 2005) was utilized under default
parameters for InterProScan protein domain analysis, GO
functional and KEGG pathway mapping.
Discovery of SSR markers
We screened unigenes of length >1000 bp for SSR type
markers using the MISA (MicroSAtellite; http://pgrc.ipkgatersleben.de/misa, version 1.0) software. We selected for
di-, tri-, tetra-, penta-, and hexanucleotide repeats with six,
five, four, four, and four minimum iterations, respectively.
Other higher repeat motifs were not considered due to their
restricted occurrence within the selection criteria. Mononucleotides were not considered due to frequent homopolymer
generation in Illumina sequencing platform. Subsequently,
we designed a set of PCR primers using the BatchPrimer 3
program (You et al. 2008) that flanks the SSR microsatellites. Considering the utilization of the same in polymorphism studies we used the following criteria for primer
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Table 1  Sequence assembly statistics after transcriptome sequencing using Illumina Next-Generation sequencing platform
Description

Total number

Total nucleotides (Mb)

Raw reads
Clean reads
Contigs
Unigenes
Kmer
High-quality reads
Largest contig (bp)
No. of large contigs (≥500 bp)

238,755,412
30,083.18
234,382,719
28,988.89
315,924
185
191,071
129.55
25
98.17 % (sequences), 96.36 % (nucleotides)
18,009
98,300

Range of unigenes length (bp)

107–25,186

identification: dinucleotides with ten or more iterations and
tri-/tetranucleotide repeats with seven or more iterations.

Results
High throughput sequencing of the visceral mass
transcriptome
The Illumina sequencing of visceral mass samples from
the bradybaenid snail, K. kurodana, generated 238,755,412
paired-end reads with 30,083.18 Mb of sequence data. The
average length of raw reads were 126 bp with a GC% of
47.07. The raw read sequence data in FASTQ format was
deposited in the National Centre for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database
under the accession number SRP065002. Further, the
assembled contigs can be downloaded from the server on or
after 16-10-2016 (1 year after the initial date of submission).
The pre-processing of the reads included adapter trimming wherein 30,023.45 Mb were filtered with 99.80 %
read efficiency. The average read length after trimming was
125.8. The adapter trimming statistics is summarized in S1
Table. Further processing, qualified 234,382,719 reads with
28,988.89 Mb as clean reads. This suggests that 1.83 % of
sequences did not pass the quality control check and hence
were eliminated before the assembly process. The clean
reads showed a mean and N50 length of 123.7 and 126 bp,
respectively, with a GC% of 47.06.
De novo assembly of the visceral mass transcriptome
The Trinity de novo program was used to assemble the
clean reads to contiguous overlapping sequences defined
as contigs. A total of 315,924 contigs were obtained comprising of 185 Mb of sequences. The mean length, N50
length (i.e., 50 % of total assembled sequences were having this length or longer contigs), and GC% of contigs
were 585.6 bp, 715 bp, and 42.95 %, respectively. About
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Mean length (bp)

N50 length (bp)

GC%

126
123.7
585.6
678

126
126
715
927

47.07
47.06
42.95
42.84

31.12 % of contigs had sizes of ≥500 bp with the largest contig of length 18,009 bp. These contigs were further assembled into 191,071 unigenes comprising of
129.55 Mb of sequences. While the length of unigenes
ranged from 107 to 25,186 bp, the mean length, N50 length
and GC% were 678 bp, 927 bp, and 42.84 %, respectively.
The de novo assembly statistics for this study are given in
Table 1. Considering the length distribution of the assembled contig sequences, almost 68.98 % of contigs were
found shorter than 500 bp and only 11.81 % of contigs
were longer than 1000 bp. Within the final assembled unigenes, 61.14 % were of length ≤500 bp, 22.75 % were no
more than 1000 bp, and 16.11 % were of length ≥1000 bp.
The size distribution of assembled contigs and unigenes for
this study is shown in Fig. 1.
Sequence similarity of assembled unigenes
The assembled unigenes were annotated against the public
protein (PANM, COG, Swiss-Prot, GO, and KEGG databases) and nucleotide sequence database (Unigene) using
BLASTX and BLASTN at an E value of ≤1E−5. Out of
191,071 assembled unigenes, 36.32 % of unigenes found
a match to any one of the databases. A total of 62,758 unigenes (32.85 %) found a match to PANM database, while
40,041 (20.96 %), 22,504 (11.78 %), 27,894 (14.6 %),
22,967 (12.02 %), and 2104 (1.1 %) unigenes showed
homology to available sequences in Swiss-Prot, Unigene,
COG, GO, and KEGG databases, respectively. A greater
proportion of the annotated unigene sequences were having
lengths of ≥1000 bp. In total, 33.3 % of all database annotated sequences were having lengths ≥1000 bp and 17.62 %
of sequences had lengths in between 300 and 1000 bp. The
sequence similarity of the assembled unigenes against
public databases in this study is given in Table 2. A total
of 15,868 unigene sequences show homology to protein
entries in both PANM and COG database while 5124 and 2
unigenes show homology to sequences in both PANM and
Unigene and Unigene and COG databases, respectively.
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Fig. 1  Size distribution of de novo assembled contigs (a) and unigenes (b) from the visceral mass transcriptome of K. kurodana

Table 2  Annotation hits of K. kurodana unigenes from transcriptome
assembly to public databases
Databases

All

≤300 bp

300–1000 bp

≥1000 bp

PANM-DB
Unigene
COG
GO
KEGG
InterProScan
SwissProt

62,758
22,504
27,894
22,967
2104
24,136
40,041

10,735
3596
2622
2863
140
2520
5240

29,897
10,123
9964
9028
699
9032
16,708

22,126
8785
15,308
11,076
1,265
12,584
18,093

ALL

69,393

12,361

34,064

22,968

A total of 12,018 unigene sequences showed matches to
sequences in all three databases. The three-way Venn diagram depicting the unigene annotation to PANM, Unigene,
and COG databases in this study is shown in Fig. 2. The
top-hit species distribution of the unigenes against PANM
database using BLASTX program is shown in Fig. 3. In
total, 46.07 % of K. kurodana unigene sequences matched
Aplysia californica protein sequences. This was significant as the other top-hit species accounted for a very small
proportion of the unigene sequences. Matches against Lottia gigantea and Crassostrea gigas were limited to about
9.3 % and 7.11 %, respectively.
Continuing with the BLASTX annotation of the assembled unigenes of K. kurodana against PANM database at a
cutoff of 1E−5, we obtained the homology match statistics
as shown in Fig. 4. The E value distribution indicated that
a major proportion of unigenes (67.11 %) had an E value
between 1E−50 and 1E−5. Only 12.75 and 10.93 % of
unigenes had E value of 1E−100 to 1E−50 and 0, respectively (Fig. 4a). Only 30.68 % of unigenes showed an identity greater than 60 % to the matched database sequences

Fig. 2  A Venn diagram showing the annotation profile of K.
kurodana unigenes against PANM-DB (Protostomia database), Unigene DB, and COG DB

(Fig. 4b). The similarity distribution showed 65.24 % of
unigenes to have a similarity of more than 80 % with the
matched database sequences (Fig. 4c). The number of unigenes hit to matched sequence in the database increased
proportionately with the length of the unigenes. Sequences
with length less than 500 bp showed a maximum unigene
hit of approximately 25 %, while sequences of length
above 2001 bp showed unigene hit of approximately 90 %.
This suggests that a greater proportion of longer unigenes
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Fig. 3  Top-hit species distribution of K. kurodana unigenes against PANM-DB using BLASTX

Fig. 4  Homology search of K. kurodana unigenes using BLASTX against PANM-DB. a BLAST E value distribution analysis, b BLAST identity distribution, c BLAST similarity distribution, and d unigene hit and non-hit ratio
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Fig. 5  COG classification of K. kurodana unigenes to functional categories

would find matches to a homologous sequence in the database. The hit and non-hit ratio of K. kurodana unigenes to
PANM database is shown in Fig. 4d.
Functional classification of assembled unigenes
The assembled unigenes of K. kurodana were ascribed predicted functions based on COG classifications, GO terms,
and KEGG orthology mappings. Furthermore, the unigenes
were searched for conserved protein domains using the
InterPro protein domain search. COG database includes
orthologous proteins and classifies the gene products into
broad functional categories including a class of general
function prediction and uncharacterized COGs (Tatusov
et al. 2001). A phylogenetic classification of the coding
sequences of assembled unigenes within COG database for
K. kurodana unigenes is shown in Fig. 5. We find that the
assembled unigenes were classified into 25 functional COG
categories. The ‘multi’ category represents those unigene
sequences that belong to more than one of the functional
COG categories. Among the representative COG categories, ‘general function prediction’ and ‘signal transduction
mechanisms’ were prominent with 21.1 and 10.9 % of unigenes classified, respectively. Following the larger COG
categories, the unigenes were also predicted to classify

under ‘function unknown (6.8 %)’, ‘posttranslational modification, protein turnover and chaperones (5.5 %)’, and
‘transcription (4.2 %)’ functional groups. The COGs with
lowest number of unigenes were ‘defense mechanisms
(0.8 %)’, ‘chromatin structure and dynamics (0.6 %)’,
‘coenzyme transport and metabolism (0.5 %)’, and ‘cell
motility (0.2 %)’.
The assembled unigenes from this study were subjected
to GO analysis that identifies the transcribed region and
suggests the grouping of a gene to known (or predicted)
function under biological process, cellular component,
and molecular functions. This is an international standardized gene functional classification that only suggests the
putative products in an organism. Out of the 22,967 unigenes annotated to GO database, 39.61 % unigenes were
specifically classified under molecular function, 3.61 %
under biological process, and 3.13 % under cellular component category. Many unigenes classified under more
than one GO functional category showing the overlapping structure in the Venn diagram (Fig. 6a). A total of
28.95 % unigenes were grouped to biological process and
molecular function, 3.65 % to biological process and cellular component, and 2.69 % to cellular component and
molecular function. About 18.35 % of unigenes got classified under all the three GO functional categories. A total
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Fig. 6  Annotation profile of K. kurodana unigenes against the GO
database. a Venn diagram showing the predicted classification of unigenes to GO categories of biological process, cellular component and

molecular function. b An analysis of GO annotated unigenes based
on the number of GO terms

of 7026 assembled unigene sequences annotated against
GO database were suggested to classify with a single GO
term. The remaining annotated sequences got ascribed to
more than one GO term. The classification of GO annotated unigene sequences to number of GO terms has been
shown in Fig. 6b. The annotations of unigenes under GO
terms at level 2 for this study have been shown in Fig. 7.
The most predominant GO terms under biological process
category were cellular process (GO: 0009987), metabolic
process (GO: 0008152), and single-organism process (GO:
0044699). Many unigenes were also predicted to function
under response to stimulus (GO: 0050896) and signaling
(GO: 0023052) (Fig. 7a). Under the cellular component
category, the most prominent GO terms included membrane (GO: 0016020), cell junction (GO: 0005623), organelle (GO: 0043226), and macromolecular complex (GO:
0032991) (Fig. 7b). In the category of molecular function,
the term binding (GO: 0005488) showed the highest proportion of annotations, followed by catalytic activity (GO:
0003824) (Fig. 7c).
The KEGG pathway database supports the study of the
biological functions of genes by elucidating the regulatory pathway specific to particular organisms (Altermann
and Klaenhammer 2005). The mapping of identified unigenes of K. kurodana in the KEGG database revealed 4725
sequences with known enzymes (661) assigned to intracellular metabolic pathways, organismal systems, environmental information processing, and genetic information
processing pathways. Within the predominant metabolism
group, the unigenes sequences were predicted to function largely under nucleotide metabolism (1516 unigenes
with 9 enzymes) followed with metabolism of cofactors

and vitamins (964 unigenes with 32 enzymes), carbohydrate metabolism (402 unigenes with 48 enzymes), and
xenobiotics biodegradation and metabolism (356 unigenes
with 165 enzymes). All the unigene sequences predicted
to genetic information processing, environmental information processing and organismal systems were found to
fall under translation (aminoacyl-tRNA biosynthesis), signal transduction (mTOR and phosphatidylinositol signaling system), and immune system (T-cell receptor signaling pathway), respectively. The KEGG pathway analysis
obtained in this study is shown in Fig. 8. Furthermore, as
shown in S2 Table, most unigenes under metabolism were
classified to purine metabolism, most under metabolism
of cofactors and vitamins to thiamine metabolism, and
most under xenobiotics biodegradation and metabolism to
aminobenzoate degradation. We made an attempt to identify unigenes suggested to participate in the adaptation and
defense mechanisms of the snail species (Table 3). Among
the candidate gene families, AMP-activated protein kinase
(AMPK), heat shock proteins 70, insulin receptor substrate-1, Toll-like receptor 4 (TLR4), and aquaporin-2 were
represented by the unigenes.
The BLAST2GO annotation, directly performed on the
unigene sequences, was useful in the identification of InterPro conserved domains in 12.63 % of the sequences. The
25 top-hit InterPro domains has been listed in Table 4. The
IPR015880 (Zinc finger, C2H2-like domain) was the most
represented (1739 unigene sequences), followed up with
IPR012337 (Ribonuclease H-like domain) and IPR000477
(reverse transcriptase domain). Other notable top-hit InterPro domains identified in this study includes IPR002110
(ankyrin repeat), IPR001680 (WD40 repeat), IPR013783
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Fig. 7  GO term classification. The annotated unigenes against GO database were ascribed to GO terms under biological process (a), cellular
component (b), and molecular function (c) category

(Immunoglobulin-like fold domain), IPR000504 (RNA recognition motif domain), IPR001304 (C-type lectin domain)
and IPR002126 (cadherin domain).
SSR detection in the assembled unigenes
For SSR identification, we examined 30,827 assembled unigene sequences (≥1000 bp) with a total base
size of 61,674,216 bp. We identified 6924 SSRs in 4939
sequences, with 1290 sequences containing more than one
SSR. Additionally, we found 1269 SSRs in the compound
form. Among the identified SSRs, dinucleotide (3406,
49.19 %) repeats were the predominant followed by trinucleotide (2628, 37.95) and tetranucleotide (11.57 %)
repeats. While we selected for a minimum of six repeat
numbers for dinucleotide repeats, we screened for trinucleotide repeats and other nucleotide repeats (tetra-, penta-,
and hexanucleotides) with a minimum repeat number of
five and four, respectively. As shown in Fig. 9a, the predominant repeat numbers were six, five, and four for di-,
tri-, and all other nucleotide repeats, respectively. Considering the repeat motif types identified in this study, AC/GT

(1764, 25.48 %), AG/CT (17.35 %), and AT/AT (5.68 %)
formed the predominant dinucleotide motif types. ATC/
ATG (1007, 14.54 %) and ACAG/CTGT (1.98 %) formed
the predominant trinucleotide and tetranucleotide motif
type, respectively. The frequency of repeat motif types
obtained in this study is shown in Fig. 9b. For future studies on the polymorphic assessment of the species diversity, we have specified the primer sequences flanking the
di- (minimum 10 repeat numbers), tri-, and tetranucleotides
(minimum 7 repeat numbers) (S3 Table). Many of the unigenes with SSR primer sequences suggests putative functional status such as T-cell receptor, TRAF3 interacting
protein, RAB2, beclin 1-like isoform, acetylcholine receptor subunit, and fibrinogen-related protein 1 that are essential components of innate immunity system and defense
mechanisms.

Discussion
Next Generation Sequencing technologies are in the forefront of revolutionizing the field of genetics and genomics.
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Fig. 8  Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The KEGG annotated sequences to different ontologies are shown (outer circle). The total number of enzyme sequences

within each pathway is shown in the inner circle. Each pathway is
represented in a different color

The mRNA sequencing of non-model invertebrates have
been gaining popularity among researchers as it promises
to establish the species at the interface of ecology and evolution. The transcriptomes of economically important, rare
and endangered species of molluscs have been investigated
in separate studies using Next Generation platforms such
as 454 and Illumina (Werner et al. 2012; Clark and Thorne
2015). In this study, we targeted the transcriptome of K.
kurodana, a vulnerable gastropod species endemic to South
Korea. It was hypothesized that, in order to conserve the
species, a phenotypic screen of favorable traits are necessary that could manifest towards manipulation of adaptive
features. The visceral mass transcriptome clarified a total of
234,382,719 high quality reads assembling to overlapping
contiguous sequences. The average and N50 contig length
thus obtained were greater in this study than that obtained
with Illumina sequencing and de novo contig assembly of
molluscs such as Radix balthica (Feldmeyer et al. 2011),
Haliotis midae (Franchini et al. 2011), Chlamys farreri (Shi
et al. 2013), Echinolittorina malaccana (Wang et al. 2014),
and Anadara trapezia (Prentis and Pavasovic 2014). Considering the evaluation of de novo transcriptome assemblies wherein reference sequences are unavailable, median
contig length, N50 contig length and number of contigs
are common indicators of quality, although higher total
contig lengths may also suggest a greater redundancy of

sequences (Ren et al. 2012; Zhang et al. 2014). Similarly,
N50 is suggested to provide a measure of continuity but not
accuracy of contigs (Salzberg et al. 2012). Some reports
have even suggested the coverage of mitochondrial genes
as a parameter for the completeness of assembly process
(Coppe et al. 2010; Zhang et al. 2014; Patnaik et al. 2016a),
but this study is impossible in organisms without the mitochondrial transcriptome. Hence, to our understanding no
general criterion satisfies the quality of de novo transcriptome assembly.
The derived information on the unigene sequences,
obtained after clustering of the contig assembly were considered for the discovery of known genes. The query unigene sequences were matched with the subject homologous sequences from the public databases. The maximum
matches of unigenes to PANM database in the present
study is justified as it is a refined protostome group database used to improve the efficiency of the annotation in a
reduced time when compared with NCBI non-redundant
database (Kang et al. 2015). About 64.05 % of unigenes
remain unannotated and we assume that these would be
short sequences with the absence of a conserved protein
domain. It is also expected that the unannotated sequences
may be non-coding genes, untranslated regions or just random transcriptional noise. The unigenes showing greater
match to A. californica protein sequences is possibly due
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Table 3  List of adaptation-related unigenes identified from K. kurodana transcriptome
Candidate genes family

Number of unigene

Full name

Symbol

Also known as

Angiotensin I converting enzyme
Adenylate cyclase activating polypeptide 1
Angiotensinogen
AMP-activated protein kinase
Aquaporin 2
Basic helix–loop–helix family, member e40

ACE
ADCYAP1
AGT
AMPK
AQP2
BHLHE40

DCP; ICH; ACE1; DCP1; CD143; MVCD3
545
PACAP
376
ANHU; SERPINA8
219
AK; AmpKalpha; CG3051; dAMPK; Gprk4; SNF1A 6026
AQP-CD; WCH-CD
2481
DEC1; HLHB2; BHLHB2; STRA13; Stra14;
36
SHARP-2

Basic helix–loop–helix family, member e41
Chromosome 9 open reading frame 3
Collagen type I alpha 1
Deiodinase, iodothyronine
Endothelial PAS domain protein 1
Glutamate ionotropic receptor delta type subunit 1
Glutamate ionotropic receptor NMDA type subunit
2B

BHLHE41
C9ORF3
COL1A1
DIO
EPAS1
GRID1
GRIN2B

DEC2; hDEC2; BHLHB3; SHARP1
APO; AP-O; AOPEP; ONPEP; C90RF3
OI1; OI2; OI3; OI4; EDSC
5DI; TXDI1
HLF; MOP2; ECYT4; HIF2A; PASD2; bHLHe73
GluD1; GluRdelta1
MRD6; NR2B; hNR3; EIEE27; GluN2B;
NMDAR2B

Heat shock proteins 70
Insulin receptor substrate 1
Mitogen-activated protein kinase kinase kinase 15
Phospholipase A2 group XIIA
Regulator of cell cycle
Somatolactin
Solute carrier family 14 member 2
Stimulated by retinoic acid 6
T-box 5

HSP70
IRS1
MAP3K15
PLA2G12A
RGCC
SL
SLC14A2
STRA6
TBX5

HSPA6; HSP70B
G972R; IRS-1
ASK3; bA723P2.3
GXII; ROSSY; PLA2G12
RGC32; RGC-32; C13orf15; bA157L14.2
UT2; UTA; UTR; HUT2; UT-A2; hUT-A6
MCOPS9; MCOPCB8; PP14296
HOS

4160
3066
51
4
92
74
1
585
903

Toll-like receptors4

TLR4

TIL4; CD282

2907

to extensive genomic information for the species (Broad
Institute, A. californica genome project). Additionally, the
neuronal transcriptome (Moroz et al. 2006), developmental transcriptome (Heyland et al. 2011), and early life history stages transcriptome (Fiedler et al. 2010) of A. californica also have been reported suggesting its importance as a
model system for cellular and molecular studies involving
learning and behavior (Leonard and Edstrom 2004; Choi
et al. 2010). Similarly, genomic resources for the freshwater snail, L. gigantea (Simakov et al. 2013) and the oyster,
C. gigas (Zhang et al. 2012) are abundant that could reflect
a greater homology of K. kurodana unigenes. The unigene
annotation results in this study seems appropriate especially when related to the minor BLAST hits to mollusca
sequences reported for other molluscan transcriptomes
(Sadamoto et al. 2012). The BLAST annotation procedure
involving databases has been considered as the best utilizable model in ascertaining the unigene direction in most
non-model species (Rao et al. 2015; Chen et al. 2015; Patnaik et al. 2015).
The COG classification of unigenes in this study are
in consistent with studies in other non-model organisms

80
5
847
199
168
142
470

including molluscs (Lv et al. 2014; Patnaik et al. 2016a, b).
GO analysis was conducted on annotated transcripts using
BLAST2GO software. GO classification is not an evidence
of functionality as all GO terms do not show equal validity
(Rhee et al. 2008; Rogers and Ben-Hur 2009). Here, considering the GO terms, we emphasize the point that each
GO term has an associated evidence code. In this study, as
in many other species, the majority of terms are assigned
the code ‘IEA’ (inferred from electronic annotation); these
are terms that have no experimental verification and hence
would be of questionable validity. Additionally, GO terms
also contain low quality terms with evidence codes such as
‘NAS’ (non-traceable author statement) or ‘ND’ (no biological data available). Hence, the GO interpretation of unigenes in this study is only predicted.
We also identified the unigenes responsible for a regulatory function in defense mechanism and adaptation.
AMPK is called the “fuel gauge” of the cell as it regulates the catabolic ATP-generating and anabolic ATP consuming processes. AMPK helps in the adaptation of land
snails as it responds to hypoxia, glucose deprivation,
various cytokines, elevated intracellular Ca2+ and tumor
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Table 4  Top-hit 25
InterProScan protein domains
annotated within the unigene
sequences of K. kurodana

Domain

Description

Unigene

IPR015880
IPR012337
IPR000477
IPR002110
IPR013087
IPR027417
IPR002290
IPR003591
IPR001680

Zinc finger, C2H2-like domain
Ribonuclease H-like domain
Reverse transcriptase domain
Ankyrin repeat
Zinc finger C2H2-type/integrase DNA-binding domain
P-loop containing nucleoside triphosphate hydrolase domain
Serine/threonine/dual specificity protein kinase, catalytic domain
Leucine-rich repeat, typical subtype repeat
WD40 repeat

1739
432
396
364
323
261
226
195
184

IPR005135
IPR013783
IPR000504
IPR000276
IPR011701
IPR001304
IPR002126
IPR002048
IPR000742
IPR011989

Endonuclease/exonuclease/phosphatase domain
Immunoglobulin-like fold domain
RNA recognition motif domain
G protein-coupled receptor, rhodopsin-like family
Major facilitator superfamily
C-type lectin domain
Cadherin domain
EF-hand domain
EGF-like domain
Armadillo-like helical domain

183
176
173
172
156
153
145
138
132
126

IPR001841
IPR012336
IPR001888
IPR001478
IPR001245

Zinc finger, RING-type domain
Thioredoxin-like fold domain
Transposase, type 1 family
PDZ domain
Serine-threonine/tyrosine-protein kinase catalytic domain

122
119
107
103
101

IPR000008

C2 domain

98

Fig. 9  SSR repeats and types identified from the assembled unigene sequences. a The frequency of SSR repeat types in relation to the repeat
numbers. b The diverse repeat motif types and their frequency of occurrence in the unigene sequences

suppressors (Hardie 2007; Storey and Storey 2010). Heat
shock protein 70 family of proteins are known stress markers and have been implicated in the defense mechanisms
and adaptation of the land snail species (Wang et al. 2013).
TLRs with high identity to TLR4 have also been identified in the transcriptome of freshwater snail, Oncomelania
hupensis, responsible for Toll signaling process (Zhao et al.

13

2015). The discovery of unigenes predicted to biochemical
pathways related to metabolism, immunity and defense will
be useful in advancing the understanding of K. kurodana
functions under biotic and abiotic stressors.
With the InterPro domain analysis, significant attributes of the unigenes could be suggested. The most common zinc finger domain proteins can interact with the
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nucleotides (DNA, RNA), other proteins and lipids and
contribute to regulation of transcription, processing and
stability of mRNA, and protein turnover (Ravasi et al.
2003). They are most often the top-hit abundant domains
in transcriptomes of non-model organisms including molluscs (Firmino et al. 2013; Zhao et al. 2014; Patnaik et al.
2015, 2016b). The ribonuclease H-like domain is included
with many such unique domain sequences under Ribonuclease H-like (RNHL) superfamily involved to contribute
in many biological processes including RNA interference
(Majorek et al. 2014). The ankyrin repeat motif (33-residue) is also a frequently found domain in many proteins
that serves protein–protein interactions (Mosavi et al.
2004). The functions of the proteins in which ankyrin
repeats are populated includes regulation of transcription, embryogenesis (Notch protein in Drosophila), tumor
suppressor, and transcription factor (Swi4 and Swi6 in
yeasts) (Voronin and Kiseleva 2008). WD-40 repeats, also
a motif contributing to protein–protein interactions and
involved in cell death and transcriptional regulation has
been found in the transcriptome of Crassostrea virginica
(Zhang et al. 2014) and Cristaria plicata (Patnaik et al.
2016b). The immunoglobulin-like fold domain is the most
abundant of immunoglobulin-related domains pivoting
essential functions in vertebrate immune responses and
has been reported from the transcriptomes of non-model
species (Pallavicini et al. 2013; Zhao et al. 2014; Patnaik
et al. 2015). The C-type lectin domain proteins are primarily carbohydrate-binding proteins called lectins, but there
are many members with this domain those are not lectins.
Basically, these proteins contribute to innate immunity
in invertebrates including molluscs (Joubert et al. 2010;
Zhang et al. 2014; Patnaik et al. 2016b). The cadherin
domain has also been abundantly noticed in transcriptome
analysis of molluscs (Zhang et al. 2012; McDowell et al.
2014; Patnaik et al. 2016b).
An important utility of high-throughput transcriptome
characterization is to identify and validate microsatellite
markers within the putative transcribed regions. Microsatellite identification including the development of SSRs and
SNPs provide for a convenient platform to assess population diversity at the genetic level and serves to conserve
the gene pool for rare and endangered species. The limitations to the development of efficient genetic markers in
non-model organisms included the time and cost protocols as many of these were screened from whole-genome
libraries. But lately, the cDNA based microsatellite identification has accelerated the screening, development,
and application of markers for the benefit of non-model
organisms (Zalapa et al. 2012; Lopez-Uribe et al. 2012).
Advances in NGS technologies, bioinformatics platforms
and algorithms have helped for an efficient detection of

simple repeated sequences in the functional transcripts.
The transcriptome-derived microsatellites are more amenable to studies related to conservation genomics as these
correlate to known (or predicted) genes and show better
transferability among different species (Kashi et al. 1997;
Wang and Guo 2007). Lately, many transcriptome studies
on non-model species characterized microsatellites and
their direct application towards marker-assisted selection
(MAS), growth and reproductive performance, and quantification of genetic diversity within and among the populations of rare and endangered species (Mikheyev et al. 2010;
Zheng et al. 2013; Ma et al. 2014; Yue et al. 2015; Barat
et al. 2016; Patnaik et al. 2016b). In this study, we screened
SSR microsatellite sequences and analyzed the di- to hexanucleotide repeats both in terms of the number of repeats
and repeat motif types. Furthermore, we recorded the putative functions of the SSR derived unigenes and proposed a
set of primer sequences flanking the SSR sites for polymorphism identification in the species and studies on population diversity.
Our results were in contrast with the SSRs detected from
the gonad transcriptome of Pinctada margaritifera, where
tetranucleotide repeats formed more than half of the SSRs
(Teaniniuraitemoana et al. 2014). In case of C. virginica,
dinucleotide repeats were found more frequently after the
abundant mononucleotide repeats (Zhang et al. 2014).
We have ignored the screening of mononucleotide repeats
in the present study due to the possibility of accessing
homopolymers from Illumina sequencing errors. The most
abundant dinucleotide repeat motif types in the oyster C.
plicata were also found to be similar, but the predominant
tri- (AAT/ATT) and tetranucleotide repeat (ACAT/ATGT)
motif types were different (Patnaik et al. 2016b). The SSRs
identified in this study will support the study of population structure, phylogenetics, and phylogeography of the
species.
Here we report the first transcriptome survey of genetic
resources from Koreanohadra kurodana, a non-model
species endemic to Korea facing extinction. The 191,071
unigenes identified and annotated using bioinformatics
resources enable functional classification to cellular, biological and molecular processes. Many biochemical pathways in the species were revealed due to the association
of the transcripts including enzymes to them. In addition,
identification of suitable SSRs provide viable targets for
polymorphism studies across Koreanohadra kurodana populations and exploring genetic identity or diversity within
related species.
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