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Single nucleotide polymorphisms (SNPs) identified in coding regions represent a useful tool for under-
standing the immune response against pathogens and stressful environmental conditions. In this study, a
SNPs database was generated from transcripts involved in the innate immune response of the mussel
Mytilus chilensis. The SNPs were identified through hemocytes transcriptome sequencing from 18 in-
dividuals, and SNPs mining was performed in 225,336 contigs, yielding 20,306 polymorphisms associ-
ated to immune-related genes. Classification of identified SNPs was based on different pathways of the
immune response for Mytilus sp. A total of 28 SNPs were identified in the Toll-like receptor pathway and
included 5 non-synonymous polymorphisms; 19 SNPs were identified in the apoptosis pathway and
included 3 non-synonymous polymorphisms; 35 SNPs were identified in the Ubiquitin-mediated pro-
teolysis pathway and included 4 non-synonymous variants; and 54 SNPs involved in other molecular
functions related to the immune response, such as molecular chaperones, antimicrobial peptides, and
genes that interacts with marine toxins were also identified. The molecular markers identified in this
work could be useful for novel studies, such as those related to associations between high-resolution
molecular markers and functional response to pathogen agents.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

One approach for contributing to the understanding of the
immune system in aquatic species is the development of DNA
markers such as SNPs (Single Nucleotide Polymorphisms), with a
focus on the identification of different genotypes involved in the
response to diseases and pathogens [1]. Various studies have
emerged supporting the hypothesis that SNPs in immune-
relevant genes could influence the susceptibility of individuals
to pathogens and diseases. In aquatic species, polymorphisms
relating to single genes, such as inhibitors of serine proteases in
the Eastern oyster Crassostrea virginica [2] and ubiquitin-conju-
gating enzyme E2 in the muricid Concholepas concholepas [3],
have been described. In addition, SNPs identified from
sequenced libraries have been reported in diverse marine spe-
cies such as the Pacific oyster Crassostrea gigas [4], the turbot
Scophthalmus maximus [5], and the common carp Cyprinus carpio
[6]. In this latter species, SNPs were identified in a set of genes
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involved in the immune response, such as in toll-like receptors,
MyD88, TRAF, interferon, and interleukin-1b [7]. Regarding spe-
cific genes, twelve SNPs were found in both the TLR3 and TLR22
genes of the grass carp Ctenopharyngodon idella [8e10]. In
Mytilus chilensis, the target species of the current study, there
are currently no studies regarding SNPs markers related to im-
mune response genes.

Among the pathways involved in the immune response
against different pathogens, the first barrier is comprised of
diverse genes acting as Pattern Recognition Receptors (PRRs),
which are generally located in the cellular membrane. Pathogen
recognition is mediated by the interaction between PRRs and
Pathogens-Associated Molecular Patterns (PAMPs), being the
Toll-like Receptor (TLR) pathway the most studied route
involved in this process [11e13]. In general, the TLR pathway is
connected to the apoptosis pathway through the regulation of
the MyD88 and caspase-8 genes. The apoptosis pathway triggers
programmed cell death by regulating several genes, such as
different isoforms of caspases, TRAF, FADD, and MyD88, among
others. Thus, this pathway has a crucial impact on homeostasis
[14]. Previous reports have found sequences of genes related to
this pathway in shellfish, such as various caspase genes in
Mytilus galloprovincialis [15] and two BCL-2 genes in the Manila
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clam Ruditapes philippinarum [16]. Nevertheless, there are no
SNPs identified. On the other hand, TLRs could be related to
ubiquitin mediated proteolysis through the regulation of the NF-
kB e IkBa complex. Ubiquitin-related genes have been charac-
terized in diverse marine species, such as the UBE2D gene in the
marine invertebrate, abalone Haliotis diversicolor supertexta [17].
In addition, a SNP was located in the UBE2-like gene in the
marine gastropod Concholepas concholepas, and it was associated
with genotypes that had different transcriptional response levels
to an injection with Vibrio anguillarum [3]. Currently, this is the
only work that has identified SNPs in genes involved in the
ubiquitin-related proteolysis pathway in mollusks.

The innate immune system of mussels from the genus Mytilus
has been studied under diverse approaches. In M. galloprovincialis,
around 1820 sequences related to the immune response were
collected in order to develop the first Immunochip for this genus
[18]. In Mytilus edulis, a pyrosequencing approach was used to
characterize a complex repertoire of immune-related genes
concentrated in a certain pathway as a response against pathogens
[19]. Regarding SNPs markers identified in these species, previous
works have shown thatM. galloprovincialis exhibits a high quantity
of polymorphisms in themyticin-C gene [20], with 25 SNPsmarkers
found for this species from public databases [21]. Moreover, 8 SNPs
were used to study the genetic structure of three European species
of the Mytilus taxa [22].

In regards to the target species of the current study,M. chilensis,
the information is scarce about its immune response to pathogens.
Until now, the NCBI Genbank database only lists 62 sequences for
this species, and among these, about ten are related to genes with
known functions. The expression levels for thirteen of these genes
were triggered by a saxitoxin injection [23], but no SNPs have been
currently identified in this species, despite its commercial and
ecological relevance [24]. The objective of this study was to identify
SNPs markers located in immune-relevant genes of the Chilean
mussel M. chilensis in order to increase the genomic data and
further immunological studies.
Fig. 1. Number of SNPs in immune-relevant genes of Mytilus chilensis. Y-axis corresp
2. Materials and methods

2.1. Sample collection

Eighteen individuals were collected from Caleta Coliumo, Tomé,
Bio Bio, Chile (36�320Se72�570W) and maintained at 14 �C in
seawater with constant aeration. Around 1 mL of hemolymphs was
collected from all individuals using sterile syringes, and then he-
mocytes were obtained through centrifugation in 1200 � g for
20 min at 4 �C. To achieve quality RNA extractions, hemocytes were
pooled into groups of three mussels.

2.2. Total RNA extraction and transcriptome sequencing

Total RNAwas extracted from each pool using the Ribopure� kit
(Ambion�, Life Technologies�, USA) following the manufacturer’s
instructions. Quantity, purity, and quality of isolated RNA were
measured in TapeStation 2200 (Agilent Technologies Inc., Santa
Clara, CA, USA) using the R6K reagents kit according to manufac-
turer instructions. Subsequently, double-stranded cDNA libraries
were constructed using the TruSeq RNA Sample Preparation kit v2
(Illumina�, San Diego, CA, USA) and sequenced in the HiSeq 2000
platform (Illumina�) using 2x101 Pair-End read sequencing runs.

2.3. Bioinformatic analyses and SNPs discovery

Bioinformatic analyses were carried out using the CLC Genomics
Workbench software (Version 6.0.1, CLC Bio, Denmark). De novo
assembly was applied to mine SNPs variants from the tran-
scriptome of six pools (N ¼ 3 mussels) of M. chilensis. The assembly
parameters used were the following: mismatch cost ¼ 2, deletion
cost ¼ 3, insert cost ¼ 3, minimum contig length ¼ 200 bp, and
trimming quality score ¼ 0.05. Furthermore, to exclude paralogous
sequence variants (PSVs) an overlap criterion of 70% and a simi-
larity of 0.9 were applied [25]. Candidate SNPs were called with the
following settings: window length ¼ 11, maximum gap and
ond to count of the SNPs within the contigs annotated as the respective gene.
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mismatch count ¼ 2, minimum average quality of surrounding
bases ¼ 15, minimum quality of central base ¼ 20, maximum
coverage ¼ 100, minimum coverage ¼ 8, minimum variant fre-
quency (%) ¼ 35.0, and maximum expected variations (ploidy) ¼ 2.
In addition, a 454-homopolymer indels filter was applied.

Transcriptome annotation was based on a BLASTn analysis
against a specific EST-database constructed with sequences of
immune-relevant genes for mollusk species. The sequences were
downloaded from the NCBI Genbank, Mytibase [26], and M. edulis
EST-database [19]. Herein, sequences called “immune-relevant”
were included in this specific database. In particular, this database
was constructed downloading the sequences of all the genes in
mammals and in fishes for six different KEGG pathways involved
in the immune response: apoptosis, cytokineecytokine receptor,
JAK-STAT, p53, toll-like receptor and ubiquitin-mediated proteol-
ysis pathways. Furthermore, Genbank sequences for mollusks
were downloaded for other genes to be included in the database:
allograft inflammatory factor, calmodulin, caspase, catalase,
cathepsin, defensin, ependymin, ferritin, fibrinogen, glutathione-s
transferase, heat shock-proteins, immunoglobulin, interleukin,
lectin, lipopolysaccharide-induced TNF-alpha factor (LITAF), lyso-
zyme, metalloproteinase, metallothionein, MyD88, myticin, myti-
lin, mytimacin, p53, peptidoglycan recognition protein (PGRP),
plasminogen, super-oxide dismutase (SOD), serine protease
Table 1
List of most characteristic genes with SNPs in the different pathways analyzed.

Gene Function Number of co

AKT Toll-like receptor pathway 1
Calcium channel Toxin binding 4
Calmodulin Toxin binding 6
Calpain2 Apoptosis pathway 1
CASP7 Apoptosis pathway 1
Cullin1 Ubiquitin mediated proteolysis pathway 1
Cullin3 Ubiquitin mediated proteolysis pathway 1
Cullin4 Ubiquitin mediated proteolysis pathway 1
CytC Apoptosis pathway 1
G-type lysozyme Antibacterial response 1
GABARAP Ubiquitin mediated proteolysis pathway 1
HERC2 Ubiquitin mediated proteolysis pathway 1
HSP22 Molecular chaperone 2
HSP70 Molecular chaperone 5
HSP90 Molecular chaperone 1
IAP Apoptosis pathway 1
IAP RP6 Ubiquitin mediated proteolysis pathway 1
IFN-aBR Toll-like receptor pathway 1
IkBa Toll-like receptor pathway 1
IKKb Toll-like receptor pathway 2
IRAK4 Toll-like receptor pathway 1
IRF3 Toll-like receptor pathway 1
L40 Ubiquitin mediated proteolysis pathway 1
Lysozyme Antibacterial response 1
MGD2b precursor Antimicrobial peptide 1
MKK4 Toll-like receptor pathway 2
Myticin-A precursor Antimicrobial peptide 1
NF-kB Toll-like receptor pathway 1
PfAF Ubiquitin mediated proteolysis pathway 2
PKB Apoptosis pathway 5
Polyubiquitin Ubiquitin mediated proteolysis pathway 1
Potassium channel Toxin binding 1
Prohibitin Ubiquitin mediated proteolysis pathway 1
RING-box_protein_1 Ubiquitin mediated proteolysis pathway 1
RIP1 Toll-like receptor pathway 1
TLR1 Toll-like receptor pathway 1
TLR3 Toll-like receptor pathway 3
TRAF6 Toll-like receptor pathway 1
Transferrin Toxin binding 1
UBE2 Ubiquitin mediated proteolysis pathway 2
UBE3 Ubiquitin mediated proteolysis pathway 2
Ubiquitin_HIP2 Ubiquitin mediated proteolysis pathway 1
inhibitors, toll-like receptor, TNF-alpha, ubiquitin. In total, the
collection of all of these sequences encompassed a database of
5167 transcripts. Subsequently, SNPs variants were annotated ac-
cording the BLAST hits. Further analyses, such as synonymous or
non-synonymous SNPs identification, SNPs position in the mRNA
(CDS, 30UTR, 50UTR), and classification by SNPs classes, were per-
formed in the Geneious Software (version 6.0, Biomatter Ltda.,
New Zealand).

3. Results

3.1. SNPs in immune-relevant sequences: general overview

The transcriptome sequencing of M. chilensis yielded
799,899,594 reads which were assembled into 225,336 contigs
with an average length of 372 bp. From this, 18,105 contigs (8.73%)
were successfully annotated as immune-related genes through the
BLAST analysis against the EST-immune-database. Furthermore,
8270 annotated contigs evidenced at least one SNP variant, and a
total of 20,306 SNPs associated to immune-relevant sequences
were counted (see details of SNP calling in Supplementary Table 1).
As was expected, the majority of polymorphisms were first class
SNPs (C/T and G/A), which numbered 10,845 and corresponded to
53.41%. Second class SNPs (C/A and G/T) numbered 4524 and
ntigs Number of SNPs Best e-value SNP position

50 UTR CDS 30 UTR

1 5.70 E-160 0 1 0
11 5.53 E-84 2 3 6
10 3.98 E-110 1 7 2
3 3.00 E-32 0 3 0
1 1.52 E-06 0 0 1
3 1.07 E-120 0 0 3
1 0 0 1 0
4 0 0 3 1
1 3.00 E-41 1 0 0
1 6.56 E-22 0 1 0
3 0 0 3 0
5 8.14 E-150 1 4 0
3 2.64 E-05 0 1 1

13 0 0 9 4
1 4.36 E-158 0 1 0
3 7.21 E-17 3 0 0
1 2.30 E-52 0 1 0
1 1.20 E-06 0 1 0
1 6.02 E-23 0 1 0
8 7.23 E-83 0 8 0
1 1.10 E-27 0 1 0
4 2.19 E-07 1 2 1
1 5.33 E-58 0 0 1
3 3.89 E-58 0 3 0
1 0 0 0 1
5 4.02 E-159 0 1 4
9 1.33 E-100 0 0 9
1 2.07 E-86 0 1 0
3 2.62 E-107 0 3 0

11 1.28 E-85 0 11 0
2 4.43 E-60 0 2 0
1 8.77 E-89 0 1 0
1 4.68 E-77 0 1 0
1 6.93 E-90 0 0 1
1 2.37 E-33 0 1 0
1 9.88 E-27 0 1 0
3 1.44 E-14 0 1 0
1 1.26 E-50 0 1 0
1 7.21 E-16 0 1 0
3 1.78 E-24 0 1 2
2 6.17 E-30 0 1 1
1 7.31 E-59 0 0 1
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corresponded to 22.28%, while fourth class SNPs (A/T) numbered
4045 and corresponded to 4.39%, and finally, third class SNPs (C/G)
numbered 892 and represented 4.39%. These classes correspond to
the classification suggested by Liew et al. [27], which are associated
to the differential melting temperature (Tm) among the comple-
mentary nucleotides.

The genes with the highest number of SNPs were also identi-
fied (Fig. 1). To conduct this analysis, sequences with the highest e-
value (cutoff ¼ 1E-30) score were selected and grouped into gene
families when this corresponded. Interestingly, the maximum
number of SNPs achieved in the same gene or gene family was
obtained in lectins and collagens, which both had 76 poly-
morphisms. Following these genes, 63 polymorphisms were found
in a homolog of the Ras gene. Other genes with a high number of
SNPs were the Fibrinogen-like (50 SNPs), heat shock protein (40
SNPs), serine/threonine protein kinase 1 (30 SNPs), calmodulin (25
SNPs), and RING finger protein (23 SNPs).

3.2. SNPs in the immune pathways of M. chilensis

Different genes that comprise the immune-related KEGG path-
ways were analyzed for specific SNPs (See summary in Table 1). The
first pathway to be analyzed was the Toll-like receptors (TLR)
signaling pathway. Among this set of genes, 28 SNPs were found. Of
these, the kinase IKKb, belonging to the IKK kinase complex, was
the most polymorphic and had 30% of the SNPs. This gene was
followed by the Mitogen-activated protein kinase kinase 4 (MKK4)
with 19% of the SNPs, and then the Interferon regulatory factor 3
(IRF3) with 13% (Fig. 2A). The SNPs located in this pathway were
mostly first class (50%) while the remaining classes composed the
remaining quantity (Fig. 2B). SNPs were more frequently located in
the coding regions (CDS) rather than in the untranslated regions
Fig. 2. Description of SNPs presented in the Toll-like receptor pathway of Mytilus chilensis.
classes; C: Distribution of SNPs according to its position in the transcript, D: Synonymous
(UTR) of these genes (Fig. 2C). From the total number of SNPs
located in the coding region, there are four timesmore synonymous
than non-synonymous substitutions (Fig. 2D). These non-
synonymous SNPs correspond to the following four different sub-
stitutions: Glutamine to Histidine in the IKKb gene, Isoleucine to
Methionine in the IRAK4 gene, Leucine to Histidine in the IRF3 gene,
and Glycine to Valine in the MKK4 gene.

Regarding the genes of the apoptosis pathway, 19 SNPs were
found in five different genes. The protein kinase B gene (AKT/PKB)
was the most polymorphic with 58% of the total number of SNPs,
while the remaining SNPs were located in the IAP, caspase 7, calpain
2, and CytC genes (Fig. 3A). Class distributions, position of the SNPs
in the genes, and amino acid substitution implications were pro-
portionally similar to the TLR pathway (Figs. 3BeD). There were
three non-synonymous substitutions that corresponded to a sub-
stitution between Tryptophan and a stop codon and Serine to
Asparagine in the AKT/PKB gene, and Aspartic Acid to Glutamic Acid
in the calpain 2 gene.

On the other hand, genes involved in the ubiquitin-mediated
proteolysis process were highly polymorphic and exhibited 35
SNPs. The distribution of the SNPs in this group were more ho-
mogenous than the other pathways, and the most polymorphic
genes were in the probable E3 ubiquitin-protein ligase HERC2 with
14% of SNPs, while cullin 4 and ubiquitin had 11% of SNPs, and the
remainder of SNPs were located in various genes with similar
number of polymorphisms found in their sequences (Fig. 4A).
Meanwhile, class distribution of SNPs, position, and the synony-
mous or non-synonymous ratio were similar to those in the other
studied pathways (Fig. 4BeD). Non-synonymous substitutions
corresponded to changes from Isoleucin to Asparagine in the cullin
4 gene, Alanine to Aspartic Acid in the IAP repeate-containing region
6 gene, Valine to Isoleucine in the antisecretory factor-like protein
A: Distribution of SNPs by different genes of the pathway; B: Distribution of SNPs by
and Non-Synonymous SNPs proportion.



Fig. 3. Description of SNPs presented in the apoptosis pathway of Mytilus chilensis. A: Distribution of SNPs by different genes of the pathway; B: Distribution of SNPs by classes; C:
Distribution of SNPs according to its position in the transcript, D: Synonymous and Non-Synonymous SNPs proportion.
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(PfAF) gene, and Glycine to Cysteine in the GABAA receptor-
associated protein (GABARAP) gene.

Finally, other genes involved in the response to environmental
stress, toxins, and microbes were analyzed. From this set of genes
Fig. 4. Description of SNPs presented in the ubiquitin-mediated proteolysis pathway ofMytil
SNPs by classes; C: Distribution of SNPs according to its position in the transcript, D: Syno
we found high levels of polymorphisms in themolecular chaperone
HSP70, in the calcium channel gene, in Calmodulin, and in the
antimicrobial peptide Myticin-A precursor, among others (Fig. 5).
The class distribution of these genes, position, and amino acid
us chilensis. A: Distribution of SNPs by different genes of the pathway; B: Distribution of
nymous and Non-Synonymous SNPs proportion.



Fig. 5. Description of SNPs presented other genes involved in pathogen/stress response ofMytilus chilensis. A: Distribution of SNPs by different genes of the pathway; B: Distribution
of SNPs by classes; C: Distribution of SNPs according to its position in the transcript, D: Synonymous and Non-Synonymous SNPs proportion.
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changes were similar to the previously mentioned sets of genes
(Fig. 5BeD). Some non-synonymous SNPs presented in these genes
were as follows: Asparagine to Serine in the HSP70 gene, Threonine
to Alanine and Glutamine to Lysine in the HSP22 gene, Aspartic acid
to Glutamic Acid and Glycine to Aspartic acid in the lysozyme gene,
and Alanine to Threonine and Methionine to Isoleucine in the
calmodulin gene.
4. Discussion

The immune-related SNPs described in this work are a contri-
bution to the immunogenomics field in Mytilid species. Currently,
the 20,306 SNPs identified in this study are the widest set of
markers involved in immune response for marine bivalves, and this
amount only considers 8.73% of the total yield from the overall
RNA-seq project that this study forms a part of. Undoubtedly, this
RNA-seq project could be used in future works to span other bio-
logical processes of interest, which is more evidence of the strong
potential of high-throughput sequencing to identify novel, high-
resolution molecular markers [28].

Regarding in particular the molecular markers presented in
immune-related genes, the SNPs found in this study have great
potential for use in susceptibility/resistance evaluation analyses.
Interestingly, in this study lectins and collagenswere the genes that
presented the highest number of SNPs. This is relevant, as previous
studies have shown that SNPs in collagenous lectins are significantly
associated with susceptibility to disease in pigs [29]. The SNPs
analyzed in that study were present in both the collagenous-like
and lectin domains. In the current study, high numbers of poly-
morphisms in relevant genes to these types of studies were found.
For example, genes from the TLR pathway have been analyzed in
association studies. The most polymorphic gene found in this
pathway was IKKb, which had only been associated with insulin
resistance in humans [30] and obesity disease in porcine animals
[31]. Another gene from this pathway with more than one poly-
morphism was IRF3, which has been proposed in genetic breeding
programs in pigs due to its association with resistant traits [32]. On
the other hand, previous studies associating genes from the
apoptosis or ubiquitin-mediated proteolysis pathways with
immune-related traits were not found, with the exception of the
UBE2-like gene that was previously described by the authors of this
study [3].

On the other hand, we found some genes with lower level of
polymorphism than we expected according to previous de-
scriptions. This is the case of some antimicrobial peptides such as
different forms of the Myticin transcripts, which in other Mytilus
species has shown a quite number of SNPs [20], while we found
polymorphisms only in the Myticin A transcripts. Nonetheless, we
could not establish a direct relationship because the previous works
considered SNPsmining in both exons and intronic regions through
sanger sequencing or pyrosequencing [33], while we considered
only transcriptomic regions.

Despite the fact that previous works have developed SNPs
markers in mussels [21,22,34], this is the first time that a wide
transcriptomic sequence project was used to identify SNPs in
immune-related genes in a species from the Mytilus genus. This
survey to discover a wider number of SNPs in the immune-related
transcripts inM. chilensis had the aim of developing useful markers
for future studies, which could potentially associate different ge-
notypes with susceptibility/resistance to pathogens and stress.
Furthermore, SNPs markers in candidate genes represent a pivotal
tool for understanding how the immune response could vary
depending on the genotype of the specific locus.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fsi.2013.09.028.
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