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Abstract

Background: The Indo-Pacific humpback dolphin (Sousa chinensis), a marine mammal species inhabited in the waters of
Southeast Asia, South Africa and Australia, has attracted much attention because of the dramatic decline in population size
in the past decades, which raises the concern of extinction. So far, this species is poorly characterized at molecular level due
to little sequence information available in public databases. Recent advances in large-scale RNA sequencing provide an
efficient approach to generate abundant sequences for functional genomic analyses in the species with un-sequenced
genomes.

Principal Findings: We performed a de novo assembly of the Indo-Pacific humpback dolphin leucocyte transcriptome by
lllumina sequencing. 108,751 high quality sequences from 47,840,388 paired-end reads were generated, and 48,868 and
46,587 unigenes were functionally annotated by BLAST search against the NCBI non-redundant and Swiss-Prot protein
databases (E-value<10~°), respectively. In total, 16,467 unigenes were clustered into 25 functional categories by searching
against the COG database, and BLAST2GO search assigned 37,976 unigenes to 61 GO terms. In addition, 36,345 unigenes
were grouped into 258 KEGG pathways. We also identified 9,906 simple sequence repeats and 3,681 putative single
nucleotide polymorphisms as potential molecular markers in our assembled sequences. A large number of unigenes were
predicted to be involved in immune response, and many genes were predicted to be relevant to adaptive evolution and
cetacean-specific traits.

Conclusion: This study represented the first transcriptome analysis of the Indo-Pacific humpback dolphin, an endangered
species. The de novo transcriptome analysis of the unique transcripts will provide valuable sequence information for
discovery of new genes, characterization of gene expression, investigation of various pathways and adaptive evolution, as
well as identification of genetic markers.

Citation: Gui D, Jia K, Xia J, Yang L, Chen J, et al. (2013) De novo Assembly of the Indo-Pacific Humpback Dolphin Leucocyte Transcriptome to Identify Putative
Genes Involved in the Aquatic Adaptation and Immune Response. PLoS ONE 8(8): €72417. doi:10.1371/journal.pone.0072417

Editor: Zhanjiang Liu, Auburn University, United States of America
Received April 9, 2013; Accepted July 9, 2013; Published August 28, 2013

Copyright: © 2013 Gui et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by the National Natural Science Foundation of China (Grant Nos. 31271576, 41276147), the Ph.D. Programs Foundation of
Ministry of Education of China (Grant No. 20120171110033), the Sousa chinensis Conservation Action Project from the Administration of Ocean and Fisheries of
Guangdong Province, China, and the Priming Scientific Research Foundation for Junior Teachers in the Sun Yat-sen University (Grant No. 42000-1188140). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: yimsh@mail.sysu.edu.cn (MY); exwyp@mail.sysu.edu.cn (YW)

® These authors contributed equally to this work.

Introduction genomic information, the researches on the Indo-Pacific hump-
back dolphin are mainly focused on the morphology, population
distribution, age structure, biodiversity, heavy metals and organic
toxicants [2-5], and the investigations on the population genetics
and evolution are still essentially rare. The Indo-Pacific humpback
dolphin is particularly vulnerable to threats, such as pathogenic
microorganism, persistent organic pollutants, agricultural and
environmental pollutants [6-9]. The increasing disease suscepti-
bility has led to a possible negative influence on the immune
system and the health of this dolphin species. Because of the lack of
knowledge about the cetacean immune system, the immunology of
marine mammals marched slowly in the past decades. Cetaceans

The Indo-Pacific humpback dolphin, also called the Chinese
white dolphin, has once widely distributed in estuarine and inshore
waters of the Indian and Western Pacific Ocean [1]. Unfortu-
nately, it has become an endangered species, and has been listed in
the First Order of the National Key Protected Wild Aquatic
Animals List in China and the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES). It has
been further classified on the International Union for Conserva-
tion of Nature and Natural Resources (IUCN) Red List of
Threatened Species since 2012. Due to the limited available
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had undergone a radical transformation in morphology and
physiology to adapt a fully aquatic lifestyle [10]. However, the
molecular correlates of the remarkable phenotypic features of
these aquatic mammals still remain poorly explored. The effective
protection of cetacean population needs comprehensive under-
standing of the genetic background of the animal populations.
Churrently, advances in molecular techniques have enabled the
study of kinship relations, genetic diversity and population
structure in many different contexts, such as mtDNA (mitochon-
drial DNA), SNP (single nucleotide polymorphism) and SSR
(simple sequence repeat) [11-13]. Microsatellites are widely used
as genetic markers in the studies of marine mammals [14,15].
Owing to limited genomic sequences, only few microsatellites have
been successfully developed in cetaceans. The availability of
abundant genomic sequence information of the Indo-Pacific
humpback dolphin would be benefit to the development of more
genetic markers, as well as the investigations of the underlying
molecular mechanism of immune response and adaptive evolution
in cetaceans.

Genome sequencing and global exploration of transcriptome
are effective methods to obtain abundant functional sequences
involved in various biological processes. Compared to the whole-
genome sequencing, the next-generation RNA sequencing tech-
nologies provide a cost-effective approach to produce sequences of
the transcribed portion of genes. Several transcriptome studies
indicated that it was feasible for plant and animal species to
assemble and analyze the transcriptome with Illumina second
generation sequencing technology [16-18]. In this study, we
performed the analyses of the leucocyte transcriptome of the Indo-
Pacific humpback dolphin, including transcriptome sequencing,
assembly and annotation. A large number of genes involved in the
immune response and adaptive evolution of cetaceans were
identified. This transcriptome dataset provided the first picture
of the genomic transcriptional activity of this endangered marine
mammal species, and moreover, a valuable resource for identifi-
cation of genes involved in immune response and adaptive
evolution, identification of new genes as well as for development of
genetic markers in the Indo-Pacific humpback dolphin.

Results and Discussion

lllumina Sequencing and Sequence Assembly

In total, illumina sequencing yielded 52,178,320 reads from the
mRNA pool of the leucocytes of the Indo-Pacific humpback
dolphin. After removal of adaptor sequences, ambiguous reads
and low-quality reads (Q20<<20), we obtained 47,840,388 clean
reads comprising 4,305,634,920 nucleotides. The Q20 percentage
(sequencing error rate <1%) and GC percentage are 97.58% and
51.55%, respectively. All clean reads were assembled de novo using
the Trinity program [19] as summarized in Table 1. The
47,840,388 clean reads were further assembled into 329,213
contigs with a mean length of 209 bp and an N50 of 245 bp (i.e.
50% of the assembled bases were incorporated into contigs of
245 bp or longer). The length distribution for all contigs was
presented in Figure 1A. Although most of the contigs (240,522)
were less than 200 bp, 17,934 contigs were longer than 500 bp.
From the contigs, 108,751 unigenes comprising 81,347 singletons
and 27,404 clusters were obtained with an average unigene length
of 671 bp and an N50 of 1,114 bp (Table 1). Singletons represent
the reads with similarities to other reads, but with minor
differences resulting in the exclusion from the clusters. Figure 1B
showed the length distributions of all assembled unigenes. 7,409 of
the 108,751 unigenes were longer than 2,000 bp.
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For coding sequence (CDS) analysis, protein prediction and
gene annotation, all assembled unigenes were searched against
various databases: GenBank non-redundant (NR), Swiss-Prot,
Gene Ontology (GO), Clusters of Orthologous Groups (COG)
[20], and Kyoto Encyclopedia of Genes and Genomes (KEGG)
using the BLASTx program (E-value<107?). In total, 49,221
significant BLAST hits (45.26% of all unigenes) were obtained.
The CDS of the unigenes that did not have BLAST hit were
converted into deductive peptide sequences using ESTScan [21].
The length distributions for all the CDS were shown in Figure 1C
and 1D.

Functional Annotation

For validation and annotation of the assembled unigenes, all the
assembled unigenes were searched against the NR, Swiss-Prot
protein databases and NCBI nucleotide sequences database (N'T)
using BLASTx program (E-value<<107°). The results showed that
48,868 and 46,587 unigene sequences had BLAST hits to
annotated proteins in NR and Swiss-Prot protein databases,
respectively (Table 2). Analysis of the distributions of E-values
indicated that 82.7% of the aligned sequences showed significant
homologies to the entries in the NR database (E-value<<10™ ')
(Fig. 2A). Further analysis of the similarity distributions indicated
that 73.3% of matched sequences had alignment identities greater
than 80% (Fig. 2B). A large part of the hits matched the sequences
of Bos Taurus (24.8%), susscrofa (18.1%), and the others were
identified within the reference protein databases of Equuscaballus
(7.3%), Savmiriboliviensis (5.7%), Ailuropodamelanoleuca (5.4%), Canis
lupus  familiaris (4.8%), and Homo spapiens (4.7%), respectively
(Fig. 2C). There were also many unigenes without any BLAST
hit, which might represent additional genes that had not
represented in the annotated protein databases or sequences that
were too short to produce hits. In addition, BLASTx of the
assembled unigene sequences against N'T' database resulted in the
identification of 83,676 sequences with at least one significant
alignment to an existing gene model (Table 2).

GO (gene ontology) is an international classification system for
standardized gene functions and is used to annotate and analyze
gene functions and gene products in any organism. GO contains
three main, independent ontologies: biological process, molecular
function, and cellular component [17]. To predict their possible
functions, the unigenes were searched against the GO database.
We used the Blast2GO program [22] to analyze GO annotation of
the assembled unigenes, and then applied the WEGO software to
perform GO functional classifications [23]. Based on NR
annotation, 37,976 unigenes were assigned to 61 GO terms
belonging to three main GO ontologies (Fig. 3). Further analysis of
the 61 GO terms showed that the dominant terms were “cellular
processes”, “metabolic processes”, “cells”, “cell parts”,
elles” and “binding”. Within the biological process group, the
great majority was related to cellular process and metabolic
process. Within cellular component, the largest proportion was
assigned to cells and cell parts, followed by binding and catalytic
activity. Remarkably, a few genes were related to immune system
process and locomotion.

The COG database represents an attempt on a phylogenetic
classification of the proteins encoded in complete genomes, and is
applied to the function prediction and classification of new
sequences [16]. In order to predict their possible functions, the
unigenes were searched against the COG database. The result
showed that 16,467 unigenes of 48,868 NR hits were clustered into
25 functional categories among which “‘general function predic-
tion only” represented the largest group (5,903 unigenes, 35.85%),
followed by “translation, ribosomal structure and biogenesis”

organ-
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Table 1. Summary of the sequence assembly after lllumina sequencing.

Total Number Total Length(nt) Mean Length(bp) N50(bp) Distinct Singletons gll:':t":rts
Raw sequencing reads 52,178,320 47,840,388
Total Clean reads 47,840,388 4,305,634,920
Total Contigs 329,213 68,847,299 209 245
Total unigenes 108,751 72,951,473 671 1114 81,347 27,404
GC percentage 51.55%
Q20 percentage 97.58%
N percentage 0.00%

doi:10.1371/journal.pone.0072417.t001

(5,419 unigenes, 32.91%), “replication, recombination and repair”
(3,641 unigenes, 22.11%) and “cell cycle control, cell division,
chromosome partitioning” (3,267 unigenes, 19.84%). The smallest
groups were ‘“nuclear structures” (4 unigenes) and “extracellular
structures” (16 unigenes) (Fig. 4).

KEGG, a pathway-based categorization of orthologous genes,
provides useful information for predicting the functional profiles of
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Figure 1. Overview of the Indo-Pacific humpback dolphin leucocytes transcriptome assembly. (A) The size distribution of the contigs
obtained from de novo assembly of high-quality clean reads. (B) The size distribution of the unigenes produced from further assembly of contigs. (C)
The size distribution of the CDS produced by searching unigene sequences against various protein databases (NR, Swiss-Prot, KEGG and COG, in
order) using BLASTX (E-value<10~°). (D) Size distributions of the ESTs obtained from the ESTScan results. For unigene CDS that had no hits in the
databases (NR, Swiss-Prot, KEGG and COG), the BLAST results were subjected to ESTScans and then converted into peptide sequences.

doi:10.1371/journal.pone.0072417.g001
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Table 2. Summary of the unigene hits in public protein
databases.

Public protein

database Number of unigene hits Percentage (%)
NR 48,868 57.68

Swiss-Prot 46,587 54.99

KEGG 36,345 42.90

COG 16,467 29.44

GO 37,976 44.83

NT 83,676 98.77

ALL 84,716

doi:10.1371/journal.pone.0072417.t002

larger number of unigenes were mapped to pathways involved in
immune response, such as chemokine signaling pathway (1,127
unigenes), T cell receptor signaling pathway (746 unigenes), B cell
receptor signaling pathway (668 unigenes), toll-like receptor
signaling pathway, (529 unigenes), cytokine-cytokine receptor
interaction (514 unigenes), RIG-I-like receptor signaling pathway
(373 unigenes), NOD-like receptor signaling pathway (362
unigenes), antigen processing and presentation (314 unigenes). In
addition, we also identified some genes involved in the pathways
related to the adaptive evolution of cetaceans, such as Fat digestion
and absorption (118 unigenes), Vasopressin-regulated water
reabsorption (114 unigenes), Glyoxylate and dicarboxylate metab-
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olism (112 unigenes), Fatty acid elongation (53 unigenes), Fatty
acid biosynthesis (48 unigenes), Renin-angiotensin system (21
unigenes). These genes might be related to fat storage, energy
metabolism, and osmoregulation in cetaceans.

SSR and SNP Markers Identification

Microsatellites, also known as SSRs, are classes of repetitive
DNA sequences which are ubiquitous in eukaryotic genomes [25].
It 1s well-known that SSRs are ideal markers for paternity
determination, population genetics investigation, genetic diversity
assessment and genetic map development [26]. From the 108,751
assembled unique sequences, 9,906 SSRs (9,457 with simple
repeats and 449 with compound formation) were identified in
8,762 unique sequences, in which 950 sequences contained more
than one SSR. Monomer repeats (43.33%) were the most common
SSRs, followed by di- (29.50%), tri- (20.54%), tetra- (3.06%), hexa-
(2.33%), and pentanucleotide (1.24%) repeats. All the SSRs were
further classified by the number of repeat units. The results
showed that the number of potential SSR composed of 6 repeat
units was the most (16.62%, 1,646), followed by 5 (14.84%, 1,470),
12 (10.47%, 1,037) and 7 repeat units (9.39%, 930). Additionally,
4,306 potential SSRs contained more than 12 repeat units, and the
motifs almost were mono-nucleotide repeats (Table S2). In the
assembly, the most frequent SSR motifs were mono-nucleotide A/
T (41.59%), followed by AC/GT (19.46%), AG/CT (6.7%), and
AGC/CTG (5.18%).

In addition, 3,681 putative SNPs containing 2,591 (70.39%)
transitions (T's) and 1,090 (29.61%) transversions (Tv) were
identified in the assembled sequences (Table S3). The frequencies
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Figure 2. Characterization of the assembled unigenes against NR protein databases. (A) E-value distribution of BLAST hits for the
assembled unigenes with a cutoff of 1E-5. (B) Similarity distribution of the top BLAST hits for the assembled unigenes with a cutoff of 1E-5. (C)
Species distribution of the top BLAST hits for the assembled unigenes with a cutoff of 1E-5.

doi:10.1371/journal.pone.0072417.g002
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Figure 3. GO assignment for assembled unigenes. The results are summarized in three main categories: biological process, cellular component
and molecular function. In total, 37,976 unigenes were assigned to GO. Classified gene objects are depicted as absolute numbers of the total number

of gene objects with GO assignments.
doi:10.1371/journal.pone.0072417.g003

of different Ts types were similar, and those of Tv types were a
little of difference. The transcriptome wide Ts/Tv ratio was 2.37
(Table S3).

The SSRs and putative SNPs in the leucocyte transcriptome of
the Indo-Pacific humpback dolphin would provide potential
genetic markers for the applications in population genetics,
comparative genomics, as well as gene-based association studies
aimed to understanding the genetic control of adaptive traits.

Identification of Sequences Related to the Immune

Response

Leucocytes play an important role in the defense system which
resists and destroys pathogenic microorganisms by phagocytosis
and generation of antibodies. A key word list and GO immune-
related terms were used to search for genes putatively involved in
the immune system of the Indo-Pacific humpback dolphin. We
obtained a large number of immune-related genes which were
involved in common, well-recognized immune pathways, such as
antigen processing and presentation, cell recognition, complement
and coagulation cascades, toll-like receptors (TLRs), T cell
receptor signaling, cell receptor signaling and so on (Table S4).
The toll receptor, as the signal transducer of the Toll pathway,
plays a crucial role in innate immune response. In this study, we
identified ten genes coding toll receptors in transcriptome datasets,
including TLR1 to TLR10. Furthermore, we discovered a few
genes belonging to the TLR signaling pathway, such as MyD88
and mitogen-activated protein kinases (MAPKs). JAK (Janus
kinase) is a family of intracellular, non-receptor tyrosine kinases
that transduces cytokine-mediated signals via the JAK-STAT
pathway [27]. Many studies have shown that signal transducers
and activators of transcription proteins (STAT) are involved in the

PLOS ONE | www.plosone.org

development and function of the immune system and play a role in
maintaining immune tolerance and tumor surveillance [28]. In our
study, we identified abundant unigenes with high similarity to all
the seven mammalian STAT family members (STAT1, STAT2,
STATS, STAT4, STAT5A/5B, and STAT6) and the members of
the Janus family (JAK1, JAK2, JAK3 and tyrosine kinase 2). The
identification of JAK-STAT pathway-related genes will be useful
for learning more about the complexities of immune responses in
the Indo-Pacific humpback dolphin. In addition, signaling and
interaction molecules were evidenced in the transcriptome such as
cytokines and cytokine receptors. Besides, proteases, protease
inhibitors and stress proteins (such as heat shock proteins and
metallothionein) were also found in our dataset.

Further analysis of the immune-related genes indicated that
most of them were involved in the innate immune response. It is
explicit that environmental contaminants and microparasites,
including viruses, bacteria and protozoans, may constrain the
growth of wild animal populations [29]. To date, many
microparasites have been detected in marine animals, including
Paramyxoviridae, Poxviridae, Herpesvlridae, Adenoviridae, and Caliciviridae
[30,31]. These microparasites interfered with population abun-
dance by inducing high mortalities, lowering reproductive success
or synergistically increasing the virulence of other diseases. In the
past decades, reports on the mechanisms of immune response to
microparasites infection in cetaceans were rare. The knowledge
about the cetacean immune system is still fragmentary and several
aspects of immunomodulatory xenobiotics are under debate
[9,32]. Innate immunity is the first line of host defense against
pathogens. Many immune cells, such as monocytes, macro-phages,
leukocytes (PMN) and NK cells, are involved in the detection and
removal of microbial pathogens [33]. Compared to those from
other mammals, few immune related genes of the Indo-Pacific
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doi:10.1371/journal.pone.0072417.g004

humpback dolphin have been identified. Our results revealed a
large number of innate immune-related genes, covering almost all
known innate immune pathways, such as pathogen recognition,
modulation and signaling, which would facilitate our comprehen-
sive understanding of the mechanisms involved in the immune
response to microparasites infection in cetaceans. In addition, it is
known that immune system genes undergo more adaptive
evolution than non-immune system genes [34,35]. TLR4 gene
had been used to reveal the evolutionary history of pattern
recognition molecules across cetaceans and their closest terrestrial
relatives [36]. The immune-related genes of the Indo-Pacific
humpback dolphin would provide an abundant resource for
understanding of cetacean evolution and their adaptation to the
aquatic environment.

Identification of Sequences Related to Adaptive
Evolution and Cetacean-specific Traits

To adapt the transition from land to aquatic environment,
cetaceans had gradually formed some tremendous changes in
morphology and physiology. A series of changes must have
accordingly occurred at molecular level to allow the necessary
morphological and physiological adaptations. Our results showed
that there were a number of functional categories that might be
correlated with the adaptive evolution and cetacean-specific traits
which might be related to fat storage, echolocation, energy

PLOS ONE | www.plosone.org

metabolism, osmoregulation and locomotion (Table S5). Mean-
while, a large number of genes showing significant enrichment in
these functional categories were identified (Table S6). Many
cetaceans have a thickened fat layer called blubber, which acts as
their primary location for fat storage. It was reasonable that a few
of genes related with fat storage were detected. To adapt the
higher energy cost during locomotion underwater, the Indo-Pacific
humpback dolphin had many mitochondrion-associated genes.
Many mitochondrion-associated genes were found in the tran-
scriptome. A few of genes related to the response to osmotic stress,
renin-angiotensin system, urea transport or hyperosmotic response
were also identified. In addition, there were also some genes that
were particular for cetacean-specific traits, such as echolocation.
Among of these genes, chromodomain helicase DNA binding
protein 7, Solute carrier family 12 member 7, transcription factor
25, and ADAM metallopeptidase domain 19 are closely associated
with hearing. Many cetaceans have nasal structures that generate
echolocation signals, enabling them to use sound to locate prey or
navigate past obstacles [37]. Nasal embryonic luteinizing hor-
mone-releasing hormone factor and vomeronasal 1 receptor,
which function in the nasal development, were detected in the
transcriptome. Furthermore, we identified many genes putatively
related to other cetacean-traits, including genes that were involved
in cardiovascular system development (PLA2G)5, disintegrin and
metalloproteinase domain-containing protein 15), nervous system
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development (SMARCBI, formin-binding protein 1) and sperm
function and spermatogenesis (nanosl, spermatogenesis associated
7).

Analysis of adaptive evolution at the molecular level achieves
great insights into the mechanisms underlying the evolution of
complex phenotypes. Genomic sequencing contributes to clarify-
ing the influence of natural selection on an organism’s evolution-
ary history [38]. As a unique clade of mammalian, cetaceans have
developed various strategies morphologically, physiologically and
ecologically in order to adapt to their aquatic environments
[10,39]. The molecular mechanisms underlying these adaptations
are still poorly understood. Our results showed that there were
large numbers of genes involved in the adaptation of the Indo-
Pacific humpback dolphin to the aquatic environment. These
genes are significantly enriched in the categories of lipid transport,
glycolysis, ATPase activity, aerobic metabolism, sense perception
of sound, osmoregulation and muscle organ development. Most
cetaceans inhabit the hyperosmotic marine environment, but a few
species live in the hypoosmotic freshwater. However, despite the
obvious differences of their living environment, both freshwater
and marine cetaceans face the same challenges of body balance
and electrolyte homeostasis in water. Some reports suggested that
the osmoregulation in cetaceans was relevant to the metabolism of
water/electrolytes, morphology and histology of the kidney and
skin, hormone regulation, as well as the specific molecules [40—42].
Malvin and Vander reported that there was a renin-angiotensin
system in the cetaceans, which might play an important role in the
electrolyte balance of aquatic mammals, particularly for Na*
reabsorption [43,44]. The identification of genes involved in the
renin-angiotensin system in the leucocyte transcriptome further
confirmed the existence of renin-angiotensin system in cetaceans.
Aquaporins (AQPs) are intrinsic membrane proteins and play an
important role in water channels of many cell types [45]. There
are thirteen known types of AQPs in mammals; six of them are
located in the kidney [46]. Recently, AQP2 and AQP1 had been
reported to localize to the kidney in the cetaceans [47,48]. In our
study, the AQP7 gene was detected in the transcriptome. AQP7
facilitates water, glycerol and urea transport and plays a crucial
role in metalloid homeostasis [45]. Further investigations are
needed to know its role in the regulation of water metabolism in
cetaceans.

Conclusions

In this study, we characterized the leucocyte transcriptome of
the Indo-Pacific humpback, and identified thousands of genetic
markers (SSRs and SNPs) and abundant specific gene families
involved in immune response and adaptive evolution. This is the
first investigation on the whole transcriptome of this endangered
species. The dataset provides a substantial genomic-level resource
for the endangered species and will be useful in understanding of
the molecular mechanisms of various pathways in cetaceans,
including immune response and adaptive evolution.

Materials and Methods

Blood Sampling, Leukocyte Isolation and RNA Extraction

Work with the Indo-Pacific humpback dolphin in this study was
specifically approved by the Ministry of Agriculture of China
under permit number 2012-31. The protocol was specifically
proved by the Administration of Ocean and Fisheries of
Guangdong Province, China under permit number 2012-647.
No issue on ethics was concerned in this study. The operation of
blood sampling was carried out by veterinarians with professional
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training. The blood sample of the Indo-Pacific humpback dolphin
was obtained from a wild male adult individual that was rescued
for rehabilitation from a recent animal live-stranding event in a
shallow river near Foshan city of China. The sample site on the tail
fin was sterilized with surgical cotton containing 70% alcohol, and
6 ml of blood was taken with a sterile syringe from the vein of the
tail fin. The fresh blood was collected into EDTA-containing
tubes, and then centrifuged for 5 min at 400-500 g. The
supernatant was discarded and 18 ml of Red Blood Cell Lysis
Buffer (Beyotime Institute of Biotechnology) were added, mixed
gently by flicking the tubes and lasted for 10 min. The tubes were
then centrifuged at 1000 g for 5 minutes at 4°C to collect the
leukocytes.

Total RNA was extracted from the leucocytes of Indo-Pacific
humpback dolphin using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Total RNA was treated with RNase-
free DNase I (Promega) for 30 min at 37°C to remove residual
DNA. RNA purification was carried out using RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions.

cDNA Library Construction and Sequencing

INlumina sequencing was performed at Beijing Genomics
Institute (BGI)-Shenzhen, China. mRNA with poly(A) tail was
isolated from 20 ug total RNA treated with DNase I using
Magnetic Oligo (dT) Beads (Illumina). The mRNA was fragment-
ed into small pieces (200-700 bp) by treatment with divalent
cations at 94°C for 5 minutes. With random hex-amer primers
(Illumina), the double-stranded cDNA was synthesized using the
SuperScript double-stranded cDNA synthesis kit (Invitrogen) and
was further subjected to end-repair using T4 DNA polymerase, the
Klenow fragment, and T4 polynucleotide kinase followed by a
single A base addition using Klenow 3’ to 5" exo-polymerase, then
was ligated with an adapter or index adapter using T4 DNA ligase.
To select the proper templates for downstream enrichment, the
products of ligation reaction were purified on 2% agarose gel. The
cDNA fragments (about 200 bp) were recovered from the gel.
Fifteen rounds of PCR amplification were carried out to enrich the
purified ¢cDNA template using PCR primer PE 1.0 and 2.0
(Illumina) with Phusion DNA polymerase. Finally, the cDNA
library was constructed with 200 bp insertion fragments. After
validating on an Agilent Technologies 2100 Bioanalyzer, the
library was sequenced using Illumina HiSeq™ 2000 according to
the manufacturer’s instruction.

Data Filtering and de novo Assembly

Before the transcriptome assembly, we carried out a stringent
filtering process of raw sequencing reads. The raw reads were
cleaned by removing adapter sequences, non-coding RNA (such as
rRNA, (RNA and miRNA), low-quality sequences (reads with
ambiguous bases ‘N’), and reads with average length less than 20
bases. De novo transcriptome assembly was performed by Trinity
program as described elsewhere [19]. Briefly, Trinity first
combines reads of a certain length of overlap to form longer
fragments without N (gaps), which are called contigs. These
contigs will be further processed for sequence clusters with the
sequence clustering software TGICL [49], and these sequences are
defined as unigenes. The calculation of unigene expression used
the RPKM method [50], which was able to eliminate the influence
of different gene lengths and sequencing discrepancy on the
calculation of gene expression. The sequence dataset generated in
this study is available at the European Nucleotide Archive (http://
www.ebl.ac.uk/ena/) under the accession number ERP003522.
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Annotation and Classification of Unigenes

All unigenes were employed for homology search against
various protein databases in following order: NR, Swiss-Prot,
KEGG and COG with BLAST program (E-value<<10~°), and the
best aligning results were selected to annotate the unigenes. If the
aligning results from different databases are in conflict with each
other, the results from NR database were preferentially selected,
followed by Swiss-Prot, KEGG and COG database. The DNA
sequences obtained from the BLAST searches were then used to
extract CDS from the unigene sequences, and were then
converted into peptide sequences. For unigenes that did not align
to any of the above databases, ESTScan software [21] was used to
predict their coding regions and decide sequence direction.

To further annotate the unigenes, the Blast2GO program was
used to get GO annotation [22]. The WEGO software was then
used to perform GO functional classification of all unigenes to
view the distribution of gene functions of the species at the macro
level [23]. The unigene sequences were also aligned to the COG
database to predict and classify possible functions. Pathway
assignments were performed according to KEGG pathway
database [24].

SSR and SNP Markers Identification

MicroSAtellite (MISA) was used to identify microsatellites in the
unigenes. The parameters were adjusted in order to identify
perfect mono-, di-, tri-, tetra-, penta-, and hexanucleotide motifs
with a minimum of 10, 6, 5, 5, 4, and 4 repeats, respectively.
Unique sequences containing 150-bp sequence on both sides of the
microsatellite repeat were considered sufficient for primer design
[51].

For putative SNP identification, SOAPsnp was used to screen in
the unigenes (http://soap.genomics.org.cn/soapsnp.html) [52—
54].

Identification of Immune-Related Genes

The identification of immune-related genes was performed as
described by Pereiro et al. [55] with some modifications. GO terms
at level 2, 3 and 4 directly related to immunity were used for
selecting putative immune-related genes. All the genes were
further analyzed based on an extensive list of immune terms and a
comprehensive literature review (Table S7). In order to find more
genes belonging to the relevant immune-pathways in the
transcriptome sequences, we used the KEGG reference pathways
as a template for constructing the following immune-cascades:
Complement pathway, Toll-like receptor signaling pathway, B cell
receptor signaling pathway, Chemokine signaling pathway,
Lysosome, Jak-STAT signaling pathway, RIG-I-like receptor
signaling pathway, NOD-like receptor signaling pathway, T cell
receptor signaling pathway and apoptosis cascade. Additional
molecules were included in some cases after bibliographic review.

References

1. Chen BY, Zheng DM, Yang G, Xu XR, Zhou KY (2009) Distribution and
conservation of the Indo-Pacific humpback dolphin in China. Integrat Zool 4:
240-247.

2. Wu YL, Shi JC, Zheng GJ, Li P, Liang B, et al. (2013) Evaluation of
organochlorine contamination in Indo-Pacific humpback dolphins (Sousa
chinensis) from the Pearl River Estuary, China. Sci Total Envir 444: 423-429.

3. Amaral AR, Beheregaray LB, Bilgmann K, Freitas L, Robertson KM, et al.
(2012) Influences of past climatic changes on historical population structure and
demography of a cosmopolitan marine predator, the common dolphin (genus
Delphinus). Mol Ecol 21: 4854-4871.

4. Tomo I, Kemper CM, Lavery TJ (2010) Eighteen-Year Study of South
Australian Dolphins Shows Variation in Lung Nematodes by Season, Year, Age
Class, and Location. J Wildlife Dis 46: 488-498.

PLOS ONE | www.plosone.org

Leucoocyte Transcriptome of Sousa chinensis

Identification of Adaptive Evolution and Cetacean-
specific Traits Genes

GO terms at level 2, 3 and 4 directly related to adaptive
evolution and cetacean-specific traits were used for selecting
putative adaptive evolution and cetacean-specific traits-related
genes. The following features were selected to detect relevant GO
terms: fat storage, echolocation, energy metabolism, osmoregula-
tion and locomotion.

Supporting Information

Table S1 Pathway enrichment analysis for the leucocyte
transcriptome of the Indo-Pacific humpback dolphin.
(XLS)

Table S2 Number of SSRs detected in the leucocyte
transcriptome of the Indo-Pacific humpback dolphin.
(XLS)

Table S3 Number of each type of SNPs detected in the

leucocyte transcriptome of the Indo-Pacific humpback
dolphin.

(XLS)

Table S4 Putative sequences related to the immune
response.

(XLS)

Table S5 Some functional categories correlated with

the adaptive evolution and cetacean-specific traits.

(XLS)

Table S6 Putative sequences related to adaptive evolu-
tion and cetacean-specific traits.

(XLS)

Table S7 GO terms and literatures used for searching
for the immune-related genes.
(XLS)

Acknowledgments

The authors would like to thank the Ocean Park Conservation Foundation
Hong Kong for promoting and supporting the work, and marine mammal
teams of Ocean Park Hong Kong for assist through the sampling process.

Author Contributions

Conceived and designed the experiments: MY YW JC. Performed the
experiments: K] DG JX LY. Analyzed the data: KJ DG. Contributed
reagents/materials/analysis tools: KJ DG. Wrote the paper: MY KJ DG.
Supervised the work: MY YW JC. Revised the study and manuscript: DG
KJ MY.

5. Bowater RO, Norton J, Johnson S, Hill B, O’Donoghue P, et al. (2003)
Toxoplasmosis in Indo-Pacific humpbacked dolphins (Sousa chinensis), from
Queensland. Australian Vet J 81: 627-632.

6. Yordy JE, Mollenhauer MAM, Wilson RM, Wells RS, Hohn A, et al. (2010)
Complex Contaminant Exposure in Cetaceans: A Comparative E-Screen
Analysis of Bottlenose Dolphin Blubber and Mixtures of Four Persistent Organic
Pollutants. Environ Toxicol Chem 29: 2143-2153.

7. Parsons ECM, Overstreet RM, Jefferson TA (2001) Parasites from Indo-Pacific
hump-backed dolphins (Sousa chinensis) and finless porpoises (Neophocaena
phocaenoides) stranded in Hong Kong. Vet Rec 148: 776-780.

8. Parsons EC (1998) Trace metal pollution in Hong Kong: implications for the
health of Hong Kong’s Indo-Pacific hump-backed dolphins (Sousa chinensis). Sci
Total Envir 214: 175-184.

August 2013 | Volume 8 | Issue 8 | 72417



20.

21.

22.

23.

24.

31.

. Beineke A, Siebert U, Wohlsein P, Baumgartner W (2010) Immunology of

whales and dolphins. Vet Immun Immunopath 133: 81-94.

. Reidenerg JS (2007) Anatomical adaptations of aquatic mammals. Anat Rec

290: 507-513.

. Barbosa S, Pauperio J, Searle JB, Alves PC (2013) Genetic identification of

Iberian rodent species using both mitochondrial and nuclear loci: application to
noninvasive sampling. Mol Ecol Res 13: 43-56.

. Akfirat IS, Uncuoglu AA (2013) Genetic Diversity of Winter Wheat (7Triticum

aestivum L.) Revealed by SSR Markers. Biochem Genet 51: 223-229.

. Pritchard VL, Campbell NR, Narum SR, Peacock MM, Garza JC (2013)

Discovery and characterization of novel genetic markers for use in the
management of Lahontan cutthroat trout (Oncorhynchus clarkii henshawr). Mol

Ecol Res 13: 276-288.

. Valsecchi E, Amos W (1996) Microsatellite markers for the study of cetacean

populations. Mol Ecol 5: 151-156.

. Gravena W, Hrbek T, VM DAS, Astolfi-Filho S, Farias IP (2009) Microsatellite

loci for population and parentage analysis in the Amazon River dolphin (Inia
geoffiensis de Blainville, 1817). Mol Ecol Res 9: 600-603.

. Li DJ, Deng Z, Qin B, Liu XH, Men ZH (2012) De novo assembly and

characterization of bark transcriptome using Illumina sequencing and
development of EST-SSR markers in rubber tree (Hevea brasiliensis Muell.
Arg.). BMC Genomics13: 192.

. Wei WL, Qi XQ, Wang LH, Zhang YX, Hua W, et al. (2011) Characterization

of the sesame (Sesamum indicum L.) global transcriptome using Illumina paired-end
sequencing and development of EST-SSR markers. BMC Genomics 12: 451.
Sadamoto H, Takahashi H, Okada T, Kenmoku H, Toyota M, et al. (2012) De
Novo Sequencing and Transcriptome Analysis of the Central Nervous System of
Mollusc Lymnaea stagnalis by Deep RNA Sequencing. Plos One 7: ¢42546.
Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. (2011) Full-
length transcriptome assembly from RNA-Seq data without a reference genome.
Nat Biotech 29: 644-652.

Natale DA, Shankavaram UT, Ggalerin MY, Wolf YI, Aravind L, et al. (2000)
Towards understanding the first genome sequence of a crenarchaeon by genome
annotation using clusters of orthologous groups of proteins (COGs). Genome
Biol 1: research0009.1-0009.19.

Iseli C, Jongeneel CV, Bucher P (1999) ESTScan: a program for detecting,
evaluating, and reconstructing potential coding regions in EST sequences. Proc
Int Conf Intell Syst Mol Biol: 138-148.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, et al. (2005) Blast2GO:
a universal tool for annotation, visualization and analysis in functional genomics
research. Bioinformatics 21: 3674-3676.

Ye J, Fang L, Zheng H, Zhang Y, Chen J, et al. (2006) WEGO: a web tool for
plotting GO annotations. Nucleic Acids Res 34: W293-297.

Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res 28: 27-30.

. Toth G, Gaspari Z, Jurka J (2000) Microsatellites in different eukaryotic

genomes: survey and analysis. Genome Res 10: 967-981.

Goldstein DB RLA, Cavalli-Sforza LL, Feldman MW (1995) An evaluation of
genetic distances for use with microsatellite loci. Genetics 139: 463-471.
Seavey MM, Dobrzanski P (2012) The many faces of Janus kinase. Biochemical
Pharmaco 83: 1136-1145.

O’Shea JJ, Plenge R (2012) JAK and STAT Signaling Molecules in
Immunoregulation and Immune-Mediated Disease. Immunity 36: 542-550.

. Fair PA, Romano T, Schaefer AM, Reif JS, Bossart GD, et al. (2013)

Associations between perfluoroalkyl compounds and immune and clinical
chemistry parameters in highly exposed bottlenose dolphins (Zursiops truncatus).
Environ Toxicol Chem 32: 736-746.

. Van Bressem MF, Van Waerebeek K, Raga JA (1999) A review of virus

infections of cetaceans and the potential impact of morbilliviruses, poxviruses
and papillomaviruses on host population dynamics. Dis Aqua Org 38: 53-65.
LaMere SA, St Leger JA, Schrenzel MD, Anthony SJ, Rideout BA, et al. (2009)
Molecular Characterization of a Novel Gammaretrovirus in Killer Whales
(Orcinus orca). J Virol 83: 12956-12967.

PLOS ONE | www.plosone.org

32.

34.

36.

37.

38.

39.

40.

41.

42.

46.

47.

48.

49.

Leucoocyte Transcriptome of Sousa chinensis

Stone BM, Blyde D], Saliki JT, Morton JM (2012) Morbillivirus Infection in Live
Stranded, Injured, Trapped, and Captive Cetaceans in Southeastern Queens-
land and Northern New South Wales, Australia. ] Wildlife Dis 48: 47-55.
Bathoorn E, Kerstjens H, Postma D, Timens W, MacNee W (2008) Airways
inflammation and treatment during acute exacerbations of COPD. Int J Chron
Obstruct Pulmon Dis 3: 217-229.

Areal H, Abrantes ], Esteves PJ (2011) Signatures of positive selection in Toll-like
receptor (TLR) genes in mammals. BMC Evol Biol 11: 368.

. Pinheiro A, Lanning D, Alves PC, Mage RG, Knight KL, et al. (2011)

Molecular bases of genetic diversity and evolution of the immunoglobulin heavy
chain variable region (IGHV) gene locus in leporids. Immunogenet 63: 397-408.
Shen T, Xu SX, Wang XH, Yu WH, Zhou KY, et al. (2012) Adaptive evolution
and functional constraint at TLR4 during the secondary aquatic adaptation and
diversification of cetaceans. BMC Evol Biol 12: 39.

Au WWL, Kastelein RA, Benoit-Bird KJ, Cranford TW, McKenna MF (2006)
Acoustic radiation from the head of echolocating harbor porpoises (Phocoena
phocoena). J Exp Biol 209: 2726-2733.

Clark AG (2006) Genomics of the evolutionary process. Trends Ecol Evol 21:
316-321.

Fish FE, Beneski JT, Ketten DR (2007) Examination of the three-dimensional
geometry of cetacean flukes using computed tomography scans: Hydrodynamic
implications. Anat Rec 290: 614-623.

Beuchat CA (1996) Structure and concentrating ability of the mammalian
kidney: correlations with habitat. Am J Physiol 271: R157-179.

Harrison RJ, Thurley KW (1974) Structure of the epidermis in Tursiops,
Delphinus, Orcinus, and Phocoena. In: Harrison RJ (Ed.), Functional Anatomy
of Marine Mammals. New York, Academic Press: 45-72.

Hicks BD, St Aubin DJ, Geraci JR, Brown WR (1985) Epidermal growth in the
bottlenose dolphin, Tursiops truncatus. J Invest Dermatol 85: 60-63.

. Malvin RL RS, Cornell L (1978) Renin and aldosterone levels in dolphins and

sea lions. Proc Soc Exp Biol Med 157: 665-668.

. Morris DJ (1981) The metabolism and mechanism of action of aldosterone.

Endocr Rev 2: 234-247.

. Magni F, Sarto C, Ticozzi D, Soldi M, Bosso N, et al. (2006) Proteomic

knowledge of human aquaporins. Proteomics 6: 5637-5649.

Nielsen S, Frokiaer J, Marples D, Kwon TH, Agre P, et al. (2002) Aquaporins in
the kidney: from molecules to medicine. Physiol Rev 82: 205-244.

Suzuki M (2010) Expression and localization of aquaporin-1 on the apical
membrane of enterocytes in the small intestine of bottlenose dolphins. J Comp
Physiol B 180: 229-238.

Suzuki M, Endo N, Nakano Y, Kato H, Kishiro T, et al. (2008) Localization of
aquaporin-2, renal morphology and urine composition in the bottlenose dolphin
and the Baird’s beaked whale. ] Comp Physiol B 178: 149-156.

Pertea G, Huang X, Liang F, Antonescu V, Sultana R, et al. (2003) TIGR Gene
Indices clustering tools (TGICL): a software system for fast clustering of large
EST datasets. Bioinformatics 19: 651-652.

. Mortazavi A, Williams BA, Mccue K, Schaeffer L, Wold B (2008) Mapping and

quantifying mammalian transcriptomes by RNA-Seq. Nat Meth 5: 621-628.

. Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users and for

biologist programmers. Methods Mol Biol 132: 365-386.

. DuY, Jiang H, Chen Y, Li C, Zhao MR, et al. (2012) Comprehensive evaluation

of SNP identification with the Restriction Enzyme-based Reduced Represen-
tation Library (RRL) method. BMC Genomics 13: 77.

. Langmead B, Schatz MC, Lin J, Pop M, Salzberg SL (2009) Searching for SNPs

with cloud computing. Genome Biol 10: R134.

. Li RQ, Li YR, Fang XD, Yang HM, Wang ], et al. (2009) SNP detection for

massively parallel whole-genome resequencing. Genome Res 19: 1124-1132.

. Pereiro P, Balseiro P, Romero A, Dios S, Forn-Cuni G, et al. (2012) High-

Throughput Sequence Analysis of Turbot (Scophthalmus maximus) Transcriptome
Using 454-Pyrosequencing for the Discovery of Antiviral Immune Genes. Plos
One 7: €35369.

August 2013 | Volume 8 | Issue 8 | 72417



