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A B S T R A C T

Kuruma shrimp, a major farmed shrimp species in the world, includes two cryptic or sibling species, Form I
(Marsupenaeus japonicus) and Form II (Marsupenaeus pulchricaudatus). Due to the lack of genomic resources, little
is known about the molecular mechanisms associated with immune defense and hypoxia tolerance. Here, we
sequenced the transcriptomes of two closely related Marsupenaeus species and compared genomic divergence.
This study obtained 77049 and 84561 unigenes with N50 values of 1281bp and 1244bp for M. japonicus and M.
pulchricaudatus, respectively, and 5036 pairs of putative orthologs were identified between two Marsupenaeus
species. Estimation of Ka/Ks ratios indicated that 165 orthologous genes may be under positive selection (Ka/
Ks > 0.5), including 49 pairs with a Ka/Ks ratio> 1. According to the peak of synonymous rates, the diver-
gence time between M. japonicus and M. pulchricaudatus was about 0.26–0.69 Mya. These positively selected
orthologous genes related to the immune process mainly comprised single VWC domain protein, legumain, ras-
related C3 botulinum, caspase, C-type lectin and were enriched in functions related to immune (Toll-like receptor
and PI3K-Akt signaling) and hypoxia signaling (HIF-1 signaling and VEGF signaling). In this study, dozens of
caspase-like unigenes were screened from two Marsupenaeus transcriptomes. Among these, the PjCaspase or-
thologous gene was subjected to positive selection (Ka/Ks=1.22), which had different secondary and three-
dimensional structure prediction. Based on the single copy caspase gene, eight populations of Marsupenaeus
species were divided into two phylogeographic lineages from the East and South China. We characterized the
transcriptomes of the two Marsupenaeus species and obtained several key orthologs associated with immune
defense and hypoxia tolerance, which provides new insights into the immunity and genetic divergence of the two
varieties. Moreover, this study will facilitate further comparative genomic studies of the two varieties.

1. Introduction

The kuruma shrimp Marsupenaeus japonicus (Decapoda, Penaeidae,
Marsupenaeus) is recognized as one of the main farmed shrimp groups in
the world and is widely distributed in the East China Sea, the South
China Sea, the region off Australia and the western Indian Ocean [1,2].
M. japonicus has been regarded as the only morphological species of
Marsupenaeus [3,4]. In a study by Tsoi et al. [5], two morphologically
similar varieties, I and II, were characterized by their carapace color
banding patterns, indicating the occurrence of cryptic species. Forms I
was confined to the northern South China Sea and the East China Sea
(including Japan), while forms II consisted of populations from the
South China sea, Southeast Asia and Australia [6]. These two units are
distributed mostly allopatrically but overlap in the northern coasts of

the South China Sea and Taiwan [6,7]. Subsequently, Tsoi et al. revised
their taxonomic status and named the species Marsupenaeus japonicus
(Form I) and Marsupenaeus pulchricaudatus (Form II) [2]. However, thus
far, almost all studies about kuruma shrimp population structure ana-
lysis have been based on mitochondrial sequences and ribosomal DNA.
The mitochondrial sequences follow maternal inheritance and paternal
leakage [8], which could not provide direct evidence for hybrids. The
ribosomal DNA possess multiple copies and is easy to be homogenized.
The SCNGs (Single-copy nuclear genes) contain rich genetic informa-
tion from parents, which can better reflect the evolutionary history of
species then mitochondrial DNA [9,10]. In addition, norms and
methods for species delimitation are improving, and it is difficult to
accurately discover cryptic diversity based on existing genetic data
[11–14].
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Although the two varieties have only subtle morphological differ-
ences, they have different advantages related to growth [15] and
thermotolerance [16]. Some incoherent records about the environ-
mental conditions required by the kuruma shrimp from various regions
were summarized [2]. The kuruma shrimp aquaculture is widespread
and failure of culture is still being occasionally reported, which may
due to obscure source of the shrimps and inadequate im-
munopathogenesis studies. At present, shrimp diseases (viruses, bac-
teria and parasites) and environment degradation are two serious
challenges faced by shrimp farming in the word. As invertebrates,
crustaceans mainly rely on the innate immune system [17]. Hepato-
pancreas, a multifunctional organ, integrate immune functions and
metabolism [18]. The hepatopancreas is an important source of mole-
cules of innate immunity, involving in antigen processing and pathogen
clearance [19,20]. Ren et al. [21] sequenced the transcriptomes of M.
japonicus hepatopancreas in response to Vibrio parahaemolyticus and
white spot syndrome virus, and obtained several immune-related genes
including caspase 4, crustin and C-type lectin. Several studies on immune
functions of M. japonicus have mainly concentrates on immune-related
molecules, such as Toll-like receptor [22], caspase [19,23], C-type
lectin [24] and AMPs [25]. However, there are hardly any immune-
related studies about M. pulchricaudatus. As two closely related Mar-
supenaeus species, all relevant biological studies should be revaluated,
especially immune defense function.

Recent rapid developments in next generation sequencing (NGS)
have provided data on penaeid species [26–29]. However, nearly all
research has focused on differentially expressed transcripts in one
species under different conditions and during reproduction or devel-
opment. Comparative RNA-sequencing between closely related species
can offer unprecedented opportunities to study species-specific adap-
tations and evolutionary origins [30,31]. For instance, Li et al. se-
quenced the transcriptomes of bighead carp and silver carp, and ob-
tained many important candidate genes related to resistance to
environmental stress [32]. Additional studies of comparative RNA-Seq
analyses include studies investigating mussels [33], Cipangopaludina
cahayensis and Pomacea canaliculata [34], Lissotriton boscai [35], and
Calanus finmarchicus and Calanus glacialis [36]. Considering the status
of M. japonicus studies, little is known about the molecular mechanisms
associated with adaptational abilities and the evolutionary adaptation
of immune defense functions, largely due to the lack of sufficient ge-
netic or genomic information.

To comprehensively comprehend the molecular mechanisms un-
derlying genetic differentiation and explore the evolutionary processes,
a comparative transcriptomic analysis was first performed on hepato-
pancreas tissues from M. japonicus and M. pulchricaudatus. This study
provides abundant transcriptome resources and new insights into the
genetic divergence and evolutionary adaptation of immune defense
functions of the two varieties, and also provides a better understanding
of the differences in resistance to some pathogens.

2. Materials and methods

2.1. Sample collection and RNA extraction

All M. japonicus prawns (16–25 individuals per site) were sampled
from eight locations along the southeast coast of China, including
Zhoushan (ZS), Xiapu (XP), Xiamen (XM), Huilai (HL), Zhuhai (ZH),
Dongdi (DD), Qiaogang (QG) and Sanya (SY) (Fig. S1). Animal treat-
ment was conducted in strict accordance with the recommendations of
Animal Care Quality Assurance in China. The body length, body weight,
gender and carapace banding patterns of all individuals were recorded.
Part of the abdominal muscle was preserved in 95% ethanol for sub-
sequent DNA extraction. Genomic DNA was extracted using Marine
Animals DNA kit (Tiangen, China) for subsequent analysis.

The hepatopancreas tissues of ten healthy M. japonicus (HL1,
weight: 12.67 ± 3.22 g) and ten healthy M. pulchricaudatus (HL2,

weight: 11.36 ± 4.2 g) from Huilai (Guangdong, China) were rinsed
separately with RNase-free water for transcriptome analysis. In addi-
tion, these twenty individuals’ genomic DNA were amplified by PCR
using cytochrome b primers (cytb-f: caaattgttactgggctctttttagct and cytb-
r: cagttagcattacgataaatccggt) to ensure sample types (Fig. S2). The total
RNA was isolated using RNAiso Plus (TaKaRa, China) from each in-
dividual and mixed in equal parts separately. Subsequently, RNA de-
gradation and contamination were monitored by 1% agarose gel elec-
trophoresis. The RNA purity and concentration were measured using a
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). Meanwhile,
the RNA integrity was assessed by an RNA Nano 6000 Assay Kit on an
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

2.2. Library construction and sequencing

For the RNA pool, approximately 3 μg was obtained from each
variety following the verification of the RNA integrity using an Agilent
2100 Bioanalyzer (RIN≥ 8) (Agilent Technologies, USA).
Subsequently, mRNA was isolated from total RNA using poly (dT) oligo-
attached magnetic beads. The first- and second-strand cDNA was syn-
thesized, and the sequencing libraries were generated using a TruSeq™
RNA Sample Preparation Kit (Illumina, USA) according to the manu-
facturer's recommendations. The cDNA libraries of the two
Marsupenaeus species were then sequenced on the Illumina HiSeq X-Ten
platform with 150-bp paired-end reads at the Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China).

2.3. Sequence assembly and functional annotation

Raw reads in fastq format were first preprocessed by eliminating
adaptor sequences and low-quality reads following an assessment by
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
The high-quality cleaned reads of the two varieties were separately
assembled de novo using the Trinity program with the default para-
meters [37]. The assembled unigenes were annotated using NCBI
BLAST 2.2.28 + and Diamond (v0.8.22) against the Nr, Nt, and Swiss-
Prot databases (E-value < 1e−5), and the euKaryotic Orthologous
Groups of proteins (KOG) (E-value < 1e−3). Unigenes were matched
to the Pfam database by Hmmscan 3.0 (E-value=0.01) [38]. Blast2GO
v 2.5 [39] was used to obtain GO annotations based on the results from
the Nr and Pfam protein databases (E-value < 1e−6). Pathway anno-
tations were obtained by utilizing the KAAS program against the KEGG
database (E-value < 1e−10) [40].

2.4. Protein-coding sequence (CDS) prediction

The obtained unigene sequences were searched against the Nr and
Swiss-Prot protein databases with a BLASTX algorithm (E-value <
1e−5). ESTScan (v 3.0.3) [41] was used to predict the coding sequences
(CDSs) of sequences that did not have alignment results. The CDSs
extracted from their respective unigenes were translated into amino
acid sequences (5’- > 3′) according to the standard codon table. Self-to-
self BLASTP search was conducted for all amino acid sequences. Sub-
sequently, full-length CDS sequences were obtained by screening pre-
dicted coding sequences from BLASTX according to the procedure used
by Wang et al. [42]. The 5′UTR and 3′UTR sequences were predicted
based on the CDS and start and stop codons.

2.5. Identification of putative orthologs and calculation of Ka/Ks ratios

Orthologous groups were constructed from the BLASTP results with
OrthoMCL [43] based on the Markov Cluster algorithm (mcl) using
default settings. Protein sequences, translated from single-copy ortho-
logs, were subsequently aligned using MUSCLE 3.8. The alignment re-
sult was optimized by Gblocks_0.91b [44], and translated into nucleo-
tide sequences for the subsequent analysis. Subsequently, for these
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orthologous genes, non-synonymous substitution rates (Ka) and sy-
nonymous substitution rates (Ks) were estimated by a maximum-like-
lihood method using the PAML (Phylogenetic Analysis by Maximum
Likelihood) toolkit [45]. More non-synonymous substitutions occurred
in these orthologous genes when a rate of Ka/Ks > 1, suggesting that
these genes evolved under positive selection. These divergent genes
have a great significance for speciation. Gene ontology illustrates dif-
ferences in species sequence evolution based on the Wallenius non-
central hypergeometric distribution using GOseq [46]. KOBAS software
was used to test the statistical KEGG pathway enrichment of divergent
and conserved orthologous groups [47]. Gene expression levels were
estimated by RSEM (RNA-Seq by Expectation Maximization) software
[42] for each sample. To validate the mRNA-Seq data, the relative ex-
pression levels of several unigenes were determined by quantitative real
time PCR (qRT-PCR) using elongation factor 1-α (EF1-α) as reference
gene (Table S1). Real-time PCR efficiencies were determined using the
slopes of standard curves and the 2-△△CT method was used to calculate
the relative expression levels.

2.6. Immune defense and hypoxia tolerance genes

For aquatic animals, higher temperatures are more likely to cause
hypoxia [48]. Hemocyanin is to crustaceans what hemoglobin is to
mammals. Apoptosis or programmed cell death (PCD) is important for
the development and maintenance of cellular homeostasis [49]. Ac-
cording to the unigenes, we designed primers and obtained the coding
sequences of hifα, hcy and Mjcaspase genes. Based on sequence differ-
ences, the restriction endonuclease was screened by DNAMAN 9.0
software. The transmembrane region and signal peptide of Mjcaspase
gene were located by TMHMM Server 2.0 and SignalP-5.0 server, re-
spectively. The secondary structure was predicted using SOPMA [50],
SMART [51] and PROSITE [52]. The 3D structures of unigenes were
predicted using the homology modeling by the I-TASSER server [53]
and the final models were mapped onto the 3D structure using PyMOL
(https://pymol.org/2/).

2.7. Population genetic structure analysis

In the study, we obtained a single-copy orthologous gene, which
was annotated as caspase gene (EF079670.1). Combined with the result
of Southern blot from Zhi et al. [54], it was confirmed that the gene was
single copy nuclear gene. Based on the unigene sequences, we designed
a pair of primers to amplify the caspase gene. The PCR products were
ligated into pEASY®-T1 cloning vector (TransGen Biotech, China). Six
clones of each plate were selected randomly for sequencing in both
directions. All the sequences were aligned by Clustalx v2.1. The pair-
wise genetic distances between eight populations were calculated by
MEGA X [55] using Kimura 2-parameter model and the UPGMA phy-
logenetic trees were constructed based the pairwise genetic distance.

2.8. Key resources table

Resource Source Identifier

Chemical
amino acid
ethanol
format
poly (dT)
ProteinPeptide
protein

3. Results

3.1. Transcriptome sequencing and assembly

The Illumina sequencing of the M. japonicus and M. pulchricaudatus
cDNA libraries yielded 193.6 million and 187.8 million 150-bp paired-
end raw reads, respectively (Table 1). Following quality trimming, we
obtained 178.7 million clean reads with a total length of 26.8 Gb for M.
japonicus and 177.3 million clean reads with a total length of 26.5 Gb
for M. pulchricaudatus (Table 1). The de novo assembly of the obtained
clean reads generated 77049 unigenes with an N50 value of 1281 bp for
M. japonicus and 84561 unigenes with an N50 value of 1244 bp for M.
pulchricaudatus (Table 1).

3.2. Functional annotation of the M. japonicus and M. pulchricaudatus
transcriptomes

For the functional annotation, the entire unigenes sets of the two
transcriptomes were searched using BLAST (E-value < 1e−5) against
priority-ordered protein databases (Nr, Swiss-Prot, Pfam, KEGG, COG,
GO) (Table 2). Based on the Nr and Pfam annotations, all-unigenes were
assigned Gene Ontology (GO) terms using Blast2GO v2.5. A total of
19936 (25.87%) unigenes for M. japonicus and 19403 (22.94%) uni-
genes for M. pulchricaudatus were classified into three main GO cate-
gories comprising 59 groups (Fig. S3). For both species, the gene
function distributions were extremely similar. In the three main cate-
gories (biological process, molecular function and cellular component),
the ‘cellular process’ (54.8% and 54.9% for M. japonicus and M. pul-
chricaudatus, respectively), ‘binding’ (51.6% vs 51.5%) and ‘cell’
(32.5% vs 32.4%) terms were prominent (Fig. S3). In the KOG analysis,
8907 and 7950 annotated genes from M. japonicus and M.

Table 1
Summary of the statistics for the transcriptome assembly of M. japonicus and M.
pulchricaudatus.

M. japonicus M. pulchricaudatus

Total number of raw reads 193629906 187827408
Total number of clean reads 178743828 177323416
Total length of clean reads (bp) 26.80G 26.50G
Total number of unigenes 77049 84561
Mean length of unigenes (bp) 704 695
Median length of unigenes (bp) 339 339
Length range of unigenes (bp) 201–38248 201–38243
N50 value of unigenes (bp) 1281 1244
GC percentage (%) 49.53 48.67
Q20% (%) 94.23 93.87

Table 2
Annotation of the results of the M. japonicus and M. pulchricaudatus tran-
scriptome comparison.

M. japonicus M. pulchricaudatus

Number Percentage Number Percentage

Functional
annotations

NR 18549 24.07% 14479 17.12%
NT 6341 8.22% 6634 7.84%
KEGG 9741 12.64% 9035 10.68%
SwissProt 15176 19.69% 14345 16.96%
PFAM 19649 25.5% 19170 22.67%
GO 19936 25.87% 19403 22.94%
KOG 8907 11.56% 7950 9.4%
All
Databases

2383 3.09% 1859 2.19%

At least one
Database

26213 34.02% 25296 29.91%

CDS annotations Homolog 14126 18.33% 13695 16.2%
ESTSCAN 31234 40.54% 33389 39.49%
All 45360 58.87% 47084 55.68%
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pulchricaudatus, respectively, were classified into 26 functional cate-
gories (Fig. S4). Among these categories, the unigenes in the “transla-
tion, ribosomal structure and biogenesis” category between the species
showed a relatively high difference, based on percent (9.15% vs
6.03%), followed by the terms “general function prediction only”
(13.77% vs 14.29%) and “posttranslational modification, protein
turnover, chaperones” (10.94% vs 10.27%). The KEGG database was
used to further predict metabolic pathways. A total of 15552 (20.2%)
unigenes for M. japonicus and 13932 (16.5%) unigenes for M. pulchri-
caudatus were assigned to 230 pathways (Fig. S5). Among these path-
ways, signal transduction-related pathways occupied the highest pro-
portion (16.35% vs 16.8%), followed by endocrine system (9.04% vs
9.28%) and immune system (5.67% vs 5.84%).

3.3. Prediction of the coding sequences (CDS)

A total of 14126 and 13695 unigenes with CDS regions were ex-
tracted from M. japonicus and M. pulchricaudatus, respectively, based on
the nr and Swiss-Prot protein database search (Table 2). In M. japonicus,
4400 (31.15%) CDSs were shorter than 500 bp, 3537 (25.04%) CDSs
ranged from 500 to 1000 bp, and 6189 (43.81%) CDSs were longer than
1000 bp. In M. pulchricaudatus, 3846 (28.08%) CDSs were shorter than
500 bp, 3485 (25.45%) CDSs ranged from 500 to 1000 bp, and 6364
(46.47%) CDSs were longer than 1000 bp. There were 31234 (40.54%)
and 33389 (39.49%) ORF-containing unigenes predicted by ESTScan
(Table 2). According to the procedure of Wang et al., we obtained
13131 full-length CDS sequences in M. japonicus and 12607 full-length
sequences in M. pulchricaudatus.

3.4. Identification of orthologous genes and Ka/Ks analysis

A total of 17045 pairs of orthologs were identified between M. ja-
ponicus and M. pulchricaudatus. Among these orthologous genes, 5036
pairs of single-copy orthologs were filtered. Using the PAML codeML
package with default settings, the Ka/Ks ratios of 2491 pairs of ortho-
logs were calculated (Fig. 1A). For these orthologous pairs, the mean
values of Ks, Ka and Ka/Ks ratio were 0.019 ± 0.017, 0.002 ± 0.01
and 0.175 ± 0.632, respectively. The majority orthologs had Ka/Ks
values less than 0.5 (91.5%, 2280/2491), indicating that these genes
evolved under purifying selection. There were 49 ortholog pairs with a
Ka/Ks ratio> 1 and 116 gene pairs had Ka/Ks value between 0.5 and 1,
which were considered candidate genes that probably experienced
adaptive evolution.

It is regarded as an effective method to estimate the divergence time
between closely related species based on the peak of synonymous rates

(Ks) [56,57]. In the study, the peak in the Ks value distribution was
0.0083 (Fig. 1B), which indicated the close genetic relationship be-
tween M. japonicus and M. pulchricaudatus. The average Ks rate in the
nuclear genes of higher plants and mammals was probably
2×10−9–8×10−9 substitutions per synonymous site per year
[58,59]. Sharp et al. estimated that the substitution rate of nuclear
genes in Drosophila was about three times higher than the average rate
in mammals and a rate of 16× 10−9 substitutions was suitable for
Drosophila [60]. Based on the equation: T=K/2r [61], the divergence
time between M. japonicus and M. pulchricaudatus is about 0.26–0.69
Mya.

3.5. Functional analysis of orthologous genes between two Marsupenaeus
species

A detailed description of the 165 candidate orthologs with a Ka/Ks
ratio> 0.5 is provided in Table S2. The positively selected orthologous
genes related to the immune process mainly comprised single VWC
domain protein, legumain, ras-related C3 botulinum, caspase, profilin
family protein, Ras, and C-type lectin. These genes were mainly anno-
tated with the GO terms molecular function (kinase regulator activity,
protein serine/threonine kinase inhibitor activity), biological process
(innate immune response, immune system process and response to
stress), and cellular component (peroxisome and peroxisomal mem-
brane). Based on the KEGG pathway analyses, these orthologs were
involved in a variety of immune functions (toll-like receptor signaling
pathway, natural killer cell mediated cytotoxicity and PI3k-akt sig-
naling pathway), and hypoxia signaling (HIF-1 signaling pathway and
VEGF signaling pathway). The top 20 statistically significant KEGG
pathways are shown in Fig. 2.

3.6. Hypoxia tolerance related genes

Hypoxia inducible factor (HIF) is an oxygen-dependent transcrip-
tion factor that regulates hypoxia-responsive genes expression by
binding their HRE (hypoxia responsive element) sequences [62,63].
The comparison of the HIF-1α protein sequences revealed that two
hydrophilic serine sites in the M. japonicus sequence were replaced,
respectively, by a hydrophobic glycine and leucine inM. pulchricaudatus
(Fig. S6A). HIF-1α, HK, PFK, Hsp70 and Hsp90 had a higher expression
in M. pulchricaudatus than in M. japonicus based on the EF1-alpha gene
(Fig. 3). In this study, mitogen-activated protein kinase (MEK) had a
Ka/Ks > 1 (Table S2); MEK plays a key role in the expression of the
HIF-1α gene [64].

M. pulchricaudatus are mainly distributed in lower latitudes and

Fig. 1. Scatter plot distributions of Ka/Ks ratios and the Ks density distribution of orthologs between M. japonicus and M. pulchricaudatus.
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experience higher annual temperatures; therefore, they have a higher
heat tolerance than M. japonicus. The Hcy and Hcl had a higher ex-
pression in M. japonicus than in M. pulchricaudatus (Fig. 3). Comparison
of the Hcy protein sequences revealed that the alanine and isoleucine of
the M. japonicus Hcy were replaced, respectively, by proline and valine
in M. pulchricaudatus (Fig. S6A). Based on sequence differences, the
AatII (GACGT/C) restriction endonuclease was identified by DNAMAN
9.0 software and prospective products of endonuclease digestion were
obtained from eight M. pulchricaudatus individuals (Fig. S6B). Ac-
cording to the alignment between our transcripts and hemocyanin se-
quences of M. japonicus (EF375712.1 and EF375711.1) and Litopenaeus
vannamei (AJ250830.1), two mutational amino acid residues were lo-
cated in the M domain, which responsible for oxygen transport.

3.7. Caspase gene family analysis

In this study, we found several caspase-like unigenes from two
Marsupenaeus transcriptomes (Fig. 4), which have high consistency with
the caspase genes of other animals. The Mj|c40522_g1 and

Mp|c41538_g1 unigenes were matched with Pjcaspase (EF079670.1)
and the orthologous gene pair had a Ka/Ks > 1.2 (Table S2). The
comparison of the caspase protein sequences revealed that multiple
amino acid variation sites were found between M. japonicus and M.
pulchricaudatus (Fig. S6A). There was no transmembrane region and
signal peptide by TMHMM Server 2.0 and SignalP 4.1 server, respec-
tively. Using SOPMA method, the Mj|c40522_g1 and Mp|c41538_g1
protein sequences contained alpha helix (53.35%&54.92%), random
coil (30.51%&29.72%), extended strand (11.22%&10.04%) and beta
turn (4.92%&5.31%) (Fig. 5A). The caspase protein contained p10
(410–443), p20 subunits and CASc domain (240–495) (Fig. 5B), which
was differ from typical caspase family. Moreover, the p20 subunits of
two Marsupenaeus species had different length, 250–362 for M. japo-
nicus and 260–362 forM. pulchricaudatus. The 3D structures of unigenes
were predicted by the I-TASSER server (Fig. 5C). The template of the
highest significance was caspase-7, which had a higher expression in M.
pulchricaudatus than in M. japonicus (Fig. 3). Based on sequence dif-
ferences, we identified the Mfe I (C/AATTG) restriction endonuclease
by DNAMAN 9.0 software and obtained prospective products of en-
donuclease digestion from eight M. pulchricaudatus individuals (Fig.
S6C).

3.8. Molecular phylogenetics of two Marsupenaeus species based on a
single-copy gene

By pre-amplification, a fragment (1121bp) of the caspase gene was
amplified. Based on the single copy caspase gene, eight populations of
Marsupenaeus species were divided into two phylogeographic lineages
from the East and South China (Fig. 6A). Genetic distance between
populations ranged from 0.017 (HL2 & DD) to 0.038 (ZS & QG). The
two Marsupenaeus species were divided into two clusters (Fig. 6B), M.
japonicus (ZS, XP, XM and HL1) and M. pulchricaudatus (HL2, DD, ZH,
QG and SY), which indicated the caspase gene could be used for phy-
logenetic analysis.

4. Discussion

Thus far, all studies about two related Marsupenaeus species have
been based on morphology, mitochondrial DNA and ribosomal DNA.
There was hardly any genetic information aboutM. pulchricaudatus. The

Fig. 2. The top 20 statistically significant KEGG classifications of candidate orthologs with Ka/Ks ratio> 1 (A) and between 0.5 and 1 (B).

Fig. 3. Comparison of the expression profiles of ten unigenes determined by
RNA-Seq and qRT-PCR.
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present study constitutes the first comparative analysis of the tran-
scriptomes of two related Marsupenaeus species, which supplemented
two Marsupenaeus species with genetic or genomic information.

In this study, we characterized and compared the comprehensive
transcriptomes of two Marsupenaeus species, and obtained valuable
genomic resources. Based on single-copy orthologous genes, hundreds
of sequences experiencing adaptive evolution were identified, including
49 genes under strong positive selection. Those genes were predicted to
be involved in immune functions and hypoxia signaling, which might
contribute to the evolutionary differences between the two
Marsupenaeus species. Based on the equation: T=K/2r, the divergence
time between M. japonicus and M. pulchricaudatus is about 0.26–0.69
Mya, which was later than the evaluation time (1.1–4.7 Mya) from Tsoi
et al. [5,6]. During the Middle Pleistocene, as sea levels fell by
100–150m, the coastal areas along the South and East China Sea in-
cluding Taiwan Strait were exposed [65]. This isolation mode greatly
promotes species differentiation [66], which has been proved in Or-
atosquilla oratoria [67], Bostrychus sinensis [68,69], and Lethrinid fish
[70].

Crustaceans mainly rely on the non-specific innate immunity, in-
cluding physical defense, cellular and humoral immunity [71,72].
Caspases, the major players of apoptosis, is a family of structurally-
related cysteine proteases and mainly contain inflammatory mediator
(1,4,5,11), activator (2,8,9,10) and executioner (3,6,7) subfamilies. At
present, only a few caspases have been found in prawn, such as

Pjcaspase [23], FcCasp [73], caspase-2 [74], and Lvcaspase2-5 [75].
Among these, only a Pj_caspase gene was cloned for M. japonicus. In this
study, we found several caspase-like unigenes, which would facilitate
future studies on the molecular mechanism of apoptosis and in-
vertebrate immunity. The Pjcaspase gene had been showed that it in-
volved in apoptosis against WSSV infection [23], and the sequence
diversity provided the molecular basis for the antiviral defense of
shrimp [54]. Caspase 2 and caspase 4 showed a significant upregulation
in the V. parahaemolyticus-infected group [21,76]. In the study, the
caspase7 and caspase3 (KX214529.1) had a higher expression in M.
pulchricaudatus than in M. japonicus based on the EF1-alpha gene. As
central effectors in apoptosis, different caspase genes have variant
functions, which had been proved by Wongprasert [77] and Wang [75].
Obvious differences of three-dimensional and secondary structure may
contribute to the functional differences.

The twoMarsupenaeus species are distributed across different waters
with varying temperatures. Compared with the high latitudes, the lower
latitudes have higher annual temperatures, especially in the summer.
When the dissolved oxygen changes, crustaceans raise their hemolymph
pH or change the composition of Hc molecules to enhance hemocyanin
oxygen affinity [78,79]. The amino acid changes in hemocyanin gene
may affect oxygen transportation and help the two Marsupenaeus spe-
cies better adapt to their habitat. Whether chronic hypoxia and higher
annual temperatures have impact on the level of hemocyanin expres-
sion still needs further verification. Long-term hypoxia prompts

Fig. 4. Phylogenetic analysis of several caspase-like unigenes from two Marsupenaeus transcriptomes. L. vannamei= Litopenaeus vannamei, F.
chinensis= Fenneropenaeus chinensis, P. monodon= Penaeus monodon, F. merguiensis= Fenneropenaeus merguiensis, M. rosenbergii=Macrobrachium rosenbergii, L.
humile= Linepithema humile, G. fortis=Geospiza fortis, E. sinensis= Eriocheir sinensis, C. gigas= Crassostrea gigas, L. oculatus= Lepisosteus oculatus, C.
biroi= Cerapachys biroi.
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crustaceans to initiate the synthesis mechanism of hemocyanin, which
has been corroborated in Callinectes sapidus, Nephrops norvegicus and
Palaemonetes pugio [80–82]. Song et al. discovered the thermotolerance
of M. pulchricaudatus was stronger than that of M. japonicus by com-
paring the CTMax values and acclimation response ratio (ARR) values
[16]. Our studies showed that M. pulchricaudatus had higher back-
ground expression levels of Hsp70 and Hsp90 than M. japonicus, which
suggest that M. pulchricaudatus own a higher potential for stress de-
fense. Heat shock protein 90, by binding to the HIF-1α PAS domain,
prevents HIF-1α degradation by competing with RACK1 (receptor for
activated C-kinase 1) [83]. In addition, the Hsp90 have an effect on the
transcriptional activity [84] and nuclear translocation of HIF-1α [85].
In addition to regulating hypoxia-responsive genes, HIF-1 plays a cru-
cial role in countering the oxidative injury and metabolic changes as-
sociated with WSSV infection [86,87].

Combining mitochondrial markers with nuclear genes, hybrid
groups and hybrid abalone from interspecies hybridization were suc-
cessfully identified [88,89]. The hemocyanin and caspase gene could be
used to identify juvenile shrimp and hybridization of two Marsupenaeus
species. The pooled hepatopancreas samples of Huilai populations were
used for the transcriptome sequencing and qRT-PCR in this study. This
strategy, to some degree, could reveal the differences in gene expression
levels between two Marsupenaeus species. Nevertheless, the influence of
various environmental factors should not be ignored. Thus, we will
further verify these results through synchronous sampling from poly-
culture of two Marsupenaeus species in future studies.

For nuclear genes, the exon and intron sequences have different

evolutionary rate, which suitable for studying middle-level phyloge-
netic relationships. The signal copy caspase gene was amplified suc-
cessfully and used for phylogenetic analysis of two Marsupenaeus spe-
cies. In accordance with previous studies [2,5,7], two Marsupenaeus
species were divided into two clusters, variety I (ZS, XP, XM and HL1)
and variety II (HL2, DD, ZH, QG and SY). Regier et al. sequenced 62
single-copy nuclear protein coding genes of 75 arthropod species and
classified crustaceans into three categories [9]. Moreau et al. re-
constructed the phylogeny of 139 extant genera based on six gene re-
gions and deduced that the rise of angiosperms was related to herbi-
vorous insects [90]. It is very controversial as to whether or not 29
Penaeus s.1. species should be split into six genera [91–93]. Developing
more SCNGs helps reconstruct the phylogeny of Penaeus and provide
new evidence for the classification of crustaceans.

In conclusion, this study provides abundant transcriptome resources
and new insights into the evolutionary adaptation of immune defense
and hypoxia tolerance in two closely related Marsupenaeus species.
Moreover, this research will facilitate further comparative genomic
studies of the two varieties.
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