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Abstract: Crustacea, particularly Decapoda, contains many economically important species, such as
shrimps and crabs. Crustaceans exhibit enormous (nearly 500-fold) variability in genome size.
However, limited genome resources are available for investigating these species. Exopalaemon
carinicauda Holthuis, an economical caridean shrimp, is a potential ideal experimental animal for
research on crustaceans. In this study, we performed low-coverage sequencing and de novo assembly
of the E. carinicauda genome. The assembly covers more than 95% of coding regions. E. carinicauda
possesses a large complex genome (5.73 Gb), with size twice higher than those of many decapod
shrimps. As such, comparative genomic analyses were implied to investigate factors affecting genome
size evolution of decapods. However, clues associated with genome duplication were not identified,
and few horizontally transferred sequences were detected. Ultimately, the burst of transposable
elements, especially retrotransposons, was determined as the major factor influencing genome
expansion. A total of 2 Gb repeats were identified, and RTE-BovB, Jockey, Gypsy, and DIRS were
the four major retrotransposons that significantly expanded. Both recent (Jockey and Gypsy) and
ancestral (DIRS) originated retrotransposons responsible for the genome evolution. The E. carinicauda
genome also exhibited potential for the genomic and experimental research of shrimps.

Keywords: Exopalaemon carinicauda Holthuis; genome; caridean shrimp; genome size evolution

1. Introduction

Crustacea (such as shrimps and crabs) and Hexapoda (mainly insects) are two species-rich groups
of Arthropoda, which is the phylum with the highest number of species identified worldwide [1].
Abundant genome resources have been identified from insects (more than 40 species), whereas
few crustaceans genomes, except those of the branchiopod Daphnia pulex and the amphipod
Parhyale hawaiensis [2,3], have been completely sequenced. In particular, the genomes of decapods
are difficult to sequence and assemble due to the large size and complexity of the genome; these
economically important species include Litopenaeus vannamei, Penaeus monodon, Macrobrachium
rosenbergii, Exopalaemon carinicauda, and Eriocheir sinensis [4,5]. Nevertheless, the low-coverage
sequencing of the cherry shrimp Neocaridina denticulata and the Chinese mitten crab E. sinensis impels
research on the genomic characteristics of crustaceans [6,7].
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E. carinicauda Holthuis, which belongs to the family Palaemonidae of Crustacea, is an economically
important shrimp species in China; the production of this species ranks only third to that of
Fenneropenaeus chinensis and Acetes chinensis in the coast of China [8]. In addition to its economic
value, E. carinicauda is a potential ideal experimental animal for research on crustaceans because of
its moderate size, transparent body, strong tolerance to environmental stress, big egg (egg diameter
ranges from 0.57 mm to 1.08 mm), and high reproduction capacity [5,9]. E. carinicauda can survive at
temperature of 2 ◦C–38 ◦C, salinity of 4–35‰, and pH of 4.8–10.5, and thus can be easily cultured in
laboratory [5]. Moreover, this species possesses a high reproductive capacity at a reproduction cycle of
only 2 months all year round [9]. Therefore, E. carinicauda has been widely used as an experimental
animal for identifying functional genes in crustaceans [10,11]. Moreover, genome editing approach
was first successfully applied to the embryos of E. carinicauda by using CRISPR/Cas9 system in our
group recently [12]; as such, this species could be a novel model organism for research on decapod
shrimps to reveal the function of genes relevant to growth, development, and reproduction.

Genome size varied considerably among crustaceans that ranged from 0.14 pg (Cyclops kolensis) to
64.62 pg (Ampelisca macrocephala), resulting in nearly 500-fold variation [13]. According to the Animal
Genome Size Database (www.genomesize.com), the C-values of shrimps from Palaemonidae range
from 6.48 pg to 22.16 pg, implying about 3.4-fold variation in the genome size, which was similar to
that of snapping shrimps [14]. In this regard, factors affecting genome size evolution were important
evolutionary biology issue. Generally, whole-genome duplication and proliferation of large-scale
transposable elements mainly influence genome expansion, which is even associated with species
divergence [14–17]. Besides, horizontal gene transfer (HGT) also contributes to genome evolution, and
more frequently occurs in prokaryotes than in eukaryotes [18,19]. The largest genomes and range of
crustaceans are found within the class Malacostraca, with many caridean shrimps harboring relative
larger genomes [20,21]. E. carinicauda is a representative species of caridean shrimps for research on
genome size evolution.

Despite that E. carinicauda could be a potential experimental animal for crustacean research,
the genome resources are limited, especially to genome editing experiments. Thus, in this study,
we performed low-coverage sequencing of E. carinicauda and obtained draft genome sequences for
investigating genomic characteristics, including heterozygosity, repeat sequences, functional gene
clusters, and phylogenetical position. We also identified factors affecting genome size evolution of
caridean shrimps.

2. Results

2.1. Genomic Characteristics

A total of 88 Gb high quality Illumina clean data were obtained for genome assembly
(Supplementary Table S1, Figure S1). To assess the effect of heterozygosity and repeats on the assembly,
we performed K-mer analysis of the clean reads. In contrast to the bimodal distribution of K-mer
frequencies in L. vannamei and P. hawaiensis [3,4], a single peak was observed in E. carinicauda; this peak
corresponds to K-mers present on homozygous regions (Figure 1A). No obvious low coverage peak
was observed in E. carinicauda compared with the highly heterozygous genome of Crassostrea gigas and
P. hawaiensis [3,22], indicating low levels of heterozygosity. Moreover, a high proportion (55.63%) of
K-mers with depth higher than 80× indicated the presence of abundant repetitive sequences involved
in the E. carinicauda genome.
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Figure 1. Genome characteristics of E. carinicauda. (A) K-mer distribution of the sequencing data with 
the K-mer size of 17, 19, 25, and 31. (B) Flow cytometry results of shrimp appendages. (C) Plot of GC 
content against the average sequencing depths of contigs longer than 1.5 Kb. The scatter points 
clustered together indicated none heterozygous sequences had been found in the assembled genome. 
(D) Sequencing depth distribution of the bases throughout the genome. 

We performed flow cytometry analysis on appendage cells to assess genome size of  
E. carinicauda. The haploid genome size was estimated as 6.62 Gb with C-value of 6.75 pg (1 pg = 978 
Mb) (Figure 1B). Based on the K-mer analysis, the genome size was estimated to be 5.73 Gb, which is 
relatively lower than the flow cytometric results. The genome size of E. carinicauda is higher than 
those of D. pulex (197 Mb) [2], penaeid shrimps [4,23], and another caridean shrimp N. denticulata (3 
Gb) by 29-, 2.5- and 2-folds, respectively [24]. Although smaller than some decapods (e.g., krill has 
genome size of ~47 Gb) [25], E. carinicauda has relatively larger genome size than many commonly 
recognized decapod shrimps. 

To understand polymorphism in the E. carinicauda genome, we analyzed allelic variation in the 
assembled genome. A total number of 8,918,607 single-nucleotide polymorphisms (SNPs) and 
3,342,259 short insertion/deletion (Indels) were obtained from the genome, yielding a sequence 
polymorphism rate of 0.18%, which is lower than that of highly polymorphic genomes [3,22]. 

2.2. Genome Assembly and Validation 

De novo assembly of the E. carinicauda genome was conducted using SOAPdenovo software. A 
total of 20,407,032 contigs with N50 length of 263 bp and 13,897,062 scaffolds with N50 length of 816 
bp were produced (Table 1). The total length of the assembled scaffolds was 5.57 Gb, which covered 
approximately 97.17% of the genome. As shown in Figure 1C, all the contigs accumulated without 
low-coverage sequences. Additionally, a single peak was detected on the sequencing coverage 
distribution plot (Figure 1D), indicating that few heterozygous sequences were involved in the 
genome. 

Figure 1. Genome characteristics of E. carinicauda. (A) K-mer distribution of the sequencing data with
the K-mer size of 17, 19, 25, and 31. (B) Flow cytometry results of shrimp appendages. (C) Plot of
GC content against the average sequencing depths of contigs longer than 1.5 Kb. The scatter points
clustered together indicated none heterozygous sequences had been found in the assembled genome.
(D) Sequencing depth distribution of the bases throughout the genome.

We performed flow cytometry analysis on appendage cells to assess genome size of E. carinicauda.
The haploid genome size was estimated as 6.62 Gb with C-value of 6.75 pg (1 pg = 978 Mb) (Figure 1B).
Based on the K-mer analysis, the genome size was estimated to be 5.73 Gb, which is relatively
lower than the flow cytometric results. The genome size of E. carinicauda is higher than those of
D. pulex (197 Mb) [2], penaeid shrimps [4,23], and another caridean shrimp N. denticulata (3 Gb) by
29-, 2.5 and 2-folds, respectively [24]. Although smaller than some decapods (e.g., krill has genome
size of ~47 Gb) [25], E. carinicauda has relatively larger genome size than many commonly recognized
decapod shrimps.

To understand polymorphism in the E. carinicauda genome, we analyzed allelic variation in
the assembled genome. A total number of 8,918,607 single-nucleotide polymorphisms (SNPs) and
3,342,259 short insertion/deletion (Indels) were obtained from the genome, yielding a sequence
polymorphism rate of 0.18%, which is lower than that of highly polymorphic genomes [3,22].

2.2. Genome Assembly and Validation

De novo assembly of the E. carinicauda genome was conducted using SOAPdenovo software.
A total of 20,407,032 contigs with N50 length of 263 bp and 13,897,062 scaffolds with N50 length
of 816 bp were produced (Table 1). The total length of the assembled scaffolds was 5.57 Gb, which
covered approximately 97.17% of the genome. As shown in Figure 1C, all the contigs accumulated
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without low-coverage sequences. Additionally, a single peak was detected on the sequencing coverage
distribution plot (Figure 1D), indicating that few heterozygous sequences were involved in the genome.

Table 1. Genome assembly statistics of E. carinicauda.

Criteria Contig Scaffold

Number 20,407,032 13,897,062
Total length (bp) 4,865,350,937 5,567,872,237

Longest (bp) 13,513 553,834
Shortest (bp) 100 100

N50 (bp) 263 816
N90 (bp) 116 129

>2 kb 28,741 286,753

Over 96% of the Illumina sequencing reads were successfully mapped to the genome, reflecting
the high integrity and accuracy of the assembly. Of the 2675 conserved core genes of Arthropoda used
to assess genome completeness, 1767 genes (66.06%) were covered by the genome as estimated by
BUSCO program, which was similar to that of P. hawaiensis (65.49%) [3]. As many core genes may be
lost during the divergence of crustaceans, we remapped these core genes to the genome after excluding
the core genes both missed in E. carinicauda and P. hawaiensis. Thus, about 88.44% core genes were
covered by E. carinicauda genome, and among them, there are 868 (43.44%) complete and single-copy
BUSCOs. To further examine the completeness of the assembly, we collected the transcriptome data
of E. carinicauda and aligned the assembled unigenes against the genome. A total of 81,135 unigenes
with mean length of 1064 bp were obtained (Supplementary Table S2). Over 95% of the unigenes were
mapped to the genome, and more than 83.96% of the unigenes were covered by single scaffold in
half length (Table 2). Therefore, the assembled genome displayed high completeness, especially for
coding regions.

Table 2. Coverage of unigenes in E. carinicauda genome *.

Criteria Unigenes

Unigene num 81,135
Match unigene num 77,374

Match unigene num (%) 95.36%
90% in one scaf 40,002

90% in one scaf (%) 49.30%
50% in one scaf 68,128

50% in one scaf (%) 83.96%

* “Match unigene num” indicates the number of matched unigenes in blast results against the genome with E value
cutoff of 1 × 10−10. “90% in one scaf” indicates the number of unigenes with 90% of length covered by a single
scaffold. “50% in one scaf” indicates the number of unigenes with 50% of length covered by a single scaffold.

2.3. Phylogenetic Location

The unigenes of 10 decapods were produced from the transcriptome data, and the quantity of
unigenes ranged from 66,815 (L. vannamei) to 133,311 (A. leptodactylus). A total of 19,630 gene families
were collected based on the comparative analysis of protein-coding genes of the 12 crustaceans.
Among these gene families, a subset of 202 single-copy gene families was selected for phylogenetic
analysis. Sequences from the 202 genes, totaling 46,653 amino acids, were applied for phylogenetic tree
construction using Maximum likelihood (ML) and Bayesian inference (BI) algorithms. The topology of
the ML tree was similar to that of BI tree, and the support values were almost 100% on each branch.

On the phylogenetic tree (Figure 2), caridean (Caridea) and penaeid shrimps (Dendrobranchiata)
were both monophyletic. Caridea, Brachyura, and Astacidea shared a common ancestor of Pleocyemata,
consistent with many previous reports [7,26,27], but different from those constructed using 16S
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rRNA, 18S rRNA, 28S rRNA and H3 genes [28,29], which grouped Caridea and Penaeoidea together.
As expected, M. rosenbergii was phylogenetically close to E. carinicauda that supported Palaemonidae.
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Figure 2. Phylogenetic tree of decapod species. ML tree obtained with a super-matrix of 46,653
amino-acid residues gathered from 202 orthologous genes in 10 decapod shrimps and two outgroup
species, P. hawaiensis and D. pulex. The genome size and chromosome numbers (2n) of other species
were obtained from previous researches [2–4,6,7,21,23,30,31]. The genome size of M. rosenbergii was
replaced by C-value of Macrobrachium acanthurus from the Animal Genome Size Database.

2.4. Assessment of Genome Duplication

E. carinicauda possesses relatively larger genome size than many other crustaceans. In this regard,
we examined factors affecting genome expansion; these factors include genome duplication events,
HGT events, and TE expansion. E. carinicauda contains 45 pairs (2n = 90) of chromosomes (Figure 2),
which is similar to that of penaeid shrimps (2n = 88) [4,23,30], but less than that of M. rosenbergii
(2n = 118) [31]. However, the genome size of E. carinicauda is larger than those of penaeid shrimps and
the caridean shrimp N. denticulata, but close to that of M. rosenbergii. Therefore, this evidence suggests
the E. carinicauda genome is unlikely to be polyploid.

Alleles frequency was calculated to identify genome duplication events. A total of 1,196,796
bi-allelic SNPs were used for the analysis. As expected, a unimodal distribution was detected
(Figure 3A), with a peak at 50%, which support E. carinicauda is a diploid. No obvious peaks at 25% and
75% was found, indicating genome duplication may have not happened in the E. carinicauda genome.

Furthermore, we investigated the copy number of the Hox gene cluster and single-copy genes.
We identified nine of the 10 Hox genes (except ftz) in the E. carinicauda genome (Figure 3B), similar to
that of P. hawaiensis [3]. Seven of the nine genes have single copies in the genome, except for Scr and
Antp, which possessed two copies. Analysis of single-copy genes is another effective method used to
evaluate genome duplication, because they only have one physical location in the genome and single
orthologs in other species. Of the 202 single-copy genes collected from comparative transcriptomic
analysis, 176 genes (87.13%) have only one copy in the genome. The 26 remaining genes displayed
partial duplication (cover more than 10% of unigene) on different scaffolds. Analysis of the Hox
gene cluster and single-copy genes indicated that these genes mostly had single copy in the genome,
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although few of them duplicated. Therefore, it was reasonable to believe that no genome duplication
events occurred during the evolution of the E. carinicauda genome.Mar. Drugs 2017, 15, 213  6 of 17 
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Figure 3. Allele frequency spectra and Hox gene cluster. (A) Allele frequency spectra based on read
counts of bi-allelic SNPs. (B) Hox gene cluster in seven arthropods. The box linked with a straight line
indicates the ordered genes located on a single scaffold or linkage groups.

2.5. Horizontally Transferred Sequences

Horizontally acquired mobile elements, such as bacteriophages, mitochondria, and transposable
elements, can contribute to genome plasticity, resulting in divergence in genetic materials [32,33].
In the present study, we used an exhaustive detection method to identify horizontally transferred
genes (HTGs) in E. carinicauda. When the 81,135 unigenes were blasted against the prokaryote genome
database, 562 homologs were collected; of which, 16 candidate HTGs that showed homologous
to the genome were used for subsequent phylogenetic analysis. Finally, three candidate HTGs,
all bacteria originated, were identified in the E. carinicauda genome (Figure 4A). For these candidate
HTGs, the phylogenetic tree showed a topology of E. carinicauda nesting with bacteria but far from
other eukaryotes (Daphnia magna), indicating a bacteria-to-E. carinicauda HGT event (Figure 4B).
Two of the three candidate HTGs encoded hypothetical proteins, and the other one (de_tnp) encoded
degenerate transposase, which is involved in a degenerate transposon in the most probable donor
genome, Streptococcus pneumoniae [34]. When comparing the genome of S. pneumoniae against
the E. carinicauda genome, four copies of transposon (about 2.3 Kb) around de_tnp were found in
S. pneumoniae, and were found to be homologous to the scaffold2364894 (Figure 4C). However, these
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sequences could also be contaminating sequences, that need further confirmation. In comparison
with E. carinicauda, 21 candidate HTGs were identified in N. denticulata after homology detection of
unigenes against prokaryote genome database, arthropod protein database, N. denticulata genome and
NCBI non-redundant protein (Nr) database. Additionally, the horizontally transferred degenerate
transposon in S. pneumoniae was also detected in the N. denticulata genome, indicating it may be
horizontally transferred before the divergence of these two shrimps.
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Figure 4. Horizontally transferred sequences of the genome. (A) Three bacteria-originated candidate
HTGs of E. carinicauda. (B) Phylogenetic tree of the candidate HTG (Eca_53811_396). (C) Structures of
probable horizontally transferred DNA fragments and their locations in both the donor and receptor
genome. The syteny between shrimp genomic contigs and corresponding donor genomes are displayed.
de_tnp indicates the gene encode degenerate transposase. hypo1 and hypo2 are two genes encode
hypothetical proteins. (D) The identity distribution of mitochondrial genome against the genome.
The red circle with high identity values are mitochondrial sequences from the assembled genome,
while the green circle with relative low identity values are NUMTs. (E) The location of the NUMTs
along the mitochondrial genome.

Horizontal transfer events also frequently occur between mitochondrial genome and nuclear
genome, thereby generating large amounts of nuclear mitochondrial DNA segments (NUMTs) [35].
The complete mitochondrial genome of E. carinicauda was covered by 12 scaffolds, with homology
identity larger than 98% (Figure 4D). A total of 177 NUMTs (total length of 67,764 bp) with relatively
low homology identity (≤98%) were inferred in the genome; this number is significantly higher than
that of N. denticulata (35 NUMTs has total length of 4718 bp) and D. pulex (1 NUMTs with length
of 3800 bp) (p ≤ 0.01). The longest NUMTs in E. carinicauda was 8054 bp, and the mean length of
NUMTs was 385 bp, which was also longer than N. denticulata (longest: 268 bp, mean length: 127 bp).
The mitochondrial genome coverage by NUMTs was significantly higher in E. carinicauda (92.88%)
than that in N. denticulata (26.25%) and D. pulex (24.21%) (p ≤ 0.01). The mitochondrial genome of
E. carinicauda was almost equally covered by NUMTs several times, except the region of 13.3–14.3 Kb,
which with nearly none of NUMT covered and none of the genes located (Figure 4E). Basing on the
transcriptome data, we found that seven genes (including two genes encoding NADH2, and genes
encoding NADH5, COI, COIII, and cytob) on NUMTs could be transcribed, which implied that some
of these HTGs might be functional in the nuclear genome.
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A large amount of NUMTs were horizontally transferred from the mitochondrial genome to the
nuclear genome in E. carinicauda. To identify whether the burst of NUMTs originates from duplication
event after the transfer [36], we compared the homology identity distribution of the mitochondrial
genome-NUMTs to NUMTs-NUMTs (Supplementary Figure S2). It was found that a bit more NUMTs
showed higher identity (95–98%) to the mitochondrial genome than other NUMTs, indicating that these
NUMTs were more likely originated from the mitochondrial genome rather than by NUMT duplication.

2.6. TE Expansion

TE expansion is a major factor that causes genome expansion in many species. Through using
RepeatModeler and RepeatMasker, we annotated the repetitive sequences of the E. carinicauda genome
and compared them with those of N. denticulata, P. hawaiensis, and D. pulex. A total of 2 Gb (36.37% of
genome) repeats were annotated in the E. carinicauda genome (Supplementary Table S3); and among
them, simple repeats accounted for 1.39% of the genome. Long interspersed nuclear elements (LINEs,
8.86%) and long terminal repeats (LTR, 5.41%) were found to be the two major classes of transposable
elements (TEs) that accounted for the E. carinicauda genome. Moreover, RTE-BovB (3.36%), Jockey
(2.12%), and CR1 (1.65%) were the three major components of LINEs. Gypsy (2.41%) and DIRS (2.87%)
were the two major classes of TEs under LTR. When compared the four crustaceans, SINEs were
commonly fewer than other TEs, and the composition of other TEs significantly differed among the
four species (Table 3). E. carinicauda had relatively higher LINEs than other three crustaceans, especially
for RTE-BovB and Jockey (p ≤ 0.01). Besides, E. carinicauda had relatively more LTRs than N. denticulata
and P. hawaiensis, especially for Gypsy and DIRS, which were significantly more than the two species
(p ≤ 0.01). Therefore, RTE-BovB, Jockey, Gypsy, and DIRS were four retrotransposons (totally 474 Mb)
that significantly expanded in the E. carinicauda genome.

Table 3. Comparative results of repeats of four crustaceans.

Repeats E. carinicauda N. denticulata P. hawaiensis D. pulex

Total length 5.57 Gb 1.72 Gb 4.02 Gb 197 Mb
GC level 37.47% 35.11% 40.84% 40.77%
Bases masked 1.99 Gb 3.79 Gb 1.49 Gb 40 Mb
Repeat percent 36.37% 22.03% 37.17% 20.45%
SINEs: 0.01% 0.51% 0.03% 0.98%
LINEs: 8.86% 5.07% 6.43% 0.90%

RTE-BovB 3.36% 0.63% 0.19% 0.24%
Jockey 2.12% 0.20% 0.15% 0.05%
L3/CR1 1.65% 2.31% 3.31% 0.00%

LTR elements 5.41% 0.26% 0.58% 5.48%
Gypsy 2.41% 0.21% 0.00% 2.77%
DIRS 2.87% 0.00% 0.00% 0.28%

DNA elements 0.90% 1.14% 4.49% 1.75%
Charlie 0.02% 0.10% 0.13% 0.00%
Tigger 0.48% 0.33% 0.05% 0.02%

Unclassified 19.28% 9.54% 24.31% 10.22%
Total TEs 34.47% 16.52% 35.84% 19.33%
Satellites 0.01% 0.09% 0.04% 0.00%
Simple repeats 1.39% 3.47% 1.27% 0.44%
Low complexity 0.64% 2.00% 0.13% 0.67%

The burst of TEs greatly contributed to the genome expansion of E. carinicauda. To study the
divergence history of TEs in the genome, we calculated the divergence rate between the identified
TEs and the consensus sequences in the TE library. A single peak around 12% was detected in the
substitution rate distribution of TEs in the E. carinicauda genome (Figure 5A), indicating that the TEs
expanded at the same time. Similar results were detected in the genome of another caridean shrimp
N. denticulata (Figure 5B). The substitution rate distribution of P. hawaiensis and D. pulex showed
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minimal differences in the peaks at higher rates (rates ≥ 20%), indicating the ancient expansion of
TEs (Figure 5C,D). Many TEs were no longer active, and various TEs might have different amounts
of active members because of different divergence histories [37]. Therefore, we investigated the
divergence histories of the five expanded retrotransposons (RTE-BovB, Jockey, CR1, Gypsy, and DIRS)
of E. carinicauda (Figure 5E). The substitution rate for DIRS (21%) was twice higher than that for three
LINEs (RTE-BovB Jockey, and CR1, 10%); hence, DIRS were older than RTE-BovB, Jockey, and CR1,
which might retain relatively more active copies. Besides, two peaks were found on the substitution
rate distribution of Gypsy, accounting for ancient and recent expansion. Similar result was observed in
N. denticulata (Figure 5F), but only ancient expansion was detected in Jockey and Gypsy.
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The divergence time of repeats were compared among four species: (A) E. carinicauda, (B) N. denticulata,
(C) D. pulex, (D) P. hawaiensis. The divergence time of expanded LINEs and LTRs were compared
between (E) E. carinicauda and (F) N. denticulata.

3. Discussion

3.1. E. carinicauda Possesses a Large Complex Genome

In this study, we performed low-coverage sequencing on the E. carinicauda genome and
investigated its characteristics. Genome survey analysis indicates that E. carinicauda has a relatively
large genome size of 5.73 Gb, similar to many other caridean shrimps as shown in the Animal Genome
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Size Database. The genome size of E. carinicauda is 29-fold higher than that of D. pulex, and more than
twice of that of penaeid shrimps. Despite originating from the same infraorder Caridea, E. carinicauda
and M. rosenbergii have genome size twice higher than that of N. denticulata (Figure 2). Caridean
shrimps harbor large genomes within the class Malacostraca, which have the largest genomes and
range among crustaceans [20,21]. Therefore, genome survey of E. carinicauda provides a valuable
resource for investigation of the features of large caridean genomes.

K-mer analysis indicated that E. carinicauda has relatively low level of heterozygosity and high
frequency of repetitive sequences. We annotated about 2 Gb repeats, which account for 36.37% of
the E. carinicauda genome. Some of structural repeats could not be annotated because of the highly
fragmentation of the genome assembly, resulting in underestimation of the repeats in the genome.
Therefore, E. carinicauda has a genome with large amount of repeats. Moreover, E. carinicauda has more
than 76 Mb (1.39%) simple repeats, which is higher than that of many other invertebrates, such as
C. gigas (0.72%), D. pulex (0.44%), and Lottia gigantea (0.55%). Even harboring similar genome size,
the locust Locusta migratoria (6.5 Gb) has only 0.2% of simple repeats. Therefore, large amounts of
repeats, including simple repeats, complicate the genome of E. carinicauda.

E. carinicauda possesses a large complex genome; as such, we made efforts to recover the full
genome and assembled a genome of 5.57 Gb. This genome effectively covered the protein-coding
regions, showing that the coverage of core genes and 81,135 unigenes exceeds 88% and 95%, respectively.
Furthermore, we found 40,002 unigenes, which could be almost fully covered by single scaffold
(Table 2), providing a valuable resource to obtain complete genes. Hence, deep genome sequencing,
including PacBio long reads sequencing, will promote genome investigation of E. carinicauda.

3.2. Burst of TEs Responsible for Genome Expansion of E. carinicauda

Genome size varies considerably among species; and genome duplication, HGT events and TE
expansion are considered to be potential factors causing genome expansion [14–19]. Whole-genome
duplication can lead to rapid genome expansion, followed by large-scale chromosomal rearrangements
and deletions during polyploidization [38]. Whole-genome duplications are commonly detected
in plants and some animals (e.g., fishes), but rarely in crustaceans (except Branchiopoda) [39,40].
The Atlantic horseshoe crab Limulus polyphemus (Arthropoda, Chelicerata) and many other horseshoe
crabs, which is phylogenetically close to Crustacea, underwent ancient whole-genome duplication of
two clusters of Hox genes in different linkage groups [41,42]. Besides, gene duplications can also imply
to the protein domain duplication that doubles the transcript size [43]. However, only one cluster of
Hox genes was identified in the genome of E. carinicauda, and most orthologous single-copy genes
(87.13%) remained as single copy on the genome. Furthermore, the average coverage of sequencing
reads on the contigs with Hox genes and single-copy genes showed a single peak around 7×, similar
to that of full contigs (Supplementary Figure S3). Therefore, the Hox gene cluster and single-copy
genes were possibly not duplicated, suggesting that E. carinicauda did not undergo genome duplication.
This finding is also supported by the research on snapping shrimps, which were not polyploid because
their genome size was not related to chromosome number [14].

In general, the effects of HGT events on genome plasticity are mainly discovered in
prokaryotes [18,19]. In this study, only three candidate HTGs were identified in the E. carinicauda
genome. Moreover, only 16 candidate unigenes of E. carinicauda showed homology to prokaryotic
genomes, and only 21 candidate HTGs were identified in N. denticulata. Compared with N. denticulata
(35 NUMTs with total length of 4718 bp), a relatively larger amount of NUMTs (177 NUMTs with total
length of 67,764 bp) were detected to be horizontally transferred to the nuclear genome of E. carinicauda.
Overall, all these horizontally transferred sequences minimally influenced genome size evolution.

For many species, TEs are generally the major components of complex genomes and their
transposition can be regarded as predominant force driving genome expansion [16,17,44–47]. Besides,
retrotransposons are considered a particular class of TEs that greatly contribute to genomic inflation
because of their propensity to increase the copy numbers [16,48]. E. carinicauda contains approximately
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2 Gb repeats, and LINEs and LTRs were found to be the two major retrotransposons that significantly
proliferated in the genome. Among them, RTE-BovB, Jockey, Gypsy, and DIRS significantly expanded
compared with those of the other three crustaceans. It seems the four kinds of retrotransposons
are specifically responsible for the genome size evolution of E. carinicauda. Furthermore, these
retrotransposons appeared to be relatively recent transposed after the divergence of E. carinicauda
or its ancestor. SINEs was considered as the major TEs that contribute to species-specific genome
sequences [49]. However, few SINEs were found in the four genome-sequenced crustaceans (Table 3),
suggesting that these species-specific repeats minimally contributed to remodeling the genomes of
E. carinicauda or other crustaceans.

Many retrotransposons are common and presumably of ancestral origin, so many of their
members are no longer active [37]. Therefore, recently transferred TEs are more active and exert
more contribution to remodel genome. In both caridean shrimps, E. carinicauda and N. denticulata
have a single peak of substitution rate distribution of TEs (Figure 5), suggesting that the burst of TEs
occurred at the same time. In contrast to that of D. pulex and P. hawaiensis, which seemed to have
ancestral repeats, the two caridean shrimps seemed to have only recent repeats. Since both caridean
shrimps share similar genomic structures, we speculated about the cause of differences in genome size.
When comparing these two shrimp species, RTE-BovB, Jockey, Gypsy, and DIRS significantly expanded
in the E. carinicauda genome (Table 3). The divergence time of RTE-BovB and CR1 were similar in the
two shrimp species that occurred recently, whereas the divergence time of Jockey, Gypsy, and DIRS
were different from one another. A recent burst of Jockey and Gypsy, and a relative ancestral origin
of DIRS was found in the E. carinicauda genome, indicating that both recent and ancestral origin of
retrotransposons contributed to genome expansion, but different classes of retrotransposons expanded
at different times.

Comparison of substitution rates for DIRS and some other TEs (e.g., RTE-BovB, Jockey, and Gypsy)
indicated that DIRS is a relatively old repeat family. Unlike most other retrotransposons, DIRS encodes
a tyrosine recombinase that is involved in site-specific recombination. DIRS has been identified in a
wide range of eukaryotes, including fungi, plants and various animals, but, few of them have been
reported in arthropods [50]. In N. denticulata and P. hawaiensis, no DIRS were identified, but about
143 Mb (2.87%) DIRS were detected in E. carinicauda. Therefore, we hypothesize that DIRS may stem
from horizontal transfer from related species. To test this hypothesis will require full-length annotated
TE sequences and additional comparative sequences. Jockey and Gypsy were younger than DIRS that
they may have many likely active copies, which would contribute to genome evolution. Jockey and
Gypsy are two kinds of retrotransposons widely identified in animals and plants. However, Gypsy
showed some differences from Jockey, indicating that a part of Gypsy expanded at a time similar to
that of DIRS (Figure 5E). Therefore, unlike other retrotransposons, Gypsy underwent two times of
expansion during the genome evolution.

4. Materials and Methods

4.1. Sample Preparation and Sequencing

Sample for genome sequencing was collected from an adult male E. carinicauda cultured in the
aquaculture lab of IOCAS, Qingdao, China. The animal was starved and acclimated in sea water
aquaria at 20 ± 1 ◦C for one week. Muscles were collected immediately, frozen in liquid nitrogen,
and stored at −80◦C. Genomic DNA was isolated from the muscles by using a TIANamp Marine
Animal DNA Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. Short-insert
(170 bp and 500 bp) DNA libraries were constructed according to Illumina manufacturer’s protocol.
All libraries were sequenced on the Illumina sequencing platform HiSeq2000 with the paired-end
(PE) sequencing reads length of 100 nt. All the sequencing reads were trimmed to filter the adaptor
sequences and low-quality reads by using NGS QC Toolkit [51]. ErrorCorrection v2.0.1 from Short
Oligonucleotide Analysis Package (SOAP) (http://soap.genomics.org.cn/index.html) was used to

http://soap.genomics.org.cn/index.html
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correct read error with default parameters. All the sequencing data has been deposited on GeneBank
SRA database with the accession numbers of SRR5320375 and SRR5320376.

4.2. Estimation of Genome Size, Heterozygosity, and Repetitiveness

Genome size was determined using flow cytometry. Appendages were collected from 10 E. carinicauda
individuals (for 10 replicates), and mouse (genome size of 2.50 Gb) blood cells were used as internal
standard. Briefly, samples of tissues were chopped with a razor blade in the buffer of PBS. 1 mL of the
homogenized cell suspension was filtered through a 30 µm nylon filter, added with 12 µL of propidium
iodide (50 mg/mL), and stained with 2 µL of RNase (10 mg/mL) for 20 min. All samples were run on
a flow cytometer BD FACSCalibur (BD Biosciences, San Jose, CA, USA) by using a 488 nm blue laser to
obtain single-parameter histograms showing relative fluorescence between the standard nuclei and
shrimp nuclei.

Additionally, genome size was estimated based on the K-mer (K represents the chosen length
of substrings) depth distribution of shotgun reads; this method has been used to accurately estimate
the genome size of a number of organisms based on short-tag sequences [52]. Jellyfish was used
to calculate K-mer depth distribution [53], which depends on the characteristic of the genome,
and follows the Poisson distribution. Genome size was calculated using the following empirical
formula: G = N × (L − K + 1)/(L × M), where N is the number of K-mers, L is the reads length,
K stands for the length of K-mer and M stands for the observed peak of K-mer depth. All paired-end
reads were used for this analysis with K-mer length of 17 bp, 19 bp, 25 bp, and 31 bp.

All the reads were aligned to the genome by using BWA with default parameters to estimate the
level of heterozygosity [54]. For reads with multiple mapping positions, only the best hit was retained.
SNPs and Indels were called based on the results of alignment using SAMtools [55]. SNPs and Indels
with Phred-scaled quality lower than 10 were filtered.

4.3. Genome Assembly and Validating the Assembly

A de novo assembly procedure was performed on the clean reads to construct contigs by using
SOAPdenovo2 software with the following parameters: the k values in K-mer were set as 31, 43,
51, 53, 57, 63, and 83, considering the unsolved repeats by reads and fill gaps in the scaffolds [56].
The best assemblies with K-mer of 53 were selected according to the scaffold N50 and total length of
the assembly. Nextly, we improved the genome assembly with the transcriptome unigenes by using
L_RNA_scaffolder [57].

The completeness and accuracy of the genome assembly were evaluated by remapping high
quality PE reads to the scaffolds by using bowtie 1.2.0 with parameters of “–rdg 3,1 –rfg 3,1 –gbar 2” [58].
The completeness of the assembly was also examined by mapping unigenes from transcriptomes
using BLASTn [59]. The physical coverage of each gene was calculated with the help of SOLAR [60].
The transcriptome data of E. carinicauda were collected from the NCBI SRA database (Accession
No. SRR1105776). The data were de novo assembled into contigs using Trinity (http://trinityrnaseq.
sourceforge.net/) [61], and the isoforms were removed by TGICL [62]. The assembled genome was
further validated by checking the coverage of the 2675 conserved core genes of Arthropoda. All these
core genes were aligned to the assembled genomes using BUSCO program (version v3) [63].

4.4. Phylogenetic Analysis

All the Illumina PE transcriptome data of nine decapods, namely, L. vannamei, F. chinensis,
P. monodon, Pandalus latirostris, M. rosenbergii, N. denticulata, Astacus leptodactylus, E. sinensis,
and Portunus trituberculatus were collected from the SRA database of NCBI (Accession numbers:
SRR1039534, SRR653437, SRR346404, SRR1460493-SRR1460495, SRR1460504, SRR1460505, SRR388222,
SRR388207, SRR388221, SRR345609-SRR345611, DRR001118-DRR001121, SRR650486, SRR629687,
SRR1555734, SRR1576649, SRR1013694, SRR1013696, SRR2087155, SRR768319, and SRR1185328,
respectively). The RNA samples in the aforementioned research were extracted from different

http://trinityrnaseq.sourceforge.net/
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Mar. Drugs 2017, 15, 213 13 of 18

development stages and various tissue samples, such as hepatopancreas, ovary, muscle, testis, heart,
gonad, gills, and pleopod. The transcriptome data were assembled de novo into contigs using Trinity,
and the isoforms were removed by TGICL. All the unigenes were blasted against the Nr database
and conjoined with SOLAR. The sequence of unigenes was cut according to the SOLAR results and
translated into amino acid sequences to remove pseudogenes. Amino acid sequences with stop codon
involved were removed. The full protein-coding genes of P. hawaiensis and D. pulex were obtained
from NCBI (ftp.ncbi.nlm.nih.gov).

After collecting all the unigenes and protein-coding genes of these species, TreeFam method was
used for clustering orthologous gene families [64]. Pair-wise BLASTp alignment was initially used to
align all-to-all with an E-value cutoff of 1 × 10−10. Hcluster_sg was then employed to construct gene
families [65]. Among these gene families, single-copy genes were chosen for phylogenetic analysis.
ML and BI methods were used for phylogenetic tree construction. For ML-tree construction, sequence
alignment was performed using MUSCLE 3.6 [66]. ML analysis was performed on PhyML with the
substitution model JTT + gamma + Inv [67]. 1000 bootstraps were conducted to produce the branch
support values [24,68]. Mrbayes 3.2.1 was used for BI analysis [69], two independent runs, each with
four chains, were analyzed for millions of generations until the standard deviation of split frequencies
converged towards zero. The first 25% of the sampled trees were discarded as burn-in.

4.5. Allelic SNPs Analysis

To identify whether E. carinicauda underwent genome duplication, the analysis of bi-allelic SNPs
was carried out according to previous researches [70]. After collecting all the SNPs, only bi-allelic
variation was used, which represent for the reference and derived alleles. The alleles frequency was
calculated for each bi-allelic SNPs. In a diploid, a unimodal distribution around 50% would be expected.
While a trimodal distribution with peaks at 25%, 50% and 75% would be found in a tetraploid.

4.6. Analysis of Hox Gene Cluster

The Hox gene cluster of various species contains 10 conserved Hox genes. The sequences of
10 Hox genes of L. vannamei and P. hawaiensis were downloaded from NCBI. BLASTx program was
used to compare E. carinicauda unigenes against these Hox genes. The matched unigenes were blasted
against Nr database to identify Hox gene sequences. The copy number of these Hox genes was counted
when compared with the assembled genome.

4.7. Identification of HTGs and NUMTs

BLASTx-based HGT search and phylogenetic analysis were performed on the unigenes of
E. carinicauda by using the method for identifying HTGs in shrimps [71]. Candidate HTGs were
collected from unigenes and blasted against the genome to identify the presence of HTGs.

The mitochondrial genomes of E. carinicauda were retrieved from the NCBI database
(NC_012566.1) [72]. BLASTn search was performed on the genome against the corresponding
mitochondrial genome sequences with the E value cutoff of 1 × 10−5 and match length cutoff of 100 bp.
The total number and locations of NUMTs were determined from the BLASTn results. Mitochondrial
genome sequences in the assembled genome were determined by the BLASTn results with identity
value larger than 98%.

4.8. Repeats Annotation and Divergence Time Analysis

RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html) was used for de novo
identification of the repeat family and construction of a local repeat database. RepeatMasker was used
to identify the TEs by aligning the genome sequences against RepBase (RepBase21.04) and the local
library with default parameters [73]. TEs in the genome were determined using a combination of de novo
based and homology based approaches. Substitution rate of TEs was calculated by RepeatMasker
through comparing the genomic and repeat consensus sequences.

ftp.ncbi.nlm.nih.gov
http://www.repeatmasker.org/RepeatModeler.html
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5. Conclusions

This study provides a valuable genome resource of E. carinicauda for research on decapod shrimps,
the 5.57 Gb sequences covering about 97% of the genome and more than 95% of coding regions.
Full structures of 40,002 unigenes were covered by single scaffold, which benefit for experimental
research of economical shrimps, especially for genome editing experiments. We have identified three
candidate bacteria-originated HTGs, and 177 NUMTs (totally 67,764 bp) on the genome, which was
significantly more than that of N. denticulata (35 NUMTs with total length of 4718 bp). Most of these
NUMTs originated from mitochondrial genome separately rather than duplication. E. carinicauda
share a relatively large genome size with many other caridean shrimps, which was larger than many
other decapods. Decoding the E. carinicauda genome explained the genome size evolution of decapod
shrimps. In contrast to transposons, retrotransposons proliferation is responsible for genome size
evolution, and furthermore, these retrotransposons appeared to be relatively recent transposed after
the divergence of E. carinicauda or its ancestor Palaemonidae. RTE-BovB, Jockey, Gypsy, and DIRS
are four specifically expanded retrotransposons in the genome. Considering its economic value and
experimental manipulability, we believe the genome resources of this species could serve an initial
platform for breeding high quality shrimps.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/7/213/s1.
Table S1. Genome sequencing data of E. carinicauda; Table S2. Transcriptome assembly of E. carinicauda; Table S3.
Transposable elements of E. carinicauda. Figure S1. The sequencing quality score distribution along reads.
Ec01_L1 stand for the 170 bp library, and Ec01_L2 stand for 500 bp library; Figure S2. The identity distribution
between NUMTs and mitochondrial genome. The orange bar indicates the identity distribution of NUMTs against
mitochondrial genome; the green bar indicates the identity distribution between different NUMTs; Figure S3.
Sequencing depth distribution of the contigs with Hox genes and single-copy genes located. The bar plot indicates
the sequencing depth distribution of all contigs.

Acknowledgments: This work was supported by National Natural Science Foundation of China (41376165,
41506189, 31672632), China Agriculture Research system-47 (CARS-47) and The Scientific and Technological
Innovation Project Financially Supported by Qingdao National Laboratory for Marine Science and Technology
(2015ASKJ02).

Author Contributions: J.X., F.L. and X.Z. conceived and designed the experiments; Y.G. and X.Z. performed the
genome sequencing; J.W. performed flow cytometry experiments; J.Y. and C.L. performed data analysis; J.Y. wrote
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boore, J.L.; Lavrov, D.V.; Brown, W.M. Gene translocation links insects and crustaceans. Nature 1998, 392,
667–668. [CrossRef] [PubMed]

2. Colbourne, J.K.; Pfrender, M.E.; Gilbert, D.; Thomas, W.K.; Tucker, A.; Oakley, T.H.; Tokishita, S.; Aerts, A.;
Arnold, G.J.; Basu, M.K.; et al. The Ecoresponsive Genome of Daphnia pulex. Science 2011, 331, 555–561.
[CrossRef] [PubMed]

3. Kao, D.; Lai, A.G.; Stamataki, E.; Rosic, S.; Konstantinides, N.; Jarvis, E.; Di Donfrancesco, A.;
Pouchkina-Stancheva, N.; Semon, M.; Grillo, M.; et al. The genome of the crustacean Parhyale hawaiensis,
a model for animal development, regeneration, immunity and lignocellulose digestion. eLife 2016, 5.
[CrossRef] [PubMed]

4. Yu, Y.; Zhang, X.; Yuan, J.; Li, F.; Chen, X.; Zhao, Y.; Huang, L.; Zheng, H.; Xiang, J. Genome survey and
high-density genetic map construction provide genomic and genetic resources for the Pacific White Shrimp
Litopenaeus vannamei. Sci. Rep. 2015, 5, 15612. [CrossRef] [PubMed]

5. Xingqiang, W.; Binlun, Y.; Ma, S. Study on the biology and cultural ecology of Expopalaemon carinicauda.
Shandong Fish. 2005, 22, 21–23. (In Chinese)

6. Song, L.S.; Bian, C.; Luo, Y.J.; Wang, L.L.; You, X.X.; Li, J.; Qiu, Y.; Ma, X.Y.; Zhu, Z.F.; Ma, L.; et al.
Draft genome of the Chinese mitten crab, Eriocheir sinensis. GigaScience 2016, 5. [CrossRef] [PubMed]

www.mdpi.com/1660-3397/15/7/213/s1
http://dx.doi.org/10.1038/33577
http://www.ncbi.nlm.nih.gov/pubmed/9565028
http://dx.doi.org/10.1126/science.1197761
http://www.ncbi.nlm.nih.gov/pubmed/21292972
http://dx.doi.org/10.7554/eLife.20062
http://www.ncbi.nlm.nih.gov/pubmed/27849518
http://dx.doi.org/10.1038/srep15612
http://www.ncbi.nlm.nih.gov/pubmed/26503227
http://dx.doi.org/10.1186/s13742-016-0112-y
http://www.ncbi.nlm.nih.gov/pubmed/26823974


Mar. Drugs 2017, 15, 213 15 of 18

7. Kenny, N.J.; Sin, Y.W.; Shen, X.; Zhe, Q.; Wang, W.; Chan, T.F.; Tobe, S.S.; Shimeld, S.M.; Chu, K.H.; Hui, J.H.L.
Genomic Sequence and Experimental Tractability of a New Decapod Shrimp Model, Neocaridina denticulata.
Mar. Drugs 2014, 12, 1419–1437. [CrossRef] [PubMed]

8. Yang, L.; Ping, L.; Jian, L.; Jitao, L.; Peng, M.; Gao, B. Cloning and expression analysis of serine protease
inhibitors gene of Exopalaemon carinicauda. J. Fish. Sci. China 2013, 20, 1166–1174.

9. Sun, Y.M.; Li, F.H.; Chi, Y.H.; Xiang, J.H. Enhanced resistance of marine shrimp Exopalamon carincauda
Holthuis to WSSV by injecting live VP28-recombinant bacteria. Acta Oceanol. Sin. 2013, 32, 52–58. [CrossRef]

10. Duan, Y.; Liu, P.; Li, J.; Chen, P. Immune gene discovery by expressed sequence tag (EST) analysis of
hemocytes in the ridgetail white prawn Exopalaemon carinicauda. Fish Shellfish Immunol. 2013, 34, 173–182.
[CrossRef] [PubMed]

11. Zhang, X.Z.; Cheng, X.Q.; Yu, Y.X.; Shen, H.; Wan, X.H. Analysis of ITS1 sequences and genetic relationships
between populations of ridgetail white prawn, Exopalaemon carinicauda, in the East China Sea. Genet. Mol. Res.
2015, 14, 12316–12322. [CrossRef] [PubMed]

12. Gui, T.; Zhang, J.; Song, F.; Sun, Y.; Xie, S.; Yu, K.; Xiang, J. CRISPR/Cas9-mediated Genome Editing and
Mutagenesis of EcChi4 in Exopalaemon carinicauda. G3 (Bethesda) 2016, 6, 3757–3764. [CrossRef] [PubMed]

13. Jeffery, N.W. Genome Size Diversity and Evolution in the Crustacea. In Theses & Dissertations; University of
Guelph: Guelph, ON, Canada, 2015; Volume 174, pp. 1–262.

14. Jeffery, N.W.; Hultgren, K.; Chak, S.T.; Gregory, T.R.; Rubenstein, D.R. Patterns of genome size variation in
snapping shrimp. Genome 2016, 59, 393–402. [CrossRef] [PubMed]

15. Wood, T.E.; Takebayashi, N.; Barker, M.S.; Mayrose, I.; Greenspoon, P.B.; Rieseberg, L.H. The frequency
of polyploid speciation in vascular plants. Proc. Natl. Acad. Sci. USA 2009, 106, 13875–13879. [CrossRef]
[PubMed]

16. Piegu, B.; Guyot, R.; Picault, N.; Roulin, A.; Saniyal, A.; Kim, H.; Collura, K.; Brar, D.S.; Jackson, S.; Wing, R.A.;
et al. Doubling genome size without polyploidization: Dynamics of retrotransposition-driven genomic
expansions in Oryza australiensis, a wild relative of rice. Genome Res. 2006, 16, 1262–1269. [CrossRef]
[PubMed]

17. Kidwell, M.G. Transposable elements and the evolution of genome size in eukaryotes. Genetica 2002, 115,
49–63. [CrossRef] [PubMed]

18. Isambert, H.; Stein, R.R. On the need for widespread horizontal gene transfers under genome size constraint.
Biol. Direct 2009, 4, 28. [CrossRef] [PubMed]

19. Cordero, O.X.; Hogeweg, P. The impact of long-distance horizontal gene transfer on prokaryotic genome
size. Proc. Natl. Acad. Sci. USA 2009, 106, 21748–21753. [CrossRef] [PubMed]

20. Rees, D.J.; Belzile, C.; Glemet, H.; Dufresne, F. Large genomes among caridean shrimp. Genome 2008, 51,
159–163. [PubMed]

21. Bonnivard, E.; Catrice, O.; Ravaux, J.; Brown, S.C.; Higuet, D. Survey of genome size in 28 hydrothermal
vent species covering 10 families. Genome 2009, 52, 524–536. [PubMed]

22. Zhang, G.F.; Fang, X.D.; Guo, X.M.; Li, L.; Luo, R.B.; Xu, F.; Yang, P.C.; Zhang, L.L.; Wang, X.T.; Qi, H.G.;
et al. The oyster genome reveals stress adaptation and complexity of shell formation. Nature 2012, 490, 49–54.
[CrossRef] [PubMed]

23. Chow, S.; Dougherty, W.J.; Sandifer, P.A. Meiotic Chromosome Complements and Nuclear-DNA Contents of
4 Species of Shrimps of the GenusPenaeus. J. Crustacean Biol. 1990, 10, 29–36. [CrossRef]

24. Zhu, B.; Lou, M.M.; Xie, G.L.; Zhang, G.Q.; Zhou, X.P.; Li, B.; Jin, G.L. Horizontal gene transfer in silkworm,
Bombyx mori. BMC Genom. 2011, 12, 248. [CrossRef] [PubMed]

25. Jeffery, N.W. The first genome size estimates for six species of krill (Malacostraca, Euphausiidae):
Large genomes at the north and south poles. Polar Biol. 2012, 35, 959–962. [CrossRef]

26. Bracken, D.H.; Toon, A.; Felder, D.L.; Martin, J.W.; Finley, M.; Rasmussen, J.; Palero, F.; Crandall, K.A.
The Decapod Tree of Life: Compiling the Data and Moving toward a Consensus of Decapod Evolution.
Arthropod Syst. Phylogeny 2009, 67, 99–116.

27. Lin, F.J.; Liu, Y.; Sha, Z.L.; Tsang, L.M.; Chu, K.H.; Chan, T.Y.; Liu, R.Y.; Cui, Z.X. Evolution and phylogeny
of the mud shrimps (Crustacea: Decapoda) revealed from complete mitochondrial genomes. BMC Genom.
2012, 13. [CrossRef] [PubMed]

28. De Grave, S.; Chan, T.Y.; Chu, K.H.; Yang, C.H.; Landeira, J.M. Phylogenetics reveals the crustacean order
Amphionidacea to be larval shrimps (Decapoda: Caridea). Sci. Rep. 2015, 5. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/md12031419
http://www.ncbi.nlm.nih.gov/pubmed/24619275
http://dx.doi.org/10.1007/s13131-013-0261-0
http://dx.doi.org/10.1016/j.fsi.2012.10.026
http://www.ncbi.nlm.nih.gov/pubmed/23092732
http://dx.doi.org/10.4238/2015.October.9.20
http://www.ncbi.nlm.nih.gov/pubmed/26505380
http://dx.doi.org/10.1534/g3.116.034082
http://www.ncbi.nlm.nih.gov/pubmed/27605521
http://dx.doi.org/10.1139/gen-2015-0206
http://www.ncbi.nlm.nih.gov/pubmed/27171678
http://dx.doi.org/10.1073/pnas.0811575106
http://www.ncbi.nlm.nih.gov/pubmed/19667210
http://dx.doi.org/10.1101/gr.5290206
http://www.ncbi.nlm.nih.gov/pubmed/16963705
http://dx.doi.org/10.1023/A:1016072014259
http://www.ncbi.nlm.nih.gov/pubmed/12188048
http://dx.doi.org/10.1186/1745-6150-4-28
http://www.ncbi.nlm.nih.gov/pubmed/19703318
http://dx.doi.org/10.1073/pnas.0907584106
http://www.ncbi.nlm.nih.gov/pubmed/20007373
http://www.ncbi.nlm.nih.gov/pubmed/18356950
http://www.ncbi.nlm.nih.gov/pubmed/19483771
http://dx.doi.org/10.1038/nature11413
http://www.ncbi.nlm.nih.gov/pubmed/22992520
http://dx.doi.org/10.2307/1548667
http://dx.doi.org/10.1186/1471-2164-12-248
http://www.ncbi.nlm.nih.gov/pubmed/21595916
http://dx.doi.org/10.1007/s00300-011-1137-4
http://dx.doi.org/10.1186/1471-2164-13-631
http://www.ncbi.nlm.nih.gov/pubmed/23153176
http://dx.doi.org/10.1038/srep17464
http://www.ncbi.nlm.nih.gov/pubmed/26642937


Mar. Drugs 2017, 15, 213 16 of 18

29. Bracken, H.D.; De Grave, S.; Toon, A.; Felder, D.L.; Crandall, K.A. Phylogenetic position, systematic status,
and divergence time of the Procarididea (Crustacea: Decapoda). Zool. Scr. 2010, 39, 198–212. [CrossRef]

30. Yang, L.; Ping, L.; Jian, L.; Jitao, L.; Gao, B. The chromosome preparetion and karyotype in ridgetail white
prawn Exopalaemon carinicauda. J. Dalian Ocean Univ. 2012, 27, 453–456.

31. Tianshu, Z.; Wang, Y. Studies on the chromosome of the Macrobrachium rosenbergii. J. Cent. China Norm. Univ.
(Nat. Sci.) 2003, 37. [CrossRef]

32. Bon, E.; Delaherche, A.; Bilhere, E.; De Daruvar, A.; Lonvaud-Funel, A.; Le Marrec, C. Oenococcus oeni
Genome Plasticity Is Associated with Fitness. Appl. Environ. Microb. 2009, 75, 2079–2090. [CrossRef]
[PubMed]

33. Nikoh, N.; McCutcheon, J.P.; Kudo, T.; Miyagishima, S.Y.; Moran, N.A.; Nakabachi, A. Bacterial genes in the
aphid genome: Absence of functional gene transfer from Buchnera to its host. PLoS Genet. 2010, 6, e1000827.
[CrossRef] [PubMed]

34. Park, H.K.; Myung, S.C.; Kim, W. Comparative transcriptomic analysis of Streptococcus pseudopneumoniae
with viridans group streptococci. BMC Microbiol. 2012, 12, 77. [CrossRef] [PubMed]

35. Lopez, J.V.; Yuhki, N.; Masuda, R.; Modi, W.; O’Brien, S.J. Numt, a recent transfer and tandem amplification
of mitochondrial DNA to the nuclear genome of the domestic cat. J. Mol. Evol. 1994, 39, 174–190. [PubMed]

36. Song, S.; Jiang, F.; Yuan, J.; Guo, W.; Miao, Y. Exceptionally high cumulative percentage of NUMTs originating
from linear mitochondrial DNA molecules in the Hydra magnipapillata genome. BMC Genom. 2013, 14, 447.
[CrossRef] [PubMed]

37. Adelson, D.L.; Raison, J.M.; Edgar, R.C. Characterization and distribution of retrotransposons and simple
sequence repeats in the bovine genome. Proc. Natl. Acad. Sci. USA 2009, 106, 12855–12860. [CrossRef]
[PubMed]

38. Wang, X.; Shi, X.; Hao, B.; Ge, S.; Luo, J. Duplication and DNA segmental loss in the rice genome: Implications
for diploidization. New Phytol. 2005, 165, 937–946. [CrossRef] [PubMed]

39. Blanc, G.; Wolfe, K.H. Widespread paleopolyploidy in model plant species inferred from age distributions of
duplicate genes. Plant Cell 2004, 16, 1667–1678. [CrossRef] [PubMed]

40. Berthelot, C.; Brunet, F.; Chalopin, D.; Juanchich, A.; Bernard, M.; Noel, B.; Bento, P.; Da Silva, C.; Labadie, K.;
Alberti, A.; et al. The rainbow trout genome provides novel insights into evolution after whole-genome
duplication in vertebrates. Nat. Commun. 2014, 5, 3657. [CrossRef] [PubMed]

41. Nossa, C.W.; Havlak, P.; Yue, J.X.; Lv, J.; Vincent, K.Y.; Brockmann, H.J.; Putnam, N.H. Joint assembly
and genetic mapping of the Atlantic horseshoe crab genome reveals ancient whole genome duplication.
GigaScience 2014, 3. [CrossRef] [PubMed]

42. Kenny, N.J.; Chan, K.W.; Nong, W.; Qu, Z.; Maeso, I.; Yip, H.Y.; Chan, T.F.; Kwan, H.S.; Holland, P.W.;
Chu, K.H.; et al. Ancestral whole-genome duplication in the marine chelicerate horseshoe crabs. Heredity
2016, 116, 190–199. [CrossRef] [PubMed]

43. Parikesit, A.A.; Steiner, L.; Stadler, P.F.; Prohaska, S.J. Pitfalls of Ascertainment Biases in Genome
Annotations—Computing Comparable Protein Domain Distributions in Eukarya. Malays. J. Fundam. Appl.
2014, 10, 65–75.

44. Bennetzen, J.L.; Ma, J.; Devos, K.M. Mechanisms of recent genome size variation in flowering plants. Ann. Bot.
2005, 95, 127–132. [CrossRef] [PubMed]

45. Biemont, C. Genome size evolution: Within-species variation in genome size. Heredity 2008, 101, 297–298.
[CrossRef] [PubMed]

46. Elliott, T.A.; Gregory, T.R. What’s in a genome? The C-value enigma and the evolution of eukaryotic genome
content. Philos.Trans. R. Soc. Lond. Ser. B Biol. Sci. 2015, 370, 20140331. [CrossRef] [PubMed]

47. Elliott, T.A.; Gregory, T.R. Do larger genomes contain more diverse transposable elements? BMC Evol. Biol.
2015, 15. [CrossRef] [PubMed]

48. Kumar, A.; Bennetzen, J.L. Plant retrotransposons. Ann. Rev. Genet. 1999, 33, 479–532. [CrossRef] [PubMed]
49. Jurka, J.; Kapitonov, V.V.; Kohany, O.; Jurka, M.V. Repetitive sequences in complex genomes: Structure and

evolution. Ann. Rev. Genom. Hum. Genet. 2007, 8, 241–259. [CrossRef] [PubMed]
50. Goodwin, T.J.; Poulter, R.T.; Lorenzen, M.D.; Beeman, R.W. DIRS retroelements in arthropods: Identification

of the recently active TcDirs1 element in the red flour beetle Tribolium castaneum. Mol. Genet. Genom. 2004,
272, 47–56. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1463-6409.2009.00410.x
http://dx.doi.org/10.1016/0044-8486(91)90325-2
http://dx.doi.org/10.1128/AEM.02194-08
http://www.ncbi.nlm.nih.gov/pubmed/19218413
http://dx.doi.org/10.1371/journal.pgen.1000827
http://www.ncbi.nlm.nih.gov/pubmed/20195500
http://dx.doi.org/10.1186/1471-2180-12-77
http://www.ncbi.nlm.nih.gov/pubmed/22607240
http://www.ncbi.nlm.nih.gov/pubmed/7932781
http://dx.doi.org/10.1186/1471-2164-14-447
http://www.ncbi.nlm.nih.gov/pubmed/23826818
http://dx.doi.org/10.1073/pnas.0901282106
http://www.ncbi.nlm.nih.gov/pubmed/19625614
http://dx.doi.org/10.1111/j.1469-8137.2004.01293.x
http://www.ncbi.nlm.nih.gov/pubmed/15720704
http://dx.doi.org/10.1105/tpc.021345
http://www.ncbi.nlm.nih.gov/pubmed/15208399
http://dx.doi.org/10.1038/ncomms4657
http://www.ncbi.nlm.nih.gov/pubmed/24755649
http://dx.doi.org/10.1186/2047-217X-3-9
http://www.ncbi.nlm.nih.gov/pubmed/24987520
http://dx.doi.org/10.1038/hdy.2015.89
http://www.ncbi.nlm.nih.gov/pubmed/26419336
http://dx.doi.org/10.1093/aob/mci008
http://www.ncbi.nlm.nih.gov/pubmed/15596462
http://dx.doi.org/10.1038/hdy.2008.80
http://www.ncbi.nlm.nih.gov/pubmed/18665185
http://dx.doi.org/10.1098/rstb.2014.0331
http://www.ncbi.nlm.nih.gov/pubmed/26323762
http://dx.doi.org/10.1186/s12862-015-0339-8
http://www.ncbi.nlm.nih.gov/pubmed/25896861
http://dx.doi.org/10.1146/annurev.genet.33.1.479
http://www.ncbi.nlm.nih.gov/pubmed/10690416
http://dx.doi.org/10.1146/annurev.genom.8.080706.092416
http://www.ncbi.nlm.nih.gov/pubmed/17506661
http://dx.doi.org/10.1007/s00438-004-1028-2
http://www.ncbi.nlm.nih.gov/pubmed/15221458


Mar. Drugs 2017, 15, 213 17 of 18

51. Patel, R.K.; Jain, M. NGS QC Toolkit: A toolkit for quality control of next generation sequencing data.
PLoS ONE 2012, 7, e30619. [CrossRef] [PubMed]

52. Li, R.Q.; Fan, W.; Tian, G.; Zhu, H.M.; He, L.; Cai, J.; Huang, Q.F.; Cai, Q.L.; Li, B.; Bai, Y.Q.; et al. The sequence
and de novo assembly of the giant panda genome. Nature 2010, 463, 311–317. [CrossRef] [PubMed]

53. Marcais, G.; Kingsford, C. A fast, lock-free approach for efficient parallel counting of occurrences of K-mers.
Bioinformatics 2011, 27, 764–770. [CrossRef] [PubMed]

54. Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics
2010, 26, 589–595. [CrossRef] [PubMed]

55. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.
The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
[PubMed]

56. Luo, R.; Liu, B.; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G.; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2:
An empirically improved memory—efficient short—read de novo assembler. GigaScience 2012, 1, 18.
[CrossRef] [PubMed]

57. Xue, W.; Li, J.; Zhu, Y.; Hou, G.; Kong, X.; Kuang, Y.; Sun, X. L_RNA_scaffolder: Scaffolding genomes with
transcripts. BMC Genom. 2013, 14, 604. [CrossRef] [PubMed]

58. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef] [PubMed]

59. Kent, W.J. BLAT—the BLAST—like alignment tool. Genome Res. 2002, 12, 656–664. [CrossRef] [PubMed]
60. Koran, M.E.; Thornton-Wells, T.A.; Jahanshad, N.; Glahn, D.C.; Thompson, P.M.; Blangero, J.; Nichols, T.E.;

Kochunov, P.; Landman, B.A. Impact of family structure and common environment on heritability estimation
for neuroimaging genetics studies using Sequential Oligogenic Linkage Analysis Routines. J. Med. Imaging
(Bellingham) 2014, 1, 014005. [CrossRef] [PubMed]

61. Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.;
Li, B.; Lieber, M.; et al. De novo transcript sequence reconstruction from RNA-seq using the Trinity platform
for reference generation and analysis. Nat. Protoc. 2013, 8, 1494–1512. [CrossRef] [PubMed]

62. Pertea, G.; Huang, X.; Liang, F.; Antonescu, V.; Sultana, R.; Karamycheva, S.; Lee, Y.; White, J.; Cheung, F.;
Parvizi, B.; et al. TIGR Gene Indices clustering tools (TGICL): A software system for fast clustering of large
EST datasets. Bioinformatics 2003, 19, 651–652. [CrossRef] [PubMed]

63. Simao, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome
assembly and annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212.
[CrossRef] [PubMed]

64. Schreiber, F.; Patricio, M.; Muffato, M.; Pignatelli, M.; Bateman, A. TreeFam v9: A new website, more species
and orthology-on-the-fly. Nucleic Acids Res. 2014, 42, D922–D925. [CrossRef] [PubMed]

65. Li, H.; Coghlan, A.; Ruan, J.; Coin, L.J.; Heriche, J.K.; Osmotherly, L.; Li, R.; Liu, T.; Zhang, Z.; Bolund, L.; et al.
TreeFam: A curated database of phylogenetic trees of animal gene families. Nucleic Acids Res. 2006, 34,
D572–D580. [CrossRef] [PubMed]

66. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792–1797. [CrossRef] [PubMed]

67. Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum
likelihood. Syst. Biol. 2003, 52, 696–704. [CrossRef] [PubMed]

68. Li, Z.W.; Shen, Y.H.; Xiang, Z.H.; Zhang, Z. Pathogen-origin horizontally transferred genes contribute to the
evolution of Lepidopteran insects. BMC Evol. Biol. 2011, 11, 356. [CrossRef] [PubMed]

69. Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed models.
Bioinformatics 2003, 19, 1572–1574. [CrossRef] [PubMed]

70. Pelin, A.; Selman, M.; Aris-Brosou, S.; Farinelli, L.; Corradi, N. Genome analyses suggest the presence of
polyploidy and recent human-driven expansions in eight global populations of the honeybee pathogen
Nosema ceranae. Environ. Microbiol. 2015, 17, 4443–4458. [CrossRef] [PubMed]

71. Yuan, J.B.; Zhang, X.J.; Liu, C.Z.; Wei, J.K.; Li, F.H.; Xiang, J.H. Horizontally transferred genes in the genome
of Pacific white shrimp, Litopenaeus vannamei. BMC Evol. Biol. 2013, 13, 165. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0030619
http://www.ncbi.nlm.nih.gov/pubmed/22312429
http://dx.doi.org/10.1038/nature08696
http://www.ncbi.nlm.nih.gov/pubmed/20010809
http://dx.doi.org/10.1093/bioinformatics/btr011
http://www.ncbi.nlm.nih.gov/pubmed/21217122
http://dx.doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1186/2047-217X-1-18
http://www.ncbi.nlm.nih.gov/pubmed/23587118
http://dx.doi.org/10.1186/1471-2164-14-604
http://www.ncbi.nlm.nih.gov/pubmed/24010822
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1101/gr.229202
http://www.ncbi.nlm.nih.gov/pubmed/11932250
http://dx.doi.org/10.1117/1.JMI.1.1.014005
http://www.ncbi.nlm.nih.gov/pubmed/25558465
http://dx.doi.org/10.1038/nprot.2013.084
http://www.ncbi.nlm.nih.gov/pubmed/23845962
http://dx.doi.org/10.1093/bioinformatics/btg034
http://www.ncbi.nlm.nih.gov/pubmed/12651724
http://dx.doi.org/10.1093/bioinformatics/btv351
http://www.ncbi.nlm.nih.gov/pubmed/26059717
http://dx.doi.org/10.1093/nar/gkt1055
http://www.ncbi.nlm.nih.gov/pubmed/24194607
http://dx.doi.org/10.1093/nar/gkj118
http://www.ncbi.nlm.nih.gov/pubmed/16381935
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1080/10635150390235520
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://dx.doi.org/10.1186/1471-2148-11-356
http://www.ncbi.nlm.nih.gov/pubmed/22151541
http://dx.doi.org/10.1093/bioinformatics/btg180
http://www.ncbi.nlm.nih.gov/pubmed/12912839
http://dx.doi.org/10.1111/1462-2920.12883
http://www.ncbi.nlm.nih.gov/pubmed/25914091
http://dx.doi.org/10.1186/1471-2148-13-165
http://www.ncbi.nlm.nih.gov/pubmed/23914989


Mar. Drugs 2017, 15, 213 18 of 18

72. Shen, X.; Sun, M.; Wu, Z.; Tian, M.; Cheng, H.; Zhao, F.; Meng, X. The complete mitochondrial genome of
the ridgetail white prawn Exopalaemon carinicauda Holthuis, 1950 (Crustacean: Decapoda: Palaemonidae)
revealed a novel rearrangement of tRNA genes. Gene 2009, 437, 1–8. [CrossRef] [PubMed]

73. Tarailo-Graovac, M.; Chen, N. Using RepeatMasker to identify repetitive elements in genomic sequences.
Curr. Protoc. Bioinform. 2009. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.gene.2009.02.014
http://www.ncbi.nlm.nih.gov/pubmed/19268697
http://dx.doi.org/10.1002/0471250953.bi0410s25
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Genomic Characteristics 
	Genome Assembly and Validation 
	Phylogenetic Location 
	Assessment of Genome Duplication 
	Horizontally Transferred Sequences 
	TE Expansion 

	Discussion 
	E. carinicauda Possesses a Large Complex Genome 
	Burst of TEs Responsible for Genome Expansion of E. carinicauda 

	Materials and Methods 
	Sample Preparation and Sequencing 
	Estimation of Genome Size, Heterozygosity, and Repetitiveness 
	Genome Assembly and Validating the Assembly 
	Phylogenetic Analysis 
	Allelic SNPs Analysis 
	Analysis of Hox Gene Cluster 
	Identification of HTGs and NUMTs 
	Repeats Annotation and Divergence Time Analysis 

	Conclusions 

