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Abstract

Background: The lined seahorse, Hippocampus erectus, is an Atlantic species and mainly inhabits shallow sea beds or coral
reefs. It has become very popular in China for its wide use in traditional Chinese medicine. In order to improve the
aquaculture yield of this valuable fish species, we are trying to develop genomic resources for assistant selection in genetic
breeding. Here, we provide whole genome sequencing, assembly, and gene annotation of the lined seahorse, which can
enrich genome resource and further application for its molecular breeding. Findings: A total of 174.6 Gb (Gigabase) raw DNA
sequences were generated by the Illumina Hiseq2500 platform. The final assembly of the lined seahorse genome is around
458 Mb, representing 94% of the estimated genome size (489 Mb by k-mer analysis). The contig N50 and scaffold N50 reached
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14.57 kb and 1.97 Mb, respectively. Quality of the assembled genome was assessed by BUSCO with prediction of 85% of the
known vertebrate genes and evaluated using the de novo assembled RNA-seq transcripts to prove a high mapping ratio
(more than 99% transcripts could be mapped to the assembly). Using homology-based, de novo and transcriptome-based
prediction methods, we predicted 20 788 protein-coding genes in the generated assembly, which is less than our previously
reported gene number (23 458) of the tiger tail seahorse (H. comes). Conclusion: We report a draft genome of the lined
seahorse. These generated genomic data are going to enrich genome resource of this economically important fish, and also
provide insights into the genetic mechanisms of its iconic morphology and male pregnancy behavior.
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Data Description
Background

Syngnathidae, an interesting teleost family, exhibit special mor-
phological innovations and reproductive behavior, and these
phenotypes have come into being through long-term molecular
evolution [1, 2]. Seahorses (Hippocampinae) are a group of popular
and iconic species because of their unique body plan and male
pregnancy. As an interestingmodel, seahorses could provide ex-
ceptional clues for studying evolution in virtue of their closed
brood pouch, male pregnancy, and seasonal migration [3, 4]. Re-
cently, we have reportedwhole genome sequence of the tiger tail
seahorse (Hippocampus comes) [5] and provided primary insights
into the genetic basis of its iconic morphology. The work also
dealt with a number of fascinating areas, such as the patristacin
subfamily of astacin metalloproteases that may be closely re-
lated to the unusual male pregnancy in this species since they
were expanded and highly expressed in the male brood pouch
during mid- and late pregnancy [5].

Here, we provide a draft genome of the lined seahorse
(H. erectus; Fig. 1), which inhabits coastal waters in the Western
Atlantic such as Nova Scotia, Canada, and northern Gulf of Mex-
ico to Panama and Venezuela [6]. It has been treated as vulner-
able or endangered in the Red List of Threatened Species (IUCN
2015) [7]. Moreover, the lined seahorse is easily domesticated
for breeding, and it has become a popular and commercially
important ingredient for traditional Chinese medicine in China
[8–12]. In order to study the evolutionary history of the lined
seahorse and improve its aquaculture yield, we are trying to de-
velop genomic resources for assisted selection in genetic breed-
ing. Hence, we performed whole genome sequencing, assem-
bly, and gene annotation of the lined seahorse, which should
facilitate further studies on species conservation and molecular
breeding of this economically important fish.

Preparation and sequencing of DNA samples

Genomic DNA was extracted from a pool of four male lined sea-
horses (NCBI Taxonomy ID: 109281; Fishbase ID: 3283). All animal
experiments conformed to the guidelines of the Animal Ethics
Committee andwere approved by the Institutional Review Board
on Bioethics and Biosafety of BGI (approval ID: FT16091). Seven
libraries, including three short-insert libraries (200, 500, and
800 bp) and four long-insert libraries (2, 5, 10, and 20 kb), were
constructed based on the standard protocol of Illumina (CA,
USA) and sequenced using the Illumina HiSeq2500 platform (the
read length is 125 bp). Finally, we generated a total of 174.6-Gb
raw sequences.

Processing of the raw sequencing reads

These raw sequences contained some sequencing errors, which
may reduce the quality of genome assembly. Hence we filtered

Figure 1: Photo of a cultivated line seahorse in Shenzhen, China.

these raw sequences with the following stringent filtering pro-
cesses through SOAPfilter (v. 2.2) software [13]: (i) filtered reads
with 40% low-quality bases (quality scores ≤7); (ii) removed
reads with N bases more than 10%; (iii) trimmed reads with five
low-quality bases at the 5′ end; (iv) discarded reads with adapter
contamination and/or PCR duplicates; (v) corrected raw reads
from the short-insert libraries based on the k-mer spectrum. Fi-
nally, we obtained 111.3 Gb of clean reads in total, in which 12.0,
14.5, 13.7, 18.0, 15.9, 18.9, and 18.3 Gb were kept from the seven
sequencing libraries (from 200 bp to 20 kb), respectively.

Estimation of the genome size and assembly
of the genome sequences

The genome size was estimated based on the k-mer spec-
trum [14] with the following formula: G = k-mer number/k-
mer depth, where G is the genome size, k-mer number is the
total number of k-mer, and k-mer depth means the peak fre-
quency thatwas higher than any other frequencies. For the lined
seahorse, the k-mer number is 24 445 959 200 (based on 17-mer),
and the k-mer depth is 50. Therefore, the genome size was esti-
mated to be approximately 489 Mb, which is much smaller than
our estimation (695 Mb) for the tiger tail seahorse [5].

The generated clean reads were further assembled by SOAP-
denovo2 (v. 2.04) [15] with optimized parameters (pregraph -K
27 -d 1; contig -M 1; scaff -b 1.5) to construct contigs and origi-
nal scaffolds. Subsequently the gaps in the intra-scaffolds were
filled using the reads of short-insert libraries by GapCloser 1.12
[13]. Finally, the achieved total scaffold length reached up to 457
759 912 bp with 2.8% gaps (12.8 Mb), which is smaller than that
of the reported tiger tail seahorse (501 592 652 bp) [5]. The cal-
culated scaffold N50 and contig N50 are 1.97 Mb and 14.57 kb,
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Table 1: Comparison of genome assembly and annotation between the lined seahorse and the reported tiger tail seahorse

Genome Assembly Lined Seahorse Tiger Tail Seahorse

Contig N50 size (kb) 14.57 34.67
Scaffold N50 size (Mb) 1.97 1.87
Estimated genome size (Mb) 489 695
Assembled genome size (Mb) 457.76 501.59
Genome coverage (×) 243.05 192.05
Longest scaffold (bp) 7 855 128 9 810 584

Genome annotation

Protein-coding gene number 20 788 23 458
Annotated functional gene number 18 776 (90.32%) 22 245 (94.83%)
Unannotated functional gene number 2012 (9.68%) 1213 (5.17%)
Transposable elements content 28.1% 24.8%

Table 2: Assessment of the completeness of the lined seahorse genome using transcriptome data

Dataset Number Total Base Covered Sequence Covered With >90% With >50%
Length (bp) by Assembly by Assembly Sequence in 1 Scaffold Sequence in 1 Scaffold

(%) (%) Number Percent Number Percent

All 71 765 52 877 091 98.22 99.52 68 292 95.16 71 255 99.29
>200 bp 71 765 52 877 091 98.22 99.52 68 292 95.16 71 255 99.29
>500 bp 29 811 40 111 717 98.12 99.68 27 902 93.60 29 640 99.43
>1000 bp 14 780 29 612 539 97.92 99.70 13 561 91.75 14 686 99.36

respectively (Table 1), which are comparable with the values
from the tiger tail seahorse (see more details about the compar-
ison in Table 1)[5].

Assessment of genome completeness

Benchmarking Universal Single-Copy Orthologs (BUSCO) [16] is
a software that can be used to evaluate the completeness of a
genome assembly by genes selected from appropriate lineage-
specific orthologous groups. For the lined seahorse, the analysis
data proved that our assembly contains 73% complete and 12%
partial sequences of vertebrate BUSCO orthologues (3023 genes
in total).

Simultaneous completeness of the lined seahorse genome
was also evaluated using the de novo assembled RNA-seq tran-
scripts from different developmental stages of the lined sea-
horse (downloaded from our recent paper [5]) to map the lined
seahorse genome assembly with Blat [17]. All the results showed
that more than 99% of transcripts could be mapped to the as-
sembly (Table 2), suggesting that our assembly is of high quality.

Repeat analysis

Tandem repeats were searched in the generated genome as-
sembly by utilizing Tandem Repeats Finder (v. 4.04) [18]. Trans-
posable elements (TEs) were identified with an approach that
combined both homology-based and de novo predictions. First,
RepeatMask (v. 3.3.0) [19] was employed to detect known TEs
based on a homologous search against the Repbase TE library
(release 17.01) [20]. RepeatProteinMask (v. 3.3.0) [19], an updated
software included in the RepeatMasker package, was used to
identify the TE relevant proteins. Subsequently, LTR FINDER [21]
and RepeatModeler (v. 1.05) [22] were used with the default pa-
rameters to construct the de novo repeat library. Then we used
RepeatMask [19] to identify and classify novel TEs against this
de novo repeat library. All the repeats were finally combined to-

gether with a filtering of those redundant repetitive sequences.
In total, the lined seahorse genome comprises approximately
30.43% repetitive sequences, in which 28.12% are TEs. Interest-
ingly, the most abundant type of TE is class II DNA transposon,
which covered around 15% of the genome. Our data are similar
to the report of the tiger tail seahorse [5], in which 24.82% are
TEs, with class II DNA transposon as the most abundant.

Gene annotation

De novo prediction
Repetitive regions in the genome sequence were replaced with
“N” to reduce the ratio of pseudogene annotations. Then we
chose 1000 full-length but randomly selected genes from ze-
brafish homology gene set to train the model parameters for
AUGUSTUS. We subsequently employed AUGUSTUS 3.0.1 [23]
and GenScan 1.0 [24] for de novo prediction of repeat-masked
genome sequences. Short genes (less than 150 bp) and prema-
ture or frame-shifted genes were removed.

Homology-based annotation
Protein sequences of zebrafish (Danio rerio), medaka (Oryzias
latipes), fugu (Takifugu rubripes), stickleback (Gasterosteus aculea-
tus), and Nile tilapia (Oreochromis niloticus) were downloaded
from Ensembl (release 83) [25]. Protein sequences of the tiger
tail seahorse (H. comes) were downloaded from our recently pub-
lished genome data (Bioproject ID: PRJNA314292) [5]. Protein sets
of these species were mapped to the assembled lined seahorse
genome using tBlastn (v. 2.2.19) [26] with E-value ≤ 1e-5. Ge-
newise (v. 2.2.0) [27] was applied to refine the potential gene
models of all alignments. Ultimately, we filtered short genes
(less than 150 bp) and premature or frame-shifted genes.

Transcriptome-based prediction
We downloaded the transcriptome data of the lined seahorse
from our previous work [10]. The raw reads were mapped onto
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the genomeusing TopHat (v. 2.0) [28]with the default parameters
and assembled into transcripts using Cufflinks [29].

Gene set integration and optimization
The gene models based on de novo prediction, homology-based
annotation, and transcriptome-based prediction were merged
to form a comprehensive and non-redundant gene set using
GLEAN [30]. Finally, we obtained a gene set containing 20 788
genes, which is less than the reported gene number (23 458) of
the tiger tail seahorse [5].

Annotation of patristacin gene family

The patristacin subfamily of the astacin metalloprotease fam-
ily may be closely related to the unusual male pregnancy in
seahorses since we identified six patristacin genes in the tiger
tail seahorse and confirmed their expansion and high expres-
sion in the male brood pouch [5]. We also analyzed patristacin
in the lined seahorse genome. Related patristacin protein se-
quences were downloaded from the tiger tail seahorse genome
data [5] and used for homology searches against the lined sea-
horse genome using tBlastn (v. 2.2.19) [26]. We chose alignments
with coverage >50% and identity >50% and then used Genewise
(v. 2.2.0) [27] to predict the gene structures. We also downloaded
the RNA-seq data at the pregnancy stage of the male lined sea-
horse from our recently published paper [10] to confirm the ex-
istence of the six patristacin genes in the lined seahorse. The
RNA-seq reads were mapped by TopHat [28], and gene expres-
sion levels were measured by RPKM (reads per kilobases per
million reads). Finally, we observed that all the six patristacin
genes were expressed during pregnancy in the male lined
seahorse.

Functional assignment

The protein sequences predicted from the lined seahorse
genome were aligned to the Swiss-Prot and TrEMBL databases
[31] using BlastP at E-value ≤ 1e-5. Themotifs and domains were
annotated using InterProScan [32] by searching publicly avail-
able databases including Pfam [33], ProDom [34], SMART [35],
PRINTS [36], and PANTHER [37], and then we retrieved Gene On-
tology (GO) [38] annotation from the results of InterProScan. The
gene pathways were assigned based on the best blast hit against
the KEGG database [39]. In summary, approximately 90.32% of
the genes are supported by at least one related function from the
searched databases (Swiss-Prot, Interpro, TrEMBL, and KEGG).

Construction of gene families

Protein sequences of seven ray-fin fishes, including zebrafish,
medaka, fugu, stickleback, Nile tilapia, platyfish (Xiphophorus
maculatus), and spotted gar (Lepisosteus oculatus), were down-
loaded from Ensembl (release 83) [25]. Protein sequences of the
tiger tail seahorse (H. comes) were downloaded from our recently
published genome data [5]. Protein sequences of Gulf pipefish
(Sygnathus scovelli) were downloaded from the Cresko Lab web
server (http://creskolab.uoregon.edu) [40]. The consensus pro-
teome set of the above nine species and the lined seahorse were
composed of a final data set of 209 747 protein sequences. Fi-
nally, we used OrthoMCL [41] to cluster gene families and ob-
tained 19 053 OrthoMCL families with all-to-all BLASTP strategy
(E-value ≤ 1e-5) and a Markov Chain Clustering (MCL) default
inflation parameter.

Figure 2: Phylogeny of ray-finned fishes. The Spotted gar was used as the out-
group species. See more details of the protein sequence sources in the main
context.

Phylogenetic analysis

We extracted 2812 one-to-one orthologous genes from the
above-mentioned gene family set. The protein sequences of
each selected family were aligned using MUSCLE (v. 3.8.31) [42]
with the default parameters. The protein alignments were then
converted to corresponding coding sequences (CDS) using an in-
house Perl script. All these nucleotide sequences were concate-
nated into a supergene for each species, all of which were used
to construct a phylogenetic tree using PhyML (Fig. 2) [43].

Conclusions

Seahorses are a fascinating teleost group with special mor-
phological innovations and reproductive behavior. In our pre-
vious genome paper about the tiger tail seahorse [5], we paid
much attention to the genetic bases of their unique morphol-
ogy and reproductive system. However, besides the spectacu-
lar aspects of the phenotype, seahorses have been very pop-
ular in traditional Chinese medicine. Here we report the first
draft genome assembly of the lined seahorse, an economically
important aquaculture fish in China. With availability of these
genomic data, we can develop genetic markers for construc-
tion of a high-density genetic linkage map, and subsequently
further genetic selection and molecular breeding in the future.
These works will support a significant increase of the aqua-
culture yield, which could produce remarkable economic ben-
efits and realize the ecological protection of seahorses in the
world. Our genome data will also facilitate the genetic mech-
anism study and evolutionary history analysis of the lined
seahorse.

Availability of supporting data

Supporting data are available in the GigaScience database [44],
and the raw data have been deposited in NCBI with the project
accession PRJNA347499.
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