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Simple Summary: Mackerel species are commercially important marine species in Southeast Asia,
especially short mackerel and Indian mackerel. However, genomic information about them is still
limited. Genome survey of these two mackerel species was reported in this study. Next-generation
sequencing and comprehensive bioinformatics were performed to obtain the genetic information.
The estimated genome size of both species is around 680 Mbp. The heterozygosity of these species
was very similar, while the repeat content for Indian mackerel was slightly higher than for short
mackerel. Functional annotation also was reported in this study. This is the first reported genome
survey and assembly of species in the genus Rastrelliger and could be useful for future comparative
genomic studies.

Abstract: Rastrelliger brachysoma (short mackerel) and Rastrelliger kanagurta (Indian mackerel) are
commercially important marine species in Southeast Asia. In recent years, numbers of these two
species have been decreasing in the wild, and genomic information about them is still limited. We
conducted a genome survey of these two mackerel species to acquire essential genomic information
using next-generation sequencing data. To obtain this genetic information, comprehensive bioinfor-
matics analyses were performed, including de novo assembly, gene prediction, functional annotation,
and phylogenetic analysis. The estimated genome sizes were around 680.14 Mbp (R. brachysoma) and
688.82 Mbp (R. kanagurta). The heterozygosity of these species was very similar (≈0.81), while the
repeat content for R. kanagurta (9.30%) was slightly higher than for R. brachysoma (8.30%). Functional
annotation indicated that most of the genes predicted in these two species shared very close average
amino acid identities (94.06%). The phylogenetic analysis revealed close phylogenetic relationships be-
tween these two species and other scombrids. This is the first reported genome survey and assembly
of species in the genus Rastrelliger and could be useful for future comparative genomic studies.

Keywords: short mackerel; Indian mackerel; Rastrelliger brachysoma; Rastrelliger kanagurta; genome
survey; whole-genome sequencing; de novo assembly
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1. Introduction

The Rastrelliger genus belongs to the family Scombridae, which includes epipelagic
fishes found in tropical and subtropical regions. There are three species in the Rastrelliger
genus: Rastrelliger brachysoma (short mackerel), Rastrelliger kanagurta (Indian mackerel),
and Rastrelliger faughni (island mackerel). The short mackerel and Indian mackerel are
economically important species in the Gulf of Thailand. However, the numbers of both
species are seriously declining in the wake of large annual captures [1,2]. The fishery and
aquaculture statistics published by the Food and Agriculture Organization of the United
Nations (FAO) revealed that R. kanagurta and R. brachysoma were among the 70 principal
species with capture productions of more than 150,000 tons in 2019 [3].

R. brachysoma has a relatively shallow body and its head length is equal to or less
than its body depth. Its dorsal fin is yellowish with a black rim. The caudal fin is also
yellowish, whereas the pectoral and pelvic fins are dusky [4,5]. R. brachysoma is widespread
in Southeast Asia. The distribution of this species in the Central Indo-West Pacific extends
from the Andaman Sea eastward to Fiji and from Indonesia northward to the northern
Philippines. R. brachysoma is found in estuarine habitats and offshore areas where sea
surface temperatures range between 20 ◦C and 30 ◦C [4]. R. kanagurta has a moderately
deep body but its body depth is shorter than its head length. This species has narrow dark
longitudinal stripes along the upper part of the body and black spots on the body near the
lower margin of the pectoral fin. The pectoral, caudal, and dorsal fins are yellowish [4,5].
R. kanagurta is found in the Indo-West Pacific from South Africa and the Red Sea eastward
to the Samoan Islands and from the north coast of Australia northward to southern Japan.
It is found in shallow waters where the sea surface temperature is around 17 ◦C [4].

The development of next-generation sequencing (NGS) technology has accelerated the
investigation of genome structure, gene expression, and gene control. Whole genomes of
laboratory model fish, such as zebrafish and medaka, have now been reported, and several
biomarkers have been developed. Where the family Scombridae is concerned, the investiga-
tion of whole genome sequences has been confined to fish of high commercial value, such
as the Pacific bluefin tuna (Thunnus orientalis), the southern bluefin tuna (Thunnus maccoyii),
and the yellowfin tuna (Thunnus albacares). Hence, although the Rastrelliger genus is com-
mercially important in countries around the Gulf of Thailand, none of the genomes from
any of the species of the genus have yet been reported.

Therefore, this study aimed to conduct a genome survey of the Rastrelliger genus along
with a comparative genomics analysis to determine the evolutionary links to related species.
We focused on R. brachysoma and R. kanagurta since they are economically important species
in Thailand. This genome survey provides information about genome size, genome content,
and phylogenetic relationships among fish in the same family. The information acquired
could benefit future studies of the molecular mechanisms of these species, especially
reproductive mechanisms, and improve the accuracy of transcriptome data. A better
understanding of their reproductive mechanisms could enable the farming of these two
fishes, which is not yet feasible. This information also has relevance for future studies of
related species. To further our understanding of the relevant molecular mechanisms, the
complete genomes and transcriptomes of these two species will eventually be investigated.

2. Materials and Methods
2.1. Sample Collection

One specimen of R. brachysoma and one of R. kanagurta were obtained from Khai Island,
Chumphon Province, Thailand (Figure 1). This study was performed under the guide-
lines of the Animal Care and Use Committee of King Mongkut’s Institute of Technology
Ladkrabang, Thailand (approval no. ACUC-KMITL-RES/2022/003).
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Genomic DNA was extracted from the caudal fin of each sample using a Gentra® 

Puregene® Kit (QIAGEN, MD, USA) according to the manufacturer’s protocol. Briefly, we 
first incubated fin tissue (20 mg) with 600 µL of cell lysis solution and 60 µg of proteinase 
K at 55 °C overnight. The next day, we added 12 µg of RNase A and continued incubation 
for 30 min at 37 °C. We then added 200 µL of protein precipitation solution, precipitated 
the proteins for 15 min in ice, and centrifuged the tubes at 13,200 rpm for 15 min at 4 °C. 
The supernatant was transferred to a new tube, 600 µL of cold isopropanol was added, 

Figure 1. Images of R. brachysoma (A) and R. kanagurta (B) from Ao Thai, Chumphon Province,
Thailand. Scale bars represent 3 cm. (C) Chumphon Province (red star). (D) Sampling site location.

2.2. DNA Extraction and Genome Sequencing

Genomic DNA was extracted from the caudal fin of each sample using a Gentra®

Puregene® Kit (QIAGEN, MD, USA) according to the manufacturer’s protocol. Briefly, we
first incubated fin tissue (20 mg) with 600 µL of cell lysis solution and 60 µg of proteinase K
at 55 ◦C overnight. The next day, we added 12 µg of RNase A and continued incubation for
30 min at 37 ◦C. We then added 200 µL of protein precipitation solution, precipitated the
proteins for 15 min in ice, and centrifuged the tubes at 13,200 rpm for 15 min at 4 ◦C. The
supernatant was transferred to a new tube, 600 µL of cold isopropanol was added, and the
tube was centrifuged again in the same condition to precipitate DNA. The obtained pellet
of genomic DNA was washed in 70% ethanol and spun at 13,200 rpm for 10 min at 4 ◦C.
The DNA was resuspended in DI water and stored at −20 ◦C until used.

Two genomic DNA libraries of the samples were built using a TruSeq Nano DNA Kit
(San Diego, CA, USA) following the manufacturer’s instructions. The insert size of the
prepared libraries was 350 bp. The sequencing process was then initiated with an Illumina
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NovaSeq 6000 sequencing system from Macrogen (Seoul, Korea). The reads generated on
the sequencer were 2 × 150 bp paired-end reads.

2.3. Genome Size Estimation

The raw reads from both sequencing libraries were cleaned and low-quality data
filtered using Trimmomatic v0.32 [6] with default parameters (ILLUMINACLIP: TruSeq3-
PE.fa:2:30:10 LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 4:15 MINLEN: 36). The
cleaned reads were then used in k-mer analysis to estimate the genome size. To deter-
mine k-mer frequency from the input sequence data, jellyfish v2.3.0 [7] was used with
a k-mer length of 21. The histograms were then exported from the k-mer counts. The
genome heterozygosity, repeat contents, and size of the R. brachysoma and R. kanagurta
samples were then estimated with GenomeScope webserver v1.0 [8] using a kmer-based
statistical approach.

2.4. De Novo Genome Assembly and Gene Prediction

To assemble the R. brachysoma and R. kanagurta genomes, we applied a previously
described method [9]. Briefly, SOAPdenovo2 [10] was used to build a de novo draft as-
sembly with a k-mer size of 41. The gaps that emerged during the scaffolding process
with the assembled results were closed with GapCloser v1.12 [10]. The quality assess-
ment of genome assemblies was evaluated using QUAST v5.1.0 [11], generating metrics
based only on scaffolds results. Benchmarking Universal Single-Copy Orthologs (BUSCO)
v5.3.2 [12] was used to check genome completeness and to analyze both genomes in the
vertebrata_odb10 database. Gene predictions were then performed with AUGUSTUS
v3.4.0 [13] using default parameters and setting zebrafish as the gene model. The functional
annotations were predicted using eggNOG-mapper v2.0 [14,15] against the KOG, KEGG,
GO, and PFAM databases.

2.5. Genome Similarities with Other Species and Phylogenetic Analysis

The genome similarities between R. brachysoma and R. kanagurta and other species were
determined with NCBI megablast [16] using several scaffolds for both fishes. Species closely
related to the two species of interest were then selected for use in the phylogenetic analysis.
A total of 13 fish species (Table S1) were included in the analysis, using Danio rerio as an
outgroup. Single-copy ortholog genes were extracted with BUSCO from the annotation
files of the selected species, using vertebrata_odb10 as a target database. The extracted
single-copy ortholog genes of all 13 samples were aligned with MUSCLE v5.1 [17]. A
maximum-likelihood (ML) phylogenetic tree was constructed based on GTR and GAMMA
correction using raxmlHPC-PTHREADS v8.211 [18], setting Dario rerio as an outgroup. The
bootstrap values were calculated using 1000 replicates.

2.6. Identification of Microsatellite Motifs in Fish Genomes

Simple sequence repeats (SSR) or microsatellites in the genomes were identified with
a MISA Perl script [19]. The parameters were set for the identification of mono-, di-, tri-,
tetra-, penta-, and hexa-nucleotide microsatellite motifs with a minimum of 10, 6, 5, 5, 5,
and 5 repeats, respectively.

2.7. Mitochondrial Genome Assembly

To identify the mitochondrial genome sequences, the high coverage contigs were
identified by running the assembly results for both genomes through MitoZ v2.4 [20] with
the findmitoscaf module. The annotations and visualizations of the mitochondrial genomes
were also generated using the annotate and visualize modules of MitoZ, respectively.
The obtained mitochondrial genome sequences of both fishes were then compared with
sequences of other related species downloaded from the National Center for Biotechnology
Information (NCBI) database. Sequences of 13 protein-coding genes (PCGs) and two
rRNA sequences were extracted from each genome and concatenated to perform multiple
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sequence alignment (MSA) and construct a phylogenetic tree. Sequences were then aligned
using MUSCLE v5.1 [17]. A maximum-likelihood (ML) phylogenetic tree was constructed
based on GTR and GAMMA correction with 1000 bootstrap values using raxmlHPC-
PTHREADS v8.211 [18]. In this tree, the zebrafish was used as an outgroup.

3. Results and Discussion
3.1. Genome Sequencing Statistics and Genome Size Estimation

The raw data for R. brachysoma and R. kanagurta obtained from the sequencer had
total sizes of 73.4 and 77.2 Gbp, respectively. After the raw data were cleaned, the total file
sizes of both read libraries were 68.9 and 71.4 Gbp, respectively. The genome sizes of the
two specimens were estimated from k-mer analyses, which showed that the peak 21-mer
distributions of both were at 62× (Figure 2). The estimated genome sizes of R. brachysoma
and R. kanagurta were 680.14 Mbp and 688.82 Mbp, respectively. The heterozygosity and
repeat content information are given in Table 1.
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Figure 2. 21-mer analysis for estimation of the genome size of R. brachysoma and R. kanagurta.

Table 1. Genome size estimation statistics based on 21-mer analysis of R. brachysoma and R. kanagurta.

Species k-mer k-mer Depth Estimated Genome Size (Mbp) Heterozygous Ratio (%) Repeat Ratio (%)

R. brachysoma 21 62 680.14 0.813 8.30
R. kanagurta 21 62 688.82 0.808 9.30

Roughly speaking, the genome sizes of R. brachysoma and R. kanagurta are 680–700 Mbp,
and the genome of R. brachysoma is slightly smaller than that of R. kanagurta. Both genomes
are smaller than those of some other fish in the family Scombridae. For example, the
Pacific bluefin tuna (Thunnus orientalis), the southern bluefin tuna (Thunnus maccoyii), and
the yellowfin tuna (Thunnus albacares) have genomes of 787 Mbp [21,22], 782 Mbp, and
836 Mbp [23,24], respectively. Nonetheless, both genomes are bigger than the genome
of the Atlantic bluefin tuna (Thunnus thynnus), which is 648 Mbp. The heterozygosity
index of R. brachysoma (0.813) is slightly higher than that of R. kanagurta (0.808). Some
years ago, Adelyna et al. [25] performed a genome survey and identified microsatellite
markers in R. brachysoma using the Ion Torrent sequencing platform. The results provided
only a partial genome survey since the low-depth sequencing coverage of 81.28 Mbp
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enabled them to assemble only short contigs. In this study, we used a higher resolution
sequencing depth to provide more information about the two species. The resulting
higher throughputs and increased data enabled functional annotation, gene prediction, and
microsatellite investigation.

3.2. Genome Assembly and Gene Prediction

The genome assemblies of R. brachysoma and R. kanagurta were undertaken by varying
k-mer values from 21 to 63 to generate the best draft assembly. A total of 213,093 and
292,418 scaffolds were generated from R. brachysoma and R. kanagurta with N50 values of
4198 and 2681, respectively. The completeness of the genome assemblies of these two fishes
was 30.7% for R. brachysoma and 22.8% for R. kanagurta (Figure S1). The assembly statistics
are illustrated in Table 2.

Table 2. Genome assembly statistics for R. brachysoma and R. kanagurta.

Species Results Length (bp) Total Number Max Length (bp) N50 L50

R. brachysoma contig 1,470,475,468 344,536 8220 907 111,256
scaffold 562,970,690 213,093 107,797 4198 29,761

R. kanagurta contig 1,403,153,623 499,510 4142 701 76,797
scaffold 548,629,566 292,418 44,811 2681 55,832

Only short-read sequencing was used to assemble genomes in this study. Therefore, it
was quite difficult to obtain good assembly results, since the repeat content within genomes
could interfere in the assembly process. For instance, the genome of R. kanagurta contained
a higher ratio of repeated sequences than R. brachysoma, which directly affected the N50
value and number of scaffolds. Gene prediction by AUGUSTUS software produced totals of
41,946 and 46,708 genes for R. brachysoma and R. kanagurta, respectively. These predictions
were slightly lower than the gene predictions for T. maccoyii (49,507) and T. albacares (48,150),
which are also from the family Scombridae. For both R. brachysoma and R. kanagurta,
the number of genes per genome was high in comparison to other organisms, such as
the Hereford cow (~22,000) [26] and white shark (~24,520 genes) [27]. It is possible that
the ancestor of these two species underwent the 3R, or fish-specific genome duplication,
event. Several studies have reported the importance of teleost-specific whole-genome
duplication (TS-WGD) for the development of teleost complexity [28,29]. Duplication of the
genome might explain the very high gene numbers found in the present study. Functional
annotations were assigned to predicted genes using the KOG, GO, KEGG, and PFAM
databases (Figure 3). Over 65% of all predicted genes in both species were assigned in at
least one database, while the others could not be assigned to any database because of the
sequence length and N values within the protein sequences.

For KOG annotation, the highest frequency (approximately 23%) predicted by eggNOG-
mapper for both samples was for “function unknown” (S category) (Figure 4). The second
highest frequency (around 20%) was for the signal transduction and mechanisms categories.
The other categories of these two species were very close. This result could indicate that
most of the predicted genes in R. brachysoma and R. kanagurta share very close functional
coding sequences and phylogenetic relationships. To provide better assembly and anno-
tation results, mate-pair and third-generation sequencing—e.g., Oxford Nanopore and
PacBio—could provide longer DNA sequences that are simpler to assemble into longer
sequences and easier to use for annotation.
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3.3. Genome Similarities with Other Species and Phylogenetic Analysis

The average similarity between R. brachysoma and R. kanagurta scaffolds and other
species was determined from the NCBI database using BLASTn and average amino acid
identity was determined from the protein orthologs using BLASTp. The results are given
in Table 3. The similarity search for R. brachysoma and R. kanagurta showed that identity
and coverage taken together were closest to T. albacares and T. maccoyii, which was not
surprising since all four species are from the Scombridae family. The other BLASTn matches,
with coverage from 42–45%, were from different species: Anabas testudineus, Lateolabrax
maculatus, and Epinephelus lanceolatus, for example.

Table 3. The average nucleotide and amino acid similarity between R. brachysoma and R. kanagurta
and other species.

Family Species

Nucleotide Level

R. brachysoma R. kanagurta

Identity (%) Coverage (%) Identity (%) Coverage (%)

Scombridae T. albacares 86.55 58.00 85.47 56.00
Scombridae T. maccoyii 86.49 57.00 85.52 54.00
Anabantidae A. testudineus 82.22 45.00 84.88 40.00

Lateolabracidae L. maculatus 82.02 42.00 88.29 42.00
Serranidae E. lanceolatus 80.99 47.00 87.63 44.00

Family Species

Amino Acid Level

R. brachysoma R. kanagurta

Identity (%) Coverage (%) Identity (%) Coverage (%)

Scombridae T. albacares 89.99 99.4 86.53 98.25
Scombridae T. maccoyii 89.94 99.4 88.78 97.40
Anabantidae A. testudineus 81.45 99.4 83.03 97.60

Lateolabracidae L. maculatus NA NA NA NA
Serranidae E. lanceolatus 83.59 95.60 84.60 97.00

The BLASTn results were consistent with the BLASTp results and returned similar
fish species (Table 3). Only L. maculatus did not generate a hit; however, this is not an
extraordinary result since only 613 proteins of the species have been deposited in the
NCBI database. The amino acid identity results for the protein orthologs were close to the
nucleotide identity, while their coverage percentages ranged from 95–100%. However, the
coverage percentages of the BLASTn search were only around 50–60, which indicated a
degree of genome differentiation among these species and that higher resolution sequencing
should be conducted in the future to provide more information on these species.

The annotation files of 13 other fish species were downloaded from the blast hit results
to construct the phylogenetic tree. Only shared single-copy ortholog genes were used to
build the tree. These included 305 genes. As a result, R. brachysoma and R. kanagurta formed
the same clade with two species from the genus Thunnus, which were also from the same
family (Figure 5). In addition, each species included in the analysis formed a distinct cluster
based on their family. This result was consistent with the blast identification, which showed
a close relationship between R. brachysoma, R. kanagurta, T. albacares, and T. maccoyii and
other species in other families; e.g., Serranidae and Moronidae.
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3.4. Identification of SSRs

In the present study, a total of 274,764 and 273,175 SSRs, respectively, were identified
by MISA script based on the draft genome assemblies of R. brachysoma and R. kanagurta.
The frequencies of SSR motifs identified in both genomes are provided in Table 4. The
distribution frequencies of the microsatellites of these two species were very close at
approximately 400 microsatellites per million base pairs. The choice of simple sequence
repeats (SSRs) as genetic markers in this genome survey was made after a review of the
relevant literature. SSRs have been used as genetic tools in fish and aquaculture for linkage
map construction [30], assessment of genetic diversity [31], parentage determination [32],
and a genome-wide association study [33]. The information on SSRs in R. brachysoma and
R. kanagurta could be benefit further studies of genetic markers in mackerels.
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Table 4. Frequency of SSR motifs identified in R. brachysoma and R. kanagurta.

Species Total Di- Tri- Tetra- Penta- Hexa-

R. brachysoma 274,764 216,353 34,265 21,544 2350 252

R. kanagurta 273,175 222,343 33,950 14,992 1811 79

3.5. Mitochondrial Genome Assembly and Comparative Analysis

The complete mtDNA genomes of R. brachysoma and R. kanagurta were circular
molecules with total lengths of 16,539 and 16,537, respectively. The mtDNA sequences of
both species comprised 22 tRNA, 2 rRNA, and 13 protein-coding genes. These two mtDNA
genomes shared 96.64% similarity, while the GC content of R. kanagurta (47.7%) was slightly
higher than that of R. brachysoma (47.5%). We then used these two sequences to construct
a phylogenetic tree with another 16 species from the family Scombridae and one species
from the family Cyprinidae (Danio rerio) (Table 5 and Figure 6).

Table 5. mtDNA sequences used in phylogenetic analysis.

No Fish Name Species Location Number of bp Accession No. Reference

1. Short mackerel Rastrelliger
brachysoma Thailand 16,539 OM460828 This study

2. Short mackerel Rastrelliger
brachysoma Thailand 16,539 EU555283 [34]

3. Indian mackerel Rastrelliger
kanagurta China 16,537 JX524134 [35]

4. Indian mackerel Rastrelliger
kanagurta Thailand 16,537 OM460829 This study

5. Indian mackerel Rastrelliger
kanagurta Japan 16,537 AP012948 [36]

6. Blue mackerel Scomber
australasicus Japan 16,570 AB102725 -

7. Atlantic chub mackerel Scomber colias Spain 16,570 AB488406 [37]

8. Chub mackerel Scomber japonicus Japan 16,568 AB102724 -

9. Atlantic mackerel Scomber scombrus Unknown 16,558 MN122853 -

10. Bullet tuna Auxis rochei Philippines 16,505 MW232421 -

11. Skipjack tuna Katsuwonus
pelamis Philippines 16,514 MW232429 -

12. Longfin tuna Thunnus alalonga China 16,527 KP259549 [38]

13. Yellowfin tuna Thunnus albacares China 16,528 KP259550 [39]

14. Bluefin tuna Thunnus orientalis Japan 16,527 GU256524 -

15. Atlantic bluefin tuna Thunnus thynnus Japan 16,527 GU256522 -

16. Southern bluefin tuna Thunnus maccoyii Japan 16,527 JN086150 -

17. Bigeye tuna Thunnus obesus Japan 16,528 JN086152 -

18. Blackfin tuna Thunnus atlanticus Mexico 16,528 KU955343 -

19. Longtail tuna Thunnus tonggol Philippines 16,529 MW232430 -

20. Zebrafish Danio rerio Unknown 16,596 AC024175 -
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Not surprisingly, the tree was clustered by family, subfamily, tribe, and genus, respec-
tively. All complete mtDNA sequences of related species of R. brachysoma and R. kanagurta
were selected from the NCBI database to construct the tree. However, the mtDNA se-
quence of the island mackerel (Rastrelliger faughni) was not yet complete at the time of
the study and only DNA fragments from some genes (e.g., cytB, COX1) were present in
the database. Moreover, R. brachysoma shared 99.9% similarities between this study and a
previous study [34]. Only 10 single-nucleotide polymorphisms (SNPs) were found in the
protein-coding genes. These two fishes were both caught in Thai waters, one from the south
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of Thailand and one from an unknown location. In addition, R. kanagurta shared 99.49% and
99.71% similarities with the same fish species from China [35] and Japan [36], respectively.
We completed a phylogenetic analysis of species from the family Scombridae. The results
showed that the phylogenetic relationships of each species were explicitly clustered into
individual clades. The genetic distances of each fish in the same genus were very small but
these data can still be used to clarify the taxonomic classification of these species.

4. Conclusions

The first genome assembly of R. brachysoma and R. kanagurta was investigated, and
a genome survey and genomic insights into the genetic contents of these two fishes were
provided. To our knowledge, this is also the first whole-genome sequence report for
species from the genus Rastrelliger. The estimated genome sizes of R. brachysoma and
R. kanagurta were smaller than those of species from the genus Thunnus, which is also in the
family Scombridae. While the sizes and numbers of predicted genes were slightly different
between R. brachysoma and R. kanagurta, the phylogenetic analysis, based on single-copy
ortholog genes and mtDNA sequences, showed close phylogenetic relationships between
these two species and Thunnus albacares and Thunnus maccoyii. This study could provide
important genetic and phylogenetic information about Rastrelliger for further research.
However, high-resolution and long-read sequencing should be conducted to improve the
assemblies and annotation of these two draft genomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12141769/s1, Figure S1: BUSCO completeness assessment
of R. brachysoma and R. kanagurta, Table S1: Whole-genome sequences of 20 fish species used in the
maximum-likelihood (ML) tree construction.
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