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ARTICLE INFO ABSTRACT

Keywords: Bariliine fishes are important components of the ornamental as well as subsistence fishery sectors in India. Many
Barilius of the species in the genus Barilius are threatened by habitat loss and therefore need to be met with conservation
Opsarius initiatives. Effective conservation measures, however, require clarification of species identities and resolution of
Cyprinidae

the validity of many species currently treated as synonymous or sub-species. The complete mitochondrial
genome data provide better insight into phylogenetic information than the short fragment or single gene based
analysis. Thus, we have sequenced the complete mitochondrial genome of Barilius malabaricus, one of the im-
portant fish species in the fresh water ornamental sector, for better understanding its phylogenetic status. The
16,519 bp mitochondrial genome consists of 37 genes which classifies as 22 tRNA, 13 protein coding and 2
ribosomal RNA genes and a control region. Overall, the mitochondrial genome bears the typical gene order and
composition as in other fishes. Further, the COI, cytochrome b and 16S rRNA gene sequences revealed that, B.
malabaricus is genetically closer to B. canarensis and B. bakeri compared to other Barilius species. Also, the Barilius
species of west flowing rivers in Western Ghats were consistently recovered as a clade distinct from other species.
We therefore suggest to retain the genus name Barilius for the species from the Western Ghats until a compre-
hensive analysis based on both morphological and molecular markers reveals the relationship between species
now variously placed in the genera Barilius and Opsarius in greater detail.

Fish phylogeny
Mitochondrial genome
ColL

1. Introduction B. ardens which differs morphologically from B. malabaricus and B.

canarensis. The accurate identification of Barilius species is often a dif-

Barilius malabaricus (Jerdon, 1849) is a- commercially important
fish belonging to the bariliine group of Cyprinidae family. Bariliine
Cyprinids in general are distributed across Africa, and South and
Southeast Asia, however B. malabaricus is restricted to the southern
parts of Karnataka and the northern Kerala of India. It grows to about
9.1 cm in length and is characterised by a single or double row of bluish
green lateral spots, with bright orange margined dorsal and anal fins
[1]. Initially, Jerdon [2] identified B. malabaricus as a distinct species
bearing significant morphological difference from B. canarensis and B.
gatensis. However, Day [3,4], treated both B. malabaricus and B. ca-
narensis as synonyms of B. bakeri. Recently, Knight et al. [1], on the
basis of morphological features such as gills rakers, lateral line scales
and dorsal fin colouration, reconsidered the earlier classification by
Jerdon [2], and treated B. malabaricus, B. canarensis and B. bakeri as
distinct species. Additionally, Knight et al. [1] introduced a new species
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ficult task and a subject of debate over decades due to their morpho-
logical similarity and overlapping meristic features. Therefore, the
usage of genetic markers for the identification of Barilius species would
probably help to resolve the taxonomic ambiguity of the bariliine fishes.

Mitochondrial DNA in comparison to the nuclear DNA shows rela-
tively higher mutation rate and therefore it is considered as one of the
most efficient and reliable molecular marker for phylogenetic studies
on fishes [5-7]. Previously, several studies have been conducted on
Cyprinidae family using the mitochondrial gene fragments as well as
whole mitochondrial genome which complied to the conventional
classification system, while in certain species it defied the previous
taxonomic classification [5,8,9]. Hitherto, on the genus Barilius, there
have been only a few molecular phylogenetic studies carried out using
16S rRNA, cytochrome b and COI genes [6,10-13]. To date the avail-
ability of mitochondrial genome sequence is limited to B. bendelisis. In
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Table 1

Nucleotide composition and AT-GC skewness of the B. malabaricus mitogenome.
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B. malabaricus Size(bp) A% T% G% C% AT.% GC% GC skew AT skew
Whole mitogenome 16,519 30.5 26.4 16.6 26.5 56.9 43.1 —0.232 0.072
PCGs 11,280 28.2 28.9 15.9 27.0 57.1 42.9 —0.257 —0.011
tRNASs 1555 28.4 26.3 23.6 21.7 54.7 45.3 0.041 0.040
rRNAs 2623 34.8 20.1 21.4 23.7 54.9 45.1 —0.049 0.266
Control region 899 32.0 32.2 14.8 21.0 64.2 35.8 0.170 0.558

80 -
70 4

60

50 A
40
30
20
10 4
0 - T
-3

CRPO S > o
FECTLL S S

o Mo 0 F W
&# & v_,qvgv;‘k ¥ 5
o

&
‘«\“&e

B B. malabaricus

e 8 R T S I R e I L
X FFF SIS S
& FFH gy

W B. bendelisis

S ¥ ¥
T FTTITFIT I FE

\ 0 S <
‘.\5\&\\&\\&\9‘\.}5 &

-

Fig. 1. The AT content of various constituent elements and complete mitochondrial genome of B. malabaricus and B. bendelisis.

the present study, for the first time, we have sequenced the whole
mitochondrial genome of B. malabaricus using Illumina sequencing
technology. The study provides the characteristic features of the B.
malabaricus mitochondrial genome and its phylogenetic relationships
with other Barilius species and subfamily Danioninae for further re-
search.

2. Materials and methods
2.1. Sample collection

The B. malabaricus sample used in the study was collected from the
Payaswini river, Sullia, Karnataka. This study does not include live
animals and the samples used were dead and obtained from the com-
mercial catches. The fin clips were collected from the dead fishes and
stored in absolute ethanol at 4 °C for DNA isolation.

2.2. Mitochondrial genome sequencing

Genomic DNA was extracted from fin clips using DNeasy blood and
tissue kit (Qiagen, Valencia, CA) as per the manufacturer's protocol.
Subsequently, the entire mitochondrial genome was amplified by long-

range PCR using two overlapping sets of primers BM1 (5-GCAAACGA
CGCACTTATTGA-3’, 5-GAAGGCTGGCTCTTCAAATG-'3) and BM2 (
5’-TGATTCTTCTCCACCAACCA-3’, 5-GATGAACGGGTGTTCTACCG-3").
The PCR was carried out in 50 pl reaction mixture containing 23 pl of
nuclease free water, 10 pl of 5% PrimeSTAR GXL Buffer (Takara,
Japan), 4 ul of dNTPs, 4 pl of each primer, 1 pl of PrimeSTAR GXL DNA
Polymerase (Takara, Japan), and 4 pl of DNA template. PCR conditions
applied for the amplification process were as follows: initial denatura-
tion at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C
for 1 min, annealing at 68 °C for 1 min and extension at 68 °C for
10 min. The final extension was subjected to 68 °C for 10 min. The
amplified PCR products were processed for library preparation using
NEB Ultra DNA Library Prep Kit and the sequencing was performed on
Mlumina HiSeq 2500.

2.3. Data analysis

The adapter sequences were removed from the raw reads using
CUTADAPT [14]. Further the low quality bases (Phred score, Q < 20)
were trimmed using Sickle [15] and the duplicate reads were removed
using FastUniq [16]. The pre-processed paired end reads were as-
sembled using SeqMan Pro (DNASTAR, Inc., USA). The whole
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mitochondrial genome sequence was edited and aligned using MegAlign
Pro (DNASTAR, Inc., USA) and annotated using MITOS web server [17].
OGDRAW was used to construct the mitochondrial genome map [18].
Prediction of the secondary tRNA structure was done through MITOS
webserver [17]. The software MEGA [19] was used to analyse the nu-
cleotide composition, relative synonymous codon usage (RSCU) and
Nei's genetic distance. To understand the base compositional bias of the
mitochondrial genome AT skew and GC skew were estimated using the
following formulae: AT skew = (A — T)/(A + T) and GC
skew = (G — C)/(G + C) [20]. AMOVA was done using the software
Arlequin [21]. The phylogenetic tree was constructed using the soft-
ware MrBayes [22]. The general time reversible substitution model
with the invariant site plus eight gamma categories was applied to the
data. The MCMC chains were run for 5 X 10° cycles and the trees were

Barilius malabaricus

mitochondrial genome
16,519 bp
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Fig. 2. Mitochondrial genome map of B. malabaricus.

sampled at every 100 generations. The sampled trees preceding sta-
tionarity were discarded with burnin = 2500 and the remaining tree
samples were used for generating the tree. Bangana tungting was used as
an outgroup for rooting the phylogenetic tree.

3. Results and discussion
3.1. Mitochondrial genome structure and organization

After quality filtering the raw reads, a total of 963,674 high quality
clean reads were obtained which was used to assemble the B. mala-
baricus mitochondrial genome. The assembled mitochondrial genome
consisted of 16,519 bp (The mitochondrial genome sequence has been
submitted in the GenBank under the accession number MN650735),



V.R. Prabhu, et al. Genomics xxx (XXXX) XXX—-XXX

Table 2
Characteristic features of mitochondrial genome of B. malabaricus.

Name Start End Strand Size (bp) 1GS (bp) Anticodon Start codon Stop codon
tRNA-Phe 1 69 + 69 0 GAA
12S rRNA 70 1021 + 952 1
tRNA-Val 1023 1094 + 72 0 TAC
16S rRNA 1095 2765 + 1671 -1
tRNA-Leu 2765 2839 + 75 17 TAA
ND1 2857 3810 + 954 7 ATA CAA
tRNA-Ile 3818 3889 + 72 -2 GAT
tRNA-GIn 3888 3958 - 71 2 TTG
tRNA-Met 3961 4029 + 69 0 CAT
ND2 4030 5067 + 1038 7 ATG ATG
tRNA-Trp 5075 5144 + 70 1 TCA
tRNA-Ala 5146 5213 - 68 1 TGC
tRNA-Asn 5215 5287 - 73 66 GTT
tRNA-Cys 5322 5387 - 66 0 GCA
tRNA-Tyr 5388 5457 - 70 7 GTA
COI 5465 6997 + 1533 12 ATC GTA
tRNA-Ser 7010 7080 - 71 3 TGA
tRNA-Asp 7084 7153 + 70 14 GTC
COoIl 7168 7851 + 684 7 ATG GAA
tRNA-Lys 7859 7934 + 76 0 TTT
ATP8 7935 8096 + 162 4 ATG TGG
ATP6 8093 8773 + 681 2 ATG ATT
COIlI 8776 9558 + 783 1 ATG TCA
tRNA-Gly 9560 9631 + 72 0 TCC
ND3 9632 9979 + 348 2 ATG GAG
tRNA-Arg 9982 10,051 + 70 0 TCG
ND4L 10,052 10,345 + 294 4 ATG TGC
ND4 10,342 11,715 + 1374 8 ATG TGA
tRNA-His 11,724 11,793 + 70 0 GTG
tRNA-Ser 11,794 11,862 + 69 1 GCT
tRNA-Leu 11,864 11,936 + 73 7 TAG
ND5 11,944 13,719 + 1776 29 ATT CTA
ND6 13,749 14,267 - 519 0 ATG GTT
tRNA-Glu 14,268 14,335 - 68 4 TTC
Cyt b 14,340 15,473 + 1134 7 ATG GAA
tRNA-Thr 15,481 15,551 + 71 -1 TGT
tRNA-Pro 15,551 15,620 - 70 0 TGG
Control region 15,621 16,519 899
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Fig. 3. The codon usage frequency of the mitochondrial protein-coding genes of B. malabaricus. Amino acid and codon usage frequency (%) are given on the x- axis
and y-axis respectively.
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His Gln Asn Lys Asp Glu

Fig. 4. The relative synonymous codon usage (RSCU) of the mitochondrial protein-coding genes of B. malabaricus. Amino acid and RSCU values are given on the x-

axis and y-axis respectively.

which was comparable to the previously reported B. bendelisis mi-
tochondrial genome (AP011433). The overall base composition ap-
peared to be 30.5% A, 16.6% G, 26.5% C and 26.4% T, which makes as
AT and GC percentage of 56.9% and 43.1% respectively, thereby re-
vealing that the mitochondrial genome is biased towards AT (Table 1).
The AT.% was slightly higher in the B. malabaricus than that of the
closely related B. bendelisis (Fig. 1). The base composition bias have
been reported to play a vital role in the replication and transcription of
mitochondrial genome [23]. Besides, it showed negative GC skew value
(—0.232) indicating C base is more common than G base whereas AT
skewness was positive (0.072) suggesting A base occurs more fre-
quently than T base in the B. malabaricus mitochondrial genome
(Table 1). The mitochondrial genome was essentially comprised of 22
tRNA, 13 protein coding and 2 ribosomal RNA genes and a control
region (Fig. 2; Table 2), which is consistent with the mitochondrial
genome of fishes [5,8,9] and other vertebrates [24,25]. The heavy (H)
strand also known as the ‘+’ strand codes for most of the genes except
nine genes. The exceptional nine genes included eight tRNA genes
coding for the amino acids Gln, Ala, Asn, Cys, Tyr, Ser, Glu and Pro, and
a NADH dehydrogenase subunit 6 (ND6) gene which were located on
the other complementary strand (the light or ‘L’ strand).

3.2. Protein coding genes (PCGs)

The overall length of the protein coding genes was 11,280 bp, which
accounted for 68.29% of the whole mitochondrial genome. The base
composition of the PCGs was found to be 28.2% A, 28.9% T, 15.9% G
and 27% C, which reflects the prevalence of biasness towards AT con-
tent among the PCGs (Table 1). Moreover, the AT and GC skew value
for the PCGs were — 0.25 and — 0.011 respectively which suggests that
the nucleotides T and C have higher occurrence than their respective
counterparts (Table 1). As observed in other fishes and vertebrates

[5,24], the 13 protein coding genes were composed of seven subunits of
NADH ubiquinone oxidoreductase complex (ND1-6 and ND4L), three
subunits of cytochrome ¢ oxidase (COIL COII and COIII), a subunit of the
ubiquinol cytochrome b oxidoreductase complex (Cyt-b) and two sub-
units of ATP synthases (ATP-6 and ATP-8). Out of the 13 protein coding
genes, 10 genes (ND2, ND3, ND4L, ND4, ND6, COII, COIII, ATP6, ATP8
and Cyt-b) start with ATG start codon whereas ND1, ND5 and COI use
the start codon ATA, ATT and ATC respectively as reported in other fish
species [26-29]. Among the protein coding genes, ND5 (1776 bp) was
the longest, whereas ATP8 was found to be the shortest gene (162 bp).
Similar to other vertebrates, there were four pairs of coding genes po-
sitioned adjacent to each other ATP8-ATP6, ATP6-COIIl, ND4L-ND4,
and ND5-ND6 [22,23]. Among them, ATP8-ATP6 and ND4L-ND4
showed overlapping in the sequence spanning 4 bp, which is common
characteristics of fishes and other vertebrates [5,8,9]. The comparative
study of PCGs of B. malabaricus and B. bendelisis mitochondrial genome
showed a similarity of 81.46% with each other.

Following the pattern of codon degeneracy, the amino acids serine
and leucine were encoded by six synonymous codons while the rest of
the amino acids were encoded by either four or two codons. The codon
usage frequency analysis revealed that, the codons CUA (leucine) and
AUU (isoleucine) were most frequently used, while the codons UCG
(serine), AAG (lysine) and CGU (arginine) were the least utilised codons
(Fig. 3). However, the RSCU values were highest for the codons CUA
(leucine) and CGA (arginine). The RSCU values of the PCGs revealed
that, the amino acids prefer the codons bearing adenine in the third
codon position among their other synonymous alternates (Fig. 4).

3.3. Ribosomal RNAs (rRNA) and transfer RNAs (rRNA)

The subunits of rRNA in the mitochondrial genome were of two
types-12S rRNA (952 bp) and 16S rRNA (1671 bp) which had overall
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Fig. 5. Secondary structure of the transfer-RNAs (t-RNA) in the mitochondrial genome of B. malabaricus.
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t- RNA Pro-15621 TTTAGGGCTATAATATGCTGAGAGCCCGCA
CCACAGGATATGTTTACTTACACATACTATGGTTTTACCCATTCT
TAATACATACT TGTATTAGGACATACTTCCACTATCTTCC
TGACAAGCCACTAACATGAAGTACATATTATGATTAATAACCAT
TCATCTATTTTAACCATAAAGCAGGTACTAACTATTTTTAATTCA
CCATTTAAGAGAGAGACCACCAACCAGTTTAAGCAGGAATAC
AAAATCCATGATAGAACCAGGGACATATATACCAAGGGTCATTA
TTAGTGAATTATTCCTGGTATCTGATTCGGAATCTCAGGTCCATC
GCTAAAAGAACCACTAACAATCTAGTAGTAAACGGCATCTGAT
TAGTCAGATGTGTTAACCATTCGATTCATTACCCCACATGCCGA
GCGTTCTTTTATATGCAAGGGGTGAATTTTTATTGGTTTCCTTTT
CACCAACATTTCAGAGTGCAAGCTAAAATGTTAATTAAGGTTG
TACATTTTCCTTGTATGTGATAAATTATATTAATTATCGGAAGACA
TAACTGAAGACTCATTCACTTTTAAGTC CATAACGTATCT
GCACTTTCCTCTATTATTCCTGTTTTCACCCCGGTTTTCGCGCGA
CAAACCCCCTTACCCCCTTAACGCCCCGGAAGTCCTGTTTATCCT
TGTCAAACCCCGAAACCAAGGAGGACCTAAGAACGTGTTAAAC
CAAGCTAGTTCAGATATTGGCTATTGGGTATGCAT
ATGTACAATTCCAAAATTTTAACAAATTTTGGCA
ACCTTATAAACCCCTGCCAGAATTTAATAAAATAAATTCGGCCCC
GAAAGTCCTAATCTTTTTTGA 16519-t-RNA Phe

Fig. 6. Compositional features of the control region of the B. malabaricus mi-
tochondrial genome. Palindromic motif sequence “TACAT’ and ‘ATGTA’ are
marked in red and green respectively, and the TA repeats are marked in yellow.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

AT content of 54.9% (Table 1). The AT skew value was positive (0.266)
while GC skew value was negative (—0.049) which revealed more
adenine and cytosine nucleotide prevalence among rRNAs (Table 1). As
observed in other fishes and vertebrates, the 12S rRNA and 16S rRNA
were clamped by tRNA-Phe and tRNA-Leu with tRNA-Val positioned in
between the two rRNA subunits. The 22 tRNA genes contributed a total
nucleotide length of 2623 bp to the mitochondrial genome. The AT.% of
the tRNAs was found to be higher (54.7%) compared to the GC% (45.3-
%). Both the AT and GC skew values were positively biased (0.04 and
0.041 respectively) in the tRNA genes. Among the 22 tRNAs which
codes for 20 amino acids, there were two types of tRNAs for serine
having sequence TGA and GCT at the anticodon site. The tRNA size
ranged from 66 bp of the cysteine to 76 bp of the lysine. Like the case in
other fishes [8,9] all the tRNAs displayed a typical clover leaf structure
except tRNA Cysteine-GCA and tRNA Serine-GCT in which the D arm
stem sequence was not seen to make the ideal Watson-Crick wobble
pairing due to non-complementary nucleotide positioning (Fig. 5). Be-
sides, the 12S rRNA and 16S rRNA revealed 92% and 89% similarity
between B. malabaricus and B. bendelisis respectively.

3.4. Control region

The control region of the mitochondrial genome spanned 899 bp
length which was flanked by tRNA-Pro and tRNA-Phe on either side
(Fig. 2). As observed in other vertebrates and fishes [5,30], it contained
the highest AT percentage (64.2%) compared with the other mi-
tochondrial regions. Both the AT and GC skew values were positive,
which suggest that the number of adenine and guanine nucleotides are
higher than thymine and cytosine (Table 1). The palindromic sequence
motifs ‘TACAT” and ‘ATGTA’ which are associated with the termination
of heavy strand replication were found in 4 and 3 copies respectively
(Fig. 6) as reported in other Cyprinids [5,30]. In addition, a micro-
satellite like repeat (TA) was observed in the 3’- end of the control
region which repeated 13 times. The TA repeat has also been observed
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in the B.bendelisis but slightly in higher number (17 copies) than that of
B. malabaricus.

3.5. Phylogenetic analysis

As there was only B.bendelisis mitochondrial genome available for
comparative analysis from the genus Barilius, we selected 14 closely
related genera (one species per genus) of the subfamily Danioninae for
the phylogenetic analysis. The phylogenetic tree was constructed using
15,655 bp sequence after removing highly divergent regions. The
phylogenetic tree showed multiple clades and the B. malabaricus was
placed within a clade containing B.bendelisis, Raiamas guttatus,
Opsaridium ubangiense, and Leptocypris sps. Further, it showed close
genetic relationship of B. malabaricus and B. bendelisis (Fig. 7A). The
findings in addition to identification, validated the taxonomical status
of B. malabaricus as established based on morphological features by
previous studies [1,2].

The genus Barilius includes about 32 species in which 23 species are
present in Indian water bodies [12], however the exact composition of
this genus is still unclear. Howes [31,32] suggested that the genus
Barilius should be restricted to species from South and Southeast Asia,
and recognised two groups within the genus. Followed by, Rainboth
[33] restricted the genus Barilius to species from South Asia, with the
Southeast Asian species being placed under Opsarius. Molecular phy-
logenetic studies by Tang et al. [6] and Liao et al. [11] restricted Bar-
ilius to five species; B. barila, B. evezardi, B. modestus, B. vagra and B.
mesopotamicus, with all other species being moved to Opsarius. Thus, we
further used the phylogenetically important mtDNA marker genes such
as COI, cytochrome b and 16S rRNA to understand the phylogenetic
relationship of B. malabaricus with other Barilius species. We also in-
cluded the sequences of closely related genus Opsarius to understand
the genetic variability between the genera Barilius and Opsarius. The
Bayesian tree was constructed for each gene fragment separately
(Fig. 7B-D). The COI and 16S rRNA genes validated the sequencing
results of the present study which showed > 97% homology between
our sequence and previously reported B. malabaricus sequences
(KX461921 & KX461924). All the three markers resulted in similar tree
topology and revealed that B. malabaricus is genetically closer to B.
canarensis and B. bakeri. Notably, the Western Ghats species, B. mala-
baricus, B. canarensis, B. bakeri, and B. ardens were consistently re-
covered as a distinct clade from other Barilius species. Although there
were a few other prominent clades, this clade was well supported by the
posterior probability for all the three markers. To check the significance
of this sub-structuring, AMOVA analysis was performed which ex-
plained 26%, 26% and 32% variation between these four Barilius spe-
cies and other Barilius species for COI, cytochrome b and 16S rRNA
genes respectively. The polyphyletic nature of the Barilius genus have
been also reported in the previous studies [6,11] where O. bakeri and O.
canarensis were recovered in a clade distinct from other species. We
further observed that, the following COI gene sequences (B. bakeri and
O.bakeri; B. bendelisis and O. bendelisis; B.telio and O.telio; B.barna and
O.barna; Table 3) referred to Barilius and Opsarius species were clus-
tered together in the phylogenetic tree (Fig. 7B). Nei's genetic distance
between these pairs of sequences were also found to be insignificant
(Table 3). It suggests that, both Barilius/Opsarius samples refer to the
same species but due to ambiguity in their taxonomy they have been
mentioned as Barilius by some authors and Opsarius by others. There-
fore, further studies using whole mitochondrial or whole genome are
called for to clarify the ambiguity existing between the genera Barilius
and Opsarius. We also recommend that the systematics of the bariliine
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Fig. 7. The phylogenetic relationship of B. malabaricus with other closely related species. A) The phylogenetic tree of mitochondrial genome of 14 species belonging
to the subfamily Danioninae. B). The phylogenetic tree of COI gene. C). The phylogenetic tree of 16S rRNA gene. D). The phylogenetic tree of cytochrome b gene.
Bayesian posterior probabilities are shown next to corresponding nodes. The mitochondrial genome, COI, 16S rRNA and cytochrome b gene sequences of the various
species were downloaded from GenBank. The GenBank accession numbers are shown along with the species names.
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fish need a comprehensive study using morphological as well as mo-
lecular analysis for proper conservation and management.

4. Conclusion

We have sequenced the complete mitochondrial genome of B. ma-
labaricus for the first time and compared it with closely related species
of the subfamily Danioninae. The mitochondrial genome structural
features were similar to B. bendelisis. In the phylogenetic analysis of the
COI, cytochrome b and 16S rRNA gene sequences, the species of Barilius
from west flowing rivers in the Western Ghats were consistently re-
covered as a distinct clade from other Barilius species. We therefore
suggest to retain the genus name Barilius for the species of the Western
Ghats until detailed analyses are conducted on the species now var-
iously placed in the genera Barilius and Opsarius using both morpho-
logical and molecular markers. The genus name Pteropsarion (Gunther,
1868), type species Barilius bakeri, is also available for Barilius species of
the Western Ghats.
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