RESEARCH ARTICLES

Complete mitochondrial genome profile
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We characterized the complete mitogenome of Nemip-
terus randalli and performed comparative mitogenomic
analysis with previously determined mitochondrial geno-
mes belonging to the family Nemipteridae. Using Sanger
sequencing, we identified a 16,642 bp mitogenome con-
taining 37 genes (13 protein-coding, 2 rRNA, 22 tRNA)
and a non-coding region. Its gene organization, nucleo-
tide composition, tRNA secondary structure and codon
usage are similar to other Nemipteridae mitogenomes.
The phylogenetic analysis indicated that Nemipteridae
is a monophyletic group. The present study forms the
basis for further studies on the population genetics,
evolution and phylogeny of V. randalli and its family.

Keywords: Mitogenome, Nemipterus randalli, nemi-
pteridae, phylogeny, protein coding genes.

THE family Nemipteridae consists of economically important
fishes in the tropical Indo-West Pacific region comprising
five genera and 62 species. They are small to medium-sized
and inhabit shallow mud and sandy bottoms'. Nemipterid
fish (threadfin breams) are commercially important as a
food source’ and account for 8.4% of the total landings’.
Randall’s threadfin bream, Nemipterus randalli formed
the dominant species (54%) in demersal finfish landings
and contributed significantly to the trawl fisheries of India’.
It is widespread in Indian waters, Pakistan, the Persian
Gulf, the Red Sea, the Gulf of Aden, the East African
coast, the Seychelles, and Madagascarl. The International
Union for Conservation of Nature (IUCN) classifies the
status of this species as ‘Least concern’.

Several studies have been conducted to describe the
phylogenetic relationship among Nemipteridae, but they have
largely depended on mitochondrial and nuclear markers’.
The rapid development of high-throughput sequencing
(HTS) technology has revolutionized the sequencing and
characterization of whole mitogenomes. This allows for
the efficient sequencing of large numbers of mitogenomes. In
contrast to morphological traits, the mitogenome also plays a
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crucial role in deciphering the phylogenetic relationship
between closely related species’. Phylogenetic analysis
based on the full mitogenome offers higher resolution than
partial mitochondrial gene sequences’. Mitochondrial
DNA (mt-DNA) is typically circular with a size of about
16—-17 kb and encodes 13 protein coding genes (PCGs) as
well as 22 tRNAs, 2 rRNAs and a control region®. Mito-
chondrial DNA plays a crucial role in evolutionary and popu-
lation genetics’ due to its haploid nature, high mutation
rate, and lack of genetic recombination'®. Understanding
the profile of the mitogenome is very important as it pro-
vides clues to the species taxonomy, phylogeny, adaptation
mechanisms and evolutionary consequences in different
habitats''. Among 62 species belonging to the Nemipteri-
dae family, only six complete mitogenomes are still avail-
able. Out of these six available mitogenomes, two are from
the genus Scolopsis and the remaining from the genus
Nemipterus.

Despite its commercial importance, there is a great pau-
city of genetic and phylogenetic information, especially
for N. randalli". To bridge this resource gap, we sequenced
the complete mitochondrial genome of N. randalli using
Sanger sequencing (using universal primers + primer pairs
designed for each region). We analysed the gene content,
nucleotide composition, codon usage patterns of PCGs,
the secondary structure of tRNAs, and control region (CR).
We also performed a comparative mitogenomic analysis
with other species of the family, Nemipteridae, to check
the structure and variation within the family. In addition,
divergence times was estimated to infer the evolutionary
relationship of N. randalli compared to other closely re-
lated species.

Materials and methods
Sample collection and DNA extraction
The specimen of N. randalli was collected at Thoppumpady,

Cochin (9.9356°N, 76.2583°E), India. A piece of muscle
tissue from N. randalli stored in 90% ethanol was used for
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DNA extraction using the standard phenol-chloroform
method". The quality and quantity of DNA were measured
with Nanodrop (Thermo Scientific, Waltham, MA, USA).
The purified DNA was visualized on 1.0% agarose gel and
stored at 4°C. The fish samples used in this study were
handled according to the guidelines for the care and use of
fish in research by DeTolla et al.'*. The protocols were
approved by the Ethics Committee of ICAR-Central Marine
Research Institute, Kochi. These methods are also report-
ed in accordance by the ARRIVE guidelines (http://arrive-
guidelines.org).

PCR amplification and sequencing

Initial amplification was performed using universal primers
for ATPase 6/8 genes'”, 16S rRNA', COX1"", Cyt b'* and
displacement loop (D-loop) region'’. Internal primers
were designed using Primer3 (ref. 20) based on the aligned
mitochondrial genome sequence of three closely related
species: Nemipterus virgatus, Nemipterus japonicus and
Nemipterus bathybius (Supplementary Table 1). Polymer-
ase chain reaction (PCR) reactions were performed in a
Biorad T100 thermal cycler (Biorad, USA) with a total reac-
tion volume of 25 ul containing 10x PCR buffer (100 mM
Tris—HCl, pH 8.3, 500 mM KCl, 15 mM MgCl, and
0.01% gelatin, Sigma Aldrich, USA), 1.5 KU of Tag DNA
polymerase (Sigma Aldrich), 200 uM of each dNTPs
(dATPs, dCTPs, dGTP, dTTPs) (Sigma Aldrich), 0.5 umol
of each primer and 20 ng of genomic DNA. The cycling
profile was designed to have an initial denaturation of
94°C for 4 min, followed by 32 cycles of 94°C for 30 sec,
annealing for 30 sec (at varying annealing temperatures),
extension at 72°C (for varying time) and a final extension
at 72°C for 10 min. The PCR amplified product was purified
using the QIAquick PCR purification kit (Qiagen, Hilden,
Germany), separated on 1.2% agarose gel, stained with
ethidium bromide and visualized by a gel documentation
system (Biorad Gel Doc XR). PCR products were se-
quenced from both directions using Sanger sequencing by
an ABI 3730 automated sequencer. All sequences were
checked manually against their chromatogram using the
program Seqman from the software DNAStar Lasergene 6.0
(DNASTAR Inc., Madison, WI, USA).

Sequence analysis

The assembled mitochondrial genome was annotated using
the MITOS web server” and MitoAnnotator’. The circular
map of the entire mitochondrial genome was drawn with
OrganellarGenomeDRAW (OGDRAW)>. Relative Synony-
mous Codon Usage (RSCU), nucleotide composition, and
codon usage were analysed with MEGA X**. Strand asym-
metry (skewness) was calculated using the formula GC
skew = (G-C/G+C) and AT skew = (A-T/A+T)>, where
positive AT skew indicated the presence of more As than
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Ts and negative GC skew indicated the presence of more
Cs than Gs. The ratio of synonymous (Ks) to non-synony-
mous substitution (Ka) was estimated using DnaSP v6
(ref. 26). Non-synonymous (Ka) and synonymous (Ks) ratios
were estimated to evaluate selective pressures and evolu-
tionary relationships of species. Ka/Ks > 1 indicated the
occurrence of positive (adaptive or diversifying) selection,
Ka/Ks <1 negative (purifying) selection and Ka/Ks =1
neutral mutation”’. The overall p-genetic distance of 13
PCGs among species of the Nemipteridae family, including
N. randalli, N. bathybius, N. japonicus, N. virgatus, Nemi-
pterus hexadon, Scolopsis ciliata and Scolopsis vosmeri
was assessed to evaluate the conservation of mitochondrial
DNA genes. The secondary structure of tRNA genes was
predicted by tRNA-scan-SE1.21 (ref. 28) and ARWEN®
using the default search mode. The secondary structure of
the origin of the light strand (Op) was drawn with RNA
structure™. The presence of tandem repeats in the non-
coding region was examined with Tandem Repeats Finder’'.

Phylogenetic analysis

A total of 51 mitogenomes belonging to the 6 closely related
families (Caesionidae, Haemulidae, Lethrinidae, Lutjanidae,
Nemipteridae, Sparidae + Centracanthidae) available in
GenBank were used to investigate the phylogenetic rela-
tionships among these families. Neotrygon kuhlii (Gen-
Bank accession no: NC 021767.1) was selected as an
outgroup. The 13 PCGs were aligned by Clustal W and
concatenated without stop codon for constructing the phy-
logenetic tree via maximum likelihood (ML) and Bayesian
inference (BI) methods using RaxML v 8.2.10 (ref. 32)
and MrBayes v 3.2.4 (ref. 33) respectively. In the maximum
likelihood analysis, the tree was constructed using the
GTRGAMMA model with 1000 bootstrap replicates. Using
MEGA X, GTR+G+I was selected as the best model for
the BI method based on AIC (Akaike Information Criterion).
For the Bayesian analysis, 1,000,000 generations were
performed using the Markov chain Monte Carlo (MCMC)
method. The Bayesian tree was run until the average
standard deviation of the split frequency was less than
0.01. The first 25% of the sample data was discarded as
burn-in, and the rest was used to generate a consensus tree.
The resulting phylogenetic tree was viewed using FigTree
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). Compari-
son of the N. randalli mitogenome with other mitogenomes
of the Nemipteridae family was performed using the CG
View comparison tool (CCT) to draw a circular genetic
similarity map of the Nemipteridae family*.

Divergence times

The divergence times of 51 species belonging to 6 closely
related families were estimated with MEGA X (ref. 24)
using the RelTime-ML method with GTR+G+I modelling.
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Circular map of Randall’s Threadfin bream Nemipterus randalli mitochondrial genome. The inner and outer

ring represents genes encoded on light and heavy strand respectively. The inner circle depicts the GC content.

The Bayesian phylogenetic tree obtained from the whole
mitochondrial genome analysis was used to estimate the
divergence times to ensure consistency between the diver-
gence times and the phylogenetic tree. The calibration was
obtained from the online Timetree database (http://www.
timetree.org/)*’.

Results and discussion

Mitochondrial genomic structure

The complete mitochondrial genome of N. randalli was
16,642 bp in length (GenBank accession number MT795184)
and was comparable to the mitochondrial DNA of fishes
belonging to the family Nemipteridae, ranging from
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16,733 bp in S. ciliata®® to 17,353 bp in N. bathybius®’.
The genome of N. randalli consisted of 13 PCGs, 22
tRNAs, 2 rRNAs and a putative non-coding control region.
The arrangement of the genes was similar to that of other
Nemipteridae mitochondrial DNA. Among the 37 genes,
28 genes were encoded on the heavy strand (H strand) and
all others (NDG6, tRNA®", tRNA™, tRNA™", tRNA",
tRNA™", tRNAS", tRNA™ and tRNA™) on the light strand
(L strand) (Figure 1).

The nucleotide composition of the N. randalli genome
was 27.9% T, 26.8% C, 28.7% A and 16.5% G. It was biased
towards A+T nucleotides (56.6%) like those of N. bathy-
bius (57.3%), N. japonicus (57%), N. virgatus (57%), N.
hexadon (57%), S. ciliata (54.4%), and S. vosmeri (56%)
(Table 1). Most mitochondrial genomes exhibited a
strand-specific asymmetry in the nucleotide composition

CURRENT SCIENCE, VOL. 127, NO. 3, 10 AUGUST 2024


http://www.timetree.org/
http://www.timetree.org/

RESEARCH ARTICLES

Table 1. Nucleotide composition of different regions in the mitochondrial genome of Nemipteridae family
Species T% C% A% G%  Size (bp) A+T% AT skewness GC skewness
Whole mitogenome

Nemipterus randalli 27.9 26.8 28.7 16.5 16,642 56.6 0.014 —0.237
Nemipterus bathybius 28.3 26.2 29 16.5 17,353 57.3 0.012 -0.227
Nemipterus hexadon 27.4 27 29.6 16.1 17,115 57 0.038 —0.252
Nemipterus japonicus 27.9 26.6 29.1 16.5 16,995 57 0.021 —0.234
Nemipterus virgatus 279 26.6 29.1 16.4 16,992 57 0.021 -0.237
Scolopsis ciliata 27.3 28.4 27.1 17.2 16,733 54.4 —0.003 —0.245
Scolopsis vosmeri 28.2 27 27.8 17 16,770 56 —-0.007 -0.227
Protein coding genes
Nemipterus randalli 29.9 27.9 26.2 16.1 11,400 56.1 —0.065 —0.268
Nemipterus bathybius 29.7 28.2 25.7 16.3 11,400 55.4 —0.072 —0.267
Nemipterus hexadon 29.5 28.1 26.7 15.7 11,400 56.2 —-0.049 -0.283
Nemipterus japonicus 29.8 27.7 26.4 16.1 11,403 56.2 —0.060 —0.264
Nemipterus virgatus 29.8 27.8 26.3 16.1 11,396 56.1 —0.062 —0.266
Scolopsis ciliata 29.2 29.8 243 16.7 11,409 53.5 —0.091 —0.281
Scolopsis vosmeri 30.6 27.9 24.9 16.6 10,884 55.5 —0.102 —0.253
tRNA
Nemipterus randalli 259 235 31.2 19.4 1,550 57.1 0.092 —-0.095
Nemipterus bathybius 29 20.1 284 225 1,553 57.4 —-0.010 0.056
Nemipterus hexadon 28.7 20.2 28.7 22.4 1,555 57.4 0 0.051
Nemipterus japonicus 283 20.6 28.4 22.7 1,552 56.7 0.001 0.048
Nemipterus virgatus 28.1 20.8 28.1 22.9 1,553 56.2 0 0.048
Scolopsis ciliata 28.5 20.8 28.1 22.6 1,570 56.6 —0.007 0.041
Scolopsis vosmeri 29 20.5 27.9 22.6 1,559 56.9 -0.019 0.048
rRNA
Nemipterus randalli 23 24.6 32.1 20.3 2,728 55.1 0.165 —0.095
Nemipterus bathybius 23.4 23.8 325 20.4 2,727 55.9 0.162 -0.076
Nemipterus hexadon 22.8 24.7 325 20.1 2,726 55.3 0.175 —-0.102
Nemipterus japonicus 22.8 24.7 323 20.2 2,652 55.1 0.172 —0.100
Nemipterus virgatus 229 24.4 324 20.3 2,712 553 0.171 —-0.091
Scolopsis ciliata 22.7 25.1 313 20.9 2,722 54 0.159 —0.091
Scolopsis vosmeri 22.6 24.9 31.6 21 2,713 54.2 0.166 —0.084
Control region
Nemipterus randalli 34 16.9 34 15.1 894 68 0 —-0.056
Nemipterus bathybius 36.5 133 36.5 13.7 1,603 73 0 0.014
Nemipterus hexadon 29.1 19 36.9 15 1,357 66 0.118 -0.117
Nemipterus japonicus 32.8 17.3 35.2 14.7 1,260 68 0.035 —0.054
Nemipterus virgatus 33.2 16.9 35.7 14.2 1,342 68.9 0.036 —0.086
Scolopsis ciliata 29.9 19.9 32.7 17.5 987 62.6 0.044 —0.064
Scolopsis vosmeri 29.3 21 33.9 15.8 1,031 63.2 0.072 —0.141

between two strands™, which can be calculated as GC (G—C/
G+C) and AT (A-T/A+T)>. The overall AT and GC skew
for N. randalli were 0.014 and —0.237 respectively. Positive
AT skew indicated the presence of more As than Ts and
negative GC skew the presence of more Cs than Gs. Simi-
lar AT skew values were obtained for other species in the
Nemipteridae family except for S. ciliata and S. vosmeri.
The highest AT content was observed in the control region
(68%), followed by tRNAs (57.1%), PCGs (56.1%) and
rRNAs (55.1%) of N. randalli. A similar pattern was obser-
ved in N. hexadon, N. japonicus, N. virgatus and S. vosmeri,
with the exception of N. bathybius and S. ciliata (Table 1).

The mitogenome of N. randalli exhibited both gene over-
laps and intergenic spacers, typical attributes of vertebrate
mitogenomes®”. The mitogenome of N. randalli contained
a total of 24 bp overlap observed in six overlapping re-
gions, comprising the tRNA"™~RNA®" (1 bp), tRNA“"-
tRNA™" (1 bp), ATP8—ATP6 (10 bp), ND4L-ND4 (7 bp),
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ND5-ND6 (4 bp), and tRNA™—tRNA™ (1 bp) (Table 2).
The intergenic spacers in N. randalli comprised 66 bp
over 11 regions ranging from 1 bp to 42 bp. The longest
spacer (42 bp) was located between tRNA*"—tRNA“". The
comparative analysis indicated a length variation in over-
lapping genes ranging from 24 bp (N. randalli, N. hexadon,
N. japonicus) to 41 bp (S. ciliata). The length variation
between intergenic spacers was highest in N. japonicus
(127 bp) and lowest in S. ciliata (56 bp) (Supplementary
Table 2).

The total nucleotide length of PCGs of N. randalli was
11,400 bp, representing 68.5% of the total mitochondrial
genome similar to N. bathybius (65.7%), N. japonicus
(67.09%), N. virgatus (67.06%), N. hexadon (66.6%), S.
ciliata (68.1%), and S. vosmeri (64.9%). Among the 13
PCGs, 12 were encoded on the H strand, except for NDG,
which was encoded on the L strand. The PCGs of N. ran-
dalli were biased towards A+T nucleotides (56.1%) with a
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Table 2. Characteristics of the complete mitochondrial genome of N. randalli
Intergenic spacer
Gene Strand  Start Stop Size Anticodon  Start codon  Stop codon (+)/overlap (-)
tRNA" H 1 68 68 GAA 0
128 rRNA H 69 1,065 997 0
tRNA™ H 1,066 1,137 72 TAC 0
16S rRNA H 1,138 2,868 1,731 0
tRNA " H 2,869 2,942 74 TAA 0
NDI H 2,943 3,917 975 ATG TAG 4
tRNA" H 3,922 3,991 70 GAT -1
tRNA" L 3,991 4,061 71 TTG -1
tRNAM H 4,061 4,130 70 CAT 0
ND2 H 4,131 5,176 1,046 ATG TA 0
tRNA™ H 5177 5247 71 TCA 0
tRNA L 5,248 5,316 69 TGC 1
tRNA™" L 5,318 5,390 73 GTT 42
tRNA* L 5433 5,498 66 GCA 0
tRNAD" L 5,499 5,569 71 GTA 1
Ccoxli H 5,571 7,121 1,551 GTG TAA 1
tRNAS" L 7,123 7,193 71 TGA 2
tRNA™P H 7,196 7,266 71 GTC 7
COX2 H 7,274 7,964 691 ATG T 0
tRNA™* H 7,965 8,039 75 TTT 1
ATPS H 8,041 8,208 168 ATG TAA -10
ATP6 H 8,199 8,881 683 ATG TA 0
COX3 H 8,882 9,666 785 ATG TA 0
tRNAY H 9,667 9,737 71 TCC 0
ND3 H 9,738 10,086 349 ATG T 0
tRNA™® H 10,087 10,155 68 TCG 0
NDA4L H 10,156 10452 297 ATG TAA -7
ND4 H 10446 11,826 1,381 ATG T 0
tRNA" H 11,827 11,895 69 GTG 0
tRNAS" H 11,896 11,962 67 GCT 2
tRNA™" H 11,965 12,037 73 TAG 0
ND5 H 12,038 13,876 1,839 ATG TAA -4
ND6 L 13,873 14,394 522 ATG TAG 1
tRNA™ L 14,396 14,464 69 TTC 4
Cyth H 14469 15,609 1,141 ATG T 0
tRNA™ H 15610 15,680 71 TGT -1
tRNA"" L 15680 15,748 69 TGG 0
Control region H 15,749 16,642 894 0

base composition of 29.9% T, 27.9% C, 26.2% A and
16.1% G, similar to other species in the Nemipteridae
family (Supplementary Table 3). All PCGs in N. randalli
started with a canonical codon ATG except COXI which
began with GTG. Six PCGs in N. randalli terminated with
the complete stop codons TAA (COXI, ATPS, ND4L,
ND5) and TAG (ND1, ND6). The remaining genes termi-
nated with incomplete stop codons TA (ND2, ATPG,
COX3) and T (COX2, ND3, Cyt b), which were completed
by adding 3" A residues to the mRNA through post-trans-
criptional polyadenylation*’. Although members of the
family Nemipteridae shared similarities in a stop codon, a
slight difference was observed in N. randalli (Supplemen-
tary Table 4). The AT and GC skew for PCGs of N. ran-
dalli is shown in Supplementary Figure 1. All PCGs
exhibited negative AT skews except COX2, ATPS8 and
ND5 which had positive AT skews. The GC skew was
negative except for ND6, consistent with all other species
in the family Nemipteridae (Supplementary Figure 2). An
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anti-G bias (8.2%) was observed at the third codon posi-
tion of PCGs of N. randalli, similar to all other vertebrate
mitogenomes®® (Supplementary Table 5).

Protein coding genes

A total of 3800 codons (excluding stop codons for 20
amino acids) were identified in all PCGs of N. randalli.
The most frequent amino acid in the PCGs was Leucine
(16.2%), followed by Alanine (8.97%). The least used
amino acid was Cysteine (0.81%). Leucine was encoded
by 6 different codons, while all the other amino acids
were encoded by 2—4 different codons (Figure 2 a). This
situation was consistent with all other species in the Nemip-
teridae family (Supplementary Figure 3). The RSCU of
the 13 PCGs of N. randalli indicated that the most frequently
used codons were CGA (Arg), CAA (Gln), AAA (Lys),
TGA (Trp), and the least used were ACG (Thr), CAG
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Figure 2.

(Gln), CCG (Pro) and AAG (Lys) (Figure 2 b). The RSCU
values indicated that the codons with A or C in the third
position were used more frequently than G or T. Codons
ending in A were most common for an amino acid with
six-fold and four-fold degenerate codons. In contrast, C
and T were the most frequent two-fold degenerate codons.
A comparative analysis indicated that the RSCU values of
N. randalli were identical with other species of the Ne-
mipteridae family (Supplementary Figure 3).

The mean Ka/Ks substitution ratio of 13 PCGs from
seven species of the Nemipteridae family was 0.065858,
ranging from 0.00939 (COXI) to 0.1514 (ND6). The Ka/Ks
value was less than 1 for all PCGs, indicating strong puri-
fying selection (Supplementary Figure 4). The highest
Ka/Ks value was associated with the ND6 gene and the
lowest with the COXI gene, implying that the highest evo-
lutionary rates were associated with the ND6 gene and the
lowest with the COXI gene. In addition, ND6 and ATPS§
had the highest ratios, indicating that the selection pres-
sure was independent of the position of the gene on the
strand.

The p-genetic distance at the third position was higher
than at the other two positions, implying that the third posi-
tion evolved faster than the first and second positions.
Based on the first and second codon and full-length PCGs,
the highest overall p-genetic distance was in ND6 (0.186
and 0.274 respectively) and the lowest in COXI (0.023
and 0.139 respectively), corroborating the previous findings
that ND6 had comparatively higher evolutionary rates.
When full-length PCGs were considered, the highest overall
p-genetic distance was in ND6 (0.274) and the lowest in
COX1I (0.139) (Supplementary Figure 5). The two results
showed that the data agree with the values. The overall
p-genetic distance again proved that ND6 is the least con-
served gene with higher evolutionary rates.

Ribosomal RNA

Nemipterus randalli had two ribosomal rRNAs (125 rRNA
and /6S rRNA) with a total length of 2728 bp located on
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Codon usage of the mitochondrial protein coding genes of N. randalli. (a) Codon usage frequency and (b) relative synonymous codon usage.

the H strand. It was separated by tRNA"*, which was the
same as other species in the Nemipteridae family. The /25
rRNA was located between tRNA™ and tRNA" with a
length of 997 bp, whereas the /6S rRNA was located between
{RNA"" and tRNA"* with a length of 1731 bp. The base
composition of rRNA genes in N. randalli was 23% T,
24.6% C, 32.1% A and 20.3% G and biased towards A+T
nucleotides (55.1%). The overall AT and GC skews were
0.165 and —0.095 respectively, indicating more As and Cs
than Ts and Gs. The AT and GC skews of other species of
the family Nemipteridae exhibited a similar pattern to that
of N. randalli, with AT skew of 0.159 to 0.175 and GC
skew of —0.102 to —0.076 (Table 1).

Transfer RNA

The mitochondrial genome of N. randalli encoded 22
tRNAs ranging in size from 66 to 75 bp with a total con-
catenated length of 1550 bp. The overall nucleotide com-
position of tRNA genes was 25.9% T, 23.5% C, 31.2% A
and 19.4% G (Table 1). The A+T content was 57.1% with
AT skew (0.092) and GC skew (—0.095). On the other
hand, the size of the tRNA of other species in the Nemip-
teridae family ranged from 66 to 76 bp. The highest A+T
content of tRNAs was observed in N. bathybius and N.
hexadon and the lowest in N. virgatus. Among 22 tRNAs,
14 were encoded on the H strand and the remaining 8 on
the L strand, identical to a typical vertebrate mitogenome.
Except for tRNA" that lacks a DHU (dihydrouracil) loop,
all other tRNA genes could be folded into canonical clover-
leaf secondary structures. However, some non-complemen-
tary bases exist in the stem region. fRNA* considered an
aberrant tRNA lacking the DHU arm, also fits the ribo-
some by adjusting its structural conformation like other
tRNAs*. In N. bathybius, tRNA®" also lacked a DHU
loop. In N. randalli, the 7 bp amino acid acceptor stem
was conserved in all tRNAs except tRNA (8 bp), tRNA
(8 bp) and tRNAS" (6 bp). Variations of three to four
nucleotides in the DHU stem and variations of four to six
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nucleotides in the TWC stem were observed. The anticodon
stem in N. randalli was 5 bp except for t(RNA™ (6 bp).

Among four loops in the tRNA of N. randalli, the anti-
codon loop with a length of 7 bp was highly conserved,
and the other three loops showed significant variation.
Cross comparison of N. randalli tRNA with other species
of the Nemipteridae family based on the size of each region
is shown in Supplementary Table 6. Three tRNA clusters
(IQM, WANCY and HSL) were well conserved in N. ran-
dalli, typical of vertebrate mitogenomes. In N. randalli,
tRNA>" was determined by two anticodons (GCT and TGA)
and tRNA" by TAA and TAG. The secondary structure
of tRNAs is shown in Supplementary Figure 6. The stem
region of the tRNA contained non-Watson—Crick pairs
(G-T mismatches and other mismatches), a common phe-
nomenon for mitochondrial tRNA genes. A total of 56
non-canonical base pairs were found in N. randalli, including
A-A, A-C, G-T, C-T, T-T and A-G mismatches. In a
comparative analysis with other species of the Nemipteri-
dae family, most mismatches were G-T pairs (239) (Sup-
plementary Table 7). These mismatches in the tRNA stem
were probably modified by post-transcriptional editing
processes .

Non-coding regions

The mitochondrial control region also called the displace-
ment loop (D-loop) is the most variable region in the mito-
chondrial DNA. It is essential for the replication of the
mitochondrial DNA and as in other teleosts, was charac-
terized by several conserved sequence blocks. The non-
coding region in N. randalli comprised the control region
(D-loop) and the Oy region. The control region was 894 bp
in length and was located between the tRNA™ and tRNA™
genes in N. randalli similar to other species in the Nemip-
teridae family. The length of the control region for other
species of the family Nemipteridae ranged from 987 bp (S.
ciliata) to 1603 bp (N. bathybius) (Table 1). The differ-
ence in length occurred due to the presence of tandem re-
peats in this region. The control region of N. randalli was
A+T rich (68%) with an overall base composition of 34%
T, 16.9% C, 34% A and 15.1% G. The general composition
of the control region of N. randalli was similar for other
species in the family Nemipteridae (Table 1). In a compara-
tive analysis with seven species belonging to the Nemipter-
idae family, it showed the tripartite structure with a
termination-associated sequence domain (TAS), a central
conserved domain (CCD), and a conserved sequence block
domain (CSB) (Supplementary Figure 7). The TAS do-
main included ETAS (extended termination associated se-
quence), TAS motif and complementary TAS motif and
was located at the 5’ end of the control region similar to
other teleost fishes. The key sequence of the TAS domain in
N. randalli included ETAS (TACATTCATATGTATTA-
TCACCATTAATATATATTAAACATT), TAS (TACAT),
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cTAS (ATGTA). The TAS domain might be associated
with the termination of H-strand synthesis®.

Six conserved sequence blocks CSB-F, E, D, C, B and
A have been identified in the CCD of species belonging to
the Nemipteridae family. Out of six conserved sequence
blocks, five have been identified in the control region of
mammals*. The central conserved sequence of N. randalli
was CSB-F (ATGTAGTAAGAACCGACCATC) followed
by CSB-E (GGGACAATAATTGTGGGGG). The G box
(GTGGGGQG), the most conserved region in CSB-E, was
present in N. randalli. The CSB-D (TATTCCTGGCATT-
TGGTTCCTATTTCAGG) was located downstream of
CSB-E. CSB-C (GCATAAGTT), CSB-B (ATGGCG) and
CSB-A (CCATGCCGA) were also present in N. randalli.

CSB, located at the 3’ end of the control region, included
CSB 1, CSB 2 and CSB 3. All three CSBs were present,
along with the conserved sequence blocks of species be-
longing to Nemipteridac except S. vosmeri (Supplementary
Table 8). Each block consisted of CSB1 (GATTTCAAGT-
GCATAG), CSB2 (TAAACCCCCCTACCCCCC) and
CSB3 (AAAACCCCCCGGAAACAGGAA). The conserved
sequence block contained elements significant for priming
replication and positioning RNA polymerase for transcrip-
tion of the mitochondrial DNA***.

The putative Oy region was located in a cluster of five
tRNA genes (WANCY region) between tRNA*" and tRNA"
genes, which is similar in other species of the Nemipteri-
dae family. The length of the Oy region in N. randalli was
42 bp, with the potential to fold into a stable stem-loop
secondary structure containing 13 paired nucleotides in
the stem and 12 bp in the loop (Figure 3 a). This stem-loop
region plays a role in initiating light strand replication*.
A single polypyrimidine tract, characteristic of fish Op
loop, has been observed in N. randalli*’. The secondary
stem-loop structure similar to N. randalli was also present
in other species of the Nemipteridae family (Supplementary
Figure 8). A conserved motif 5 GCCGG 3’ was found
within the stem of the fRNA* associated with the transi-
tion from RNA to DNA synthesis (Figure 3 b). This con-
served sequence plays a role in DNA replication at Op
(ref. 46). A total of three tandem sequence repeats were
detected in the control region of N. randalli with three
copies of a 29 bp repeat (TTATACATTTATATGTATTA-
TCACCATTA), two copies of a 59 bp repeat (TATATG-
TATTATCACCATTATATATATATATATGCATATATA-
TGTAGTACTTATACATT), and four copies of a 17 bp
repeat (TTATATGTATTATACCA). Tandem repeats in the
control region were also observed in N. hexadon, N. vir-
gatus, N. japonicus and N. bathybius, except S. ciliata and
S. vosmeri.

CG view comparison tool

Using CCT, six previously reported mitogenomes from
the Nemipteridae family were compared to N. randalli as
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Figure 3.

(a) The secondary structure of putative origin of light strand replication in N. randalli. The box represents the conserved sequence motif

in tRNA-Cys (b) alignment of origin of light strand sequences of Nemipteridae family.

the reference genome. The comparative analysis indicated
that the nucleotide composition, number and arrangement
of genes were similar in the mitogenomes of all other species
belonging to the family Nemipteridae. The results indicated
that the highest similarity was between the mitogenomes
of N. randalli and N. bathybius. The nucleotide identity
was lower than coding DNA sequences (Supplementary
Figures 9 and 10). Of 37 genes, COX I and Cyt b were the
most conserved genes, and ATP8 was the least conserved
among all the species. The cluster of orthologous groups
(COGs) is used to predict the function of homologous pro-
teins and track the evolutionary divergence from a com-
mon ancestor®™. Twelve COGs were identified in eleven
genes (except ATP8 and ND6) compared to the other mito-
genomes. Of these eleven genes, the ND5 gene carries two
COGs (¢ COG and p COQG), and the remaining genes carry a
single COG.

Phylogenetic analysis

The phylogenetic position of N. randalli, based on 13 con-
catenated PCGs from 51 species belonging to 6 families
was analysed with N. kuhlii as the outgroup. Phylogenetic
analyses were based on two commonly used methods: Maxi-
mum likelihood and Bayesian methods. The phylogenetic
tree included 51 species representing six families (Cae-
sionidae, Haemulidae, Lethrinidae, Lutjanidae, Nemipteri-
dae and Sparidae + Centracanthidae) and 20 genera. The
results generated analogous tree topologies with similar
branch lengths, strong bootstraps and posterior probability
values. Therefore, only the phylogenetic tree generated by
Bayesian inference is shown in the figure with both the
values, including the bootstrap values for ML analysis
and the posterior probability value for Bayesian analysis
(Figure 4).

The phylogenetic tree constructed by RaxML and
MrBayes supported the monophyly of the family Nemip-
teridae. Since N. randalli, along with all other species of
Nemipterus and two species of Scolopsis formed a single
clade and was well supported by a posterior probability
value of 1, Akazaki* placed Nemipteridae together with
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Lethrinidae and Sparidae, referred to as a ‘spariform’
fish®®. Johnson®' later included the family Centracanthidae
along with spariform fish based on similarities it shared
with Sparidae and erected the superfamily Sparoidea and
supported the monophyly of superfamily Sparoidea®. In
our analysis, Nemipteridae, which was previously placed
as the sister group of Lethrinidae and Sparidae + Centra-
canthidae, was not placed with Lethrinidae and Sparidae +
Centracanthidae. Instead, they formed a separate clade in the
basal portion of the phylogenetic tree with high support
value. Sparidae + Centracanthidae formed a separate clade
and was sister to Lethrinidae along with Haemulidae, Lut-
janidae and Caesionidae. In the phylogenetic tree, N. ran-
dalli was most closely related to N. bathybius forming a
sub-branch and a sister-species relationship with N. vir-
gatus with a high support value. The family Haemulidae
was found to have a sister relationship with Lutjanidae and
Caesionidae. Lutjanus erythropterus (Lutjanidae) clus-
tered with species belonging to the family Caesionidae
and was placed as a sister to the Caesionidae species. The
phylogenetic tree showed that Nemipteridae species clus-
tered into one clade in the basal region, and other associated
families (Lethrinidae and Sparidae + Centracanthidae)
formed a separate clade with remaining closely related
families (Haemulidae, Lutjanidae, Caesonidae) as that of
previous study™.

In the present study, the monophyly of the superfamily
Sparoidea was not supported by the mitogenomic data.
Therefore, the superfamily Sparoidea cannot be conside-
red a monophyletic group.

Divergence times

The divergence times of Nemipteridae and five closely rela-
ted families (Caesionidae, Haemulidae, Lethrinidae, Lut-
janidae, Sparidae + Centracanthidae) were estimated and
marked at each node of the tree (Supplementary Figure
11). The divergence between Nemipteridae and closely re-
lated families occurred 121.43 million years ago (MYA)
during the Lower Cretaceous period of the Mesozoic era.
The first divergence within the Nemipteridae has been
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Figure 4. Phylogenetic relationships of N. randalli with other Percoidei species constructed using Bayesian inference analysis and maximum likelihood
method. The numbers at the nodes are bootstrap value and Bayesian posterior probabilities.

estimated to have occurred during the Upper Cretaceous
period of the Mesozoic era at 86.82 MYA with a split
between the genus Nemipterus and Scolopsis. In the genus
Nemipterus, the divergence time of N. japonicus and N. vir-
gatus from other Nemipterus species was the earliest
(22.04 MYA) during the Neogene period of the Cenozoic
era. N. hexadon differentiated at 18.20 MYA, and N.
bathybius and N. randalli were differentiated at 9.28 MYA
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during the Neogene period of the Cenozoic era. The sepa-
ration of Centracanthidae + Sparidae from Lethrini-
dae + Haemulidae + Lutjanidae + Caesionidae  occurred
around 114.90 MYA in the lower Cretaceous period of the
Mesozoic era. Centracanthidae diverged from Sparidae
around 63 MYA during the Paleogene period of the Ceno-
zoic era. During the lower Cretaceous period of the Meso-
zoic era, the split between the families Lethrinidae,
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Haemulidae and Lutjanidae + Caesionidae occurred at
103.49 MYA.

Conclusion

This study is the first report of the complete mitochondrial
genome of N. randalli. The mitogenome sequence is
16,642 bp and comprises 13 PCGs, 22 tRNAs, 2 rRNAs and
2 non-coding control regions. Our results shows that struc-
ture, gene order, nucleotide composition, protein coding
genes, codon usage and non-coding regions of N. randalli
is consistent with other species of Nemipteridae but shows
some deviation in usage of stop codon among protein coding
genes. N. randalli has a shorter mitogenome than other
Nemipteridae species since the length of control region is
shorter. Phylogenetic analysis based on protein coding
genes shows well supported monophyly of family Nemip-
teridac. None of our phylogenetic results supported the
monophyly of superfamily Sparoidea. The complete mito-
genome of N. randalli could provide information for further
studies on population genetics and elucidation of phylo-
genetic relationships. The complete mitochondrial genome
is a valuable tool for clearing taxonomic ambiguities in the
family Nemipteridae. Fisheries management aims at en-
suring conservation of biodiversity and biocomplexity to
ensure climatic resilience and long-term sustainability of
marine fishery resources. Accurate identification and con-
servation is the key to ensure that the biological complexity
is not lost in the long run. Mitogenomic data ensures accu-
rate characterization and conservation of genetic and bio-
logical diversity. It is also a great resource to understand
evolutionary changes in the OXPHOS gene repertoire
which contributes to the metabolic performance of the organ-
ism. We suggest that more mitogenomic data are neces-
sary for better resolving the phylogeny of Nemipteridae.
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