
Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).
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Abstract

Sillago muktijoddhai, S. mengjialensis, S. sihama and Sillaginops macrolepis (Perciformes, Sillagin-
idae) are common coastal sand borers. The first three species are found in the Northeastern Indian 
Ocean, and the fourth one is located in the Western Central Pacific Ocean only. Molecular data 
applying in the prior investigations on systematics and phylogenetic relationships were not only 
incomplete but also uncertain for these fishes. This study sequenced their complete mitochondrial 
genomes using Sanger Dideoxy DNA sequencing for the first time. Their complete mitochondrial 
genome was a circular molecule of 17,022, 16,624, 16,825 and 16,502bp in length for S. muktijod-
dhai, S. mengjialensis, S. sihama and Sillaginops macrolepis, respectively. Most protein-coding 
genes (PCGs) were initiated with the typical ATG codon and terminated with the TAA or TAG codon 
and the incomplete termination codon T/TA could be detected in the four species. The majority of 
AT-skew and GC-skew values of the entire mitogenomes among the four species were negative. The 
Ka/Ks ratio analyses indicated 13 PCGs were suffering strong purifying selection. In the phyloge-
netic analysis, S. muktijoddhai, S. mengjialensis, and S. sihama were placed with relative species of 
the genus Sillago supporting morphological phylogeny. However, S. macrolepis was situated in the 
clade of genus Sillago that contrasted to morphological phylogeny. Divergence time analysis 
showed that Sillaginidae species diverged around 61 million years ago.
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macrolepis; mitogenome; Sillaginidae; phylogeny
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Introduction

Sillago sihama and Sillaginops macrolepis are well-docu-
mented Sillaginidae species among 41 species. Earlier it was 
supposed that S. sihama (Fabricius, 1775), a species with two 
posterior extensions of the swimbladder, was widely distrib-
uted in the Indo-West Pacific region (McKay, 1992). Recent 
research found that there are at least eight divergent molecu-
lar lineages that are currently included under the name S. 
sihama in the Indo-West Pacific region (Cheng et al. 2020, 
Fig. 2). These so-called S. sihama are externally similar to S. 

sihama (type locality, southern Red Sea), but are neither 
identical with this species nor to each other, as these cryptic 
species belong to structural differences in their swimbladder 
and well divergent mitochondrial DNA lineages. Two new 
species such as Sillago muktijoddhai and S. mengjialensis 
were recently identified and taxonomically described based 
on morphology and DNA barcoding approach using partial 
cytochrome oxidase subunit I (COI) and 16S ribosomal 
RNA (16SrRNA) gene sequences from the Bay of Bengal,
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Species Sampling location GenBank accession no. Reference
Sillaginopsis panijus Cox’s Bazar, Bangladesh MT460675 Saha et al., 2021
Sillaginopsis panijus - AP006802 Miya, Direct submission
Sillago parvisquamis - LC387779 -

Sillago indica - NC_025298 Xiao et al., 2014a
Sillago sinica - NC_030373 Siyal et al., 2015

Sillago asiatica Sanya, Hainan, China NC_025337 Xiao et al., 2014b
Sillago aeolus - NC_025935 Cai et al., 2014
Sillago sihama Dongfang, Hainan, China KR363150 Siyal et al., 2015

China NC_016672 Liu et al., 2012
Sillago japonica - AP006803 -

Zhanjiang, China NC_028228 Niu et al., 2016
- MW248468 -
- KR363149 Siyal et al., 2015
- AP017438 Satoh et al., 2016

Table. S1. Details of mitogenome sequences cited in this study



Comparative analyses of mitochondrial genomes of four sillaginids 59(2) 202490

Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Species Individual ID Sampling location GenBank accession no. Reference
12S rRNA 16S rRNA COI Cytb

Sillaginodes punctata X1 Queensland Museum, 
Australia

MF572001 MF572031 KU051719 MF571958

Cheng et al.
2020

Sillago aeolus SB1 Basuo, China MF572012 MF572042 KU051731 MF571969
Sillago asiatica Z1 Sanya, China MF572013 MF572043 KU051912 MF571971
Sillago arabica C188 Karachi, Pakistan MF572008 MF572038 MF571937 MF571970
Sillago attenuata C476 Karachi, Pakistan MF572014 MF572044 MF571918 MF571972
Sillago chondropus C385 Karachi, Pakistan MF572016 MF572022 MF571940 MF571973
Sillago flindersi SF1 Australia MF572017 MF572023 KU051726 MF571950
Sillago indica D1 Karachi, Pakistan MF572018 MF572024 KM350229 MF571951
Sillago ingenuua SW1 Dongshan, China MF572019 MF572025 KU051978 MF571952
Sillago ingenuua TWW1 Keelung, Taiwan MF572020 MF572026 KU051989 MF571953
Sillago japonica S1 Laizhou, China MF572021 MF572027 KU051937 MF571954
Sillago maculata B1 Australia MF571999 MF572029 KU051721 MF571956
Sillago panhwari C219 Karachi, Pakistan MF572015 MF572045 MF571947 MF571965
Sillago parvisquamis XLX1 Japan MF572000 MF572030 HQ389247 MF571957
Sillago shaoi SSP1 Dongshan, China MF572002 MF572032 KU051886 MF571959
Sillago cf. sihama C358 Karachi, Pakistan MF572011 MF572041 MF571917 MF571968
Sillago cf. sihama D1 Ranong, Thailand MF571998 MF572028 KU051822 MF571955
Sillago cf. sihama D2 Dongshan, China MF572003 MF572033 KU051804 MF571960
Sillago cf. sihama C260 Karachi, Pakistan MF572010 MF572040 MF571912 MF571967
Sillago cf. sihama C228 Karachi, Pakistan MF572009 MF572039 MF571949 MF571966
Sillago nigrofasciata FD1 Fuding, China MF572005 MF572035 KU051808 MF571962
Sillago sinica ZG1 Dongying, China MF572004 MF572034 KU052008 MF571961
Sillago parasihama Yang1 Zhanjiang, China MF572006 MF572036 MF571929 MF571963
Sillago sp. (Taiwan) ZP0807085 Taiwan MF572007 MF572037 MF571941 MF571964

Table. S2. Details of sequences cited in phylogenetic analysis based on 4 mitochondrial genes
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Fig. 1. Circular map of the mitogenome of S. muktijoddhai, S. mengjialensis, S. sihama and S. macrolepis. Genes 
encoded on the heavy or light strands are shown outside or inside the circular gene map, respectively.
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Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 

CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Fig. 3. Codon usage in 13 PCGs of four Sillaginids. (A) Codon frequency and (B) comparison of frequencies of 
codons ending with the same nucleotide by RSCU (Relative Synonymous Codon Usage) values

Fig. 2. The nucleotide skewness of four Sillaginids mitochondrial genomes. (A) S. muktijoddhai, (B) S. mengjialensis, 
(C) S. sihama, (D) S. macrolepis. The incomplete T-/TA- of the stop codon is not included.



Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 
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CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).



Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 
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CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Fig. 5. The OL region stem-loop structures in the mitogenomes of four Sillaginids. The conserved motif sequences 
were underlined. (a) S. muktijoddhai (b) S. mengjialensis, (c) S. sihama and (d) S. macrolepis

Fig. 4.  Alignment of the control regions of S. muktijoddhai, S. mengjialensis, S. sihama, S. macrolepis and S. panijus 
mtDNA. The blocks TAS, cTAS; CSB-A, B, C, D, E, F; CSB-1, CSB-2, and CSB-3 are shaded and poly-T 
underlined. The sequence in parentheses indicates the motif of the tandem repeat, and the Arabic number 
indicates the copy number. Dots represent similar nucleotides, substitutions are denoted by the correspond-
ing nucleotides, and dashes indicate indels.



Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 
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CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Fig. 6. Sequence differences in mitochondrial genes. Genes were positioned by their sequence identity percentages 
from small to big (left to right). (A) Sequence identities of 22 tRNA genes. (B) NT% and deduced AA% of 13 
PCGs. The AA% positioned genes



Bangladesh (Saha et al. 2022). These two new species 
were previously misidentified as S. sihama in Bangla-
desh (Saha et al. 2022). Currently it was confirmed that 
S. sihama is only widely distributed in the Indian Ocean, 
the Red Sea (Eritrea and Saudi Arabia; Golani et al. 
2013; Bogorodsky et al. 2014), Arabian Sea (Western 
India, Pakistan, Iran; Lakra et al. 2011, Cheng et al. 
2020), South Africa (Mlalazi Estuary, Tugela Bank and 
Mhlathuze Estuary), and Bay of Bengal, Bangladesh 
(Saha et al. 2024). On the other hand, Sillaginops macro-
lepis is distributed in Indonesian Archipelago, New 
Britain, Solomon Islands, Philippine Islands (McKay, 
1992) and Iriomote Island, Japan (Suzuki et al. 2001). 
The description and phylogeny of Sillaginops macrolepis 
were carried out solely based on morphological charac-
ters (McKay, 1992; Suzuki et al. 2001; Kaga, 2013). In 
addition, complete mitochondrial genome sequences of 
so called S. sihama i.e., misidentified S. sihama 
(KR363150, NC_016672) are available (Siyal et al. 
2015; Liu et al. 2012). However, the complete genetic 
characteristics of S. muktijoddhai, S. mengjialensis, true 
S. sihama and Sillaginops macrolepis are not document-
ed yet. 

The mitochondrial (mt) genome offers an easier technique 
than the nuclear genome; the molecular dynamics and 
rearrangements that bear differences in the genome can be 
learned more efficiently. Additionally, for studying evolu-
tionary biology, some characteristics of mtDNA make it an 
efficient approach, such as small size, cellular abundance, 
maternal inheritance, compact gene arrangement, and high 
rate of evolution (Moritz et al. 1987; Wolstenholme, 1992). 
Thus, mtDNA is usually thought to be an excellent molecu-
lar marker in fish taxa for phylogenetic analyses (Stepien 
and Kocher, 1997). Although small mt gene segments 
showed restriction in determining complex phylogenetic 
relationships in many fish heredities. However, in longer 
DNA sequences (e.g., mt genomes), the excessive informa-
tory sites permit the deeper branches and higher-level 
relationships to be much perfectly determined (Miya and 
Nishida, 2000). Among 41 Sillaginidae species, 14 mt 
genome sequences representing nine species, i.e., S. 
sihama (misidentified) (NC016672, KR363150), S. indica, 
S. parvisquamis, S. sinica, S.  asiatica, S. japonica, S. 
aeolus and S. panijus are available in GenBank. The 
present study sequenced and characterized the complete mt 
genomes of Sillaginops macrolepis, S. muktijoddhai, S. 
mengjialensis, and S. sihama. The study will give support-
ive genetic information for further studies in genetics and 
phylogenetics.

Materials and methods

Sampling and DNA extraction

A single individual of each S. muktijoddhai, S. mengjialensis, 
and S. sihama, collected from the coastal regions of Bangla-
desh, and a single individual of Sillaginops macrolepis 
collected from Iriomote Island, Japan, were selected for the 
present study. Muscle tissue for each species was deposited 
in the Fishery Ecology Laboratory, Fisheries College, Ocean 
University of China. Voucher specimen code, collection date, 
and collection location for each species are as follows: S. 
muktijoddhai - FEL_OUC142275, 2nd October 2018, Cox's 
Bazar (21.452° N, 91.964° E); S. mengjialensis - FEL_OUC-
CO21972, 16th February 2019, Cox's Bazar; S. sihama - 
FEL_OUCM8192, 6th August 2019, Maheshkhali (21.772° 
N, 91.888° E); Sillaginops macrolepis - FEL_OUCcx1, 28th 
July 2019, Iriomote Island (24.419° N,123.776° E). White 
epaxial muscle tissues were collected from fresh specimens 
and preserved in 95% ethanol at -20ºC. Genomic DNA was 
extracted by proteinase K digestion followed by a standard 
phenol-chloroform method (Sambrook et al. 1989).

PCR amplification and sequencing

A PCR-based primer walking method was used to ascertain 
the complete mitochondrial (mt) genome. At first, partial 
sequences were obtained by the 12S rRNA (MiFish-U-F 12S: 
GTYGGTAAAWCTCGTGCCAGC and MiFish-U-R 12S: 
CATAGTGGGGTATCTAATCCYA GTTTG [Miya et al. 
2015]), 16S rRNA (16S-ar F: 5'-CGCCTGTTTAT-
CAAAAACAT-3' and 16S-br R: 5'-CCGGTCTGAACT-
CAGATCACGT-3'), COI (FishF1: 5′-TCAACCAACCA-
CAAA GAC ATTGG CAC-3′ and FishR1: 5′-TAGACTTCT-
GGGTGGCCAAAGAATCA-3′; FishF2: 5'-TCGACTAAT-
CATAAAGATATCGGCAC-3' and FishR2: 5'-ACT TCAG-
GGTGACCGAAGA ATCAGAA-3' [Ward et al., 2005]; 
L5956-COI: 5'-CACAAAGACATTGGCACCCT-3' and 
H6558-COI: 5'-CCTCCTGCAGGGTCAAAGAA-3'; 
F5480-COI: 5'-TTATTACTCAGCC ATCCTACC-3' and 
R6120-COI: 5'-GGTCCGTAAGTAGCATTGT-3' [Present 
study]), and Cytb (L14912-Cytb: TTCCTAGCCATACAY-
TAYAC and H15149-Cytb: TGRGGMCAAATGT 
CCTTCTGAGGMGCCACC) universal primers. 

Then according to the partially amplified fragments and the 
complete mitochondrial DNA sequences of Sillaginidae 
fishes reported in GenBank, the stepwise method was used to 
design the primers gradually in the middle, maintaining more 
than 50 bp overlap between two contiguous fragments to 
ensure accuracy of sequencing. Followed the general princi-
ples of primer design when designing primers. For example, 
the length of PCR amplification products was guaranteed to 

be 400bp-650bp, the length of primers was generally 
19bp-21bp, and the GC content was about 45% -55%. After-
ward, Primer Premier 6.0 was used to check the designed 
primers. According to the principle of primer design, there 
should be no hairpin structure in the primer, and no dimer 
should be generated between the primer itself and the primer, 
trying to avoid a mismatch.

The PCR reaction system was 25 μl, including 17.5 μl 
ultrapure water, 2.5 μl 10 × PCR buffer, 2 μl dNTPs, 0.15 μl 
Taq DNA polymerase, 1 μl DNA template, and forward and 
reverse primers; the reaction conditions were 94℃ Pre-dena-
turation, time 5min; 94°C denaturation, time 45s; 50°C 
annealing, time 45s; 72°C extension, time 45s; 35 cycles in 
total; last 72°C extension, time 10min.  The purified products 
were sequenced using a BigDye Terminator cycle sequencing 
kit v2.0 (Applied Biosystems, Foster City, CA, USA), and 
sequencing was conducted on an ABI Prism 3730 automatic 
sequencer (Applied Biosystems) with both forward and 
reverse primers used for amplification. 

Sequence assembly, mitogenome annotation and sequence 
analyses

SeqMan (DNAStar, USA) software was used to manually 
correct, align and assamble the sequences. Finally, the entire 
mitochondrial DNA sequence was spliced, and the 
full-length mitochondrial DNA genome was calculated. The 
start and end positions of each gene were determined by 
comparing with the complete mitochondrial DNA sequences 
of the Sillaginidae species published in GenBank (http://ww-
w.ncbi.nlm.nih.gov/genbank). For preliminary annotations, 
MitoAnnotator of Mitofish (https://mitofish.aori.u-tokyo.ac.-
jp/annotation/input/) was used (Iwasaki et al. 2013). Mito-
chondrial gene structure maps were drawn using CGView 
Server (Grant and Stothard, 2008) (http://stothard.afns.ual-
berta.ca/cgview_server/). The online software tRNAscan-SE 

2.0 (Lowe and Chan, 2016) was used to identify tRNA genes 
and predict tRNA II Hierarchical structure diagram. RNA 
structure Web server (https://rna.urmc.rochester.edu/ RNA-
structureWeb/ Servers/ Predict1/Predict1.html) was used to 
simulate and draw OL (WANCY) structure. The location of 
the control area was determined through the position of 
tRNAPhe and tRNAPro and analyzed the structure of the 
control area by comparing with the recognition sites in other 
sillaginids (Xiao et al. 2014; Cai et al. 2014; Siyal et al. 
2015; Saha et al., 2022) and some other bony fishes (Cheng 
et al. 2012; Zhang et al. 2013). The online software Tandem 
Repeats Finder (Benson, 1999) was used to search and 
analyze the tandem repeats in the control region sequence. 
MEGA 6.0 software (Tamura et al. 2013) was used to count 
nucleotide composition, calculate pairwise sequence identi-
ties for entire mt genomes and each gene type, and non-syn-
onymous substitutions rate to synonymous substitutions rate 
(Ka/Ks) ratios for protein-coding genes (PCGs). AT and 
GC-skews were calculated using the formulas (A-T)/ (A+T) 
and (G-C)/ (G+C) (Perna and Kocher, 1995). The MEGA 6.0 
software was also used to determine codon usage of PCGs 
and K2P genetic distances among sillaginids based on 12 
PCGs and four mitochondrial genes. One-way analysis of 
variance (ANOVA) was used to examine for significant 
distinction in sequence variability of various regions.

Phylogenetic analyses

Phylogenetic analyses were carried out on concatenated 
sequences of the PCGs except for ND6 due to its heteroge-
neous base composition and usually bad efficiency (Miya and 
Nishida, 2000; Miya et al. 2003). Fourteen sequences of only 
nine Sillaginidae species available in the NCBI were used to 
reveal the phylogenetic relationship. In addition, concatenat-
ed sequences of four mitochondrial genes (12S rRNA, 16S 
rRNA, COI and Cytb) of 24 Sillaginidae species available in 
the NCBI were also used to get wide species coverage. 

Accession numbers and sampling details of the downloaded 
sequences were given in Supplementary Table S1 and S2. 
Callanthias japonicus (AP006796), Dicentrarchus labrax 
(NC_026074) and Pempheris schwenkii (NC_026237) were 
used for these cases as outgroup species according to Near et 
al. (2013) and Betancur-R. et al. (2013). Clustal X 2.1 
(Larkin et al., 2007) was used to align the sequences. The 
best evolution model of nucleotide substitution was selected 
by jModelTest v2.1.10 (Darriba et al. 2012). The model with 
the lowest AIC (Akaike Information Criterion) value, such as 
the GTR+I+G model, was considered the best to describe the 
substitution pattern. The PAUP* 4.0 (Swofford, 2002) was 
used to perform maximum likelihood analysis with 1000 
bootstrap replications. Partitioned (first, second, and third 
codon positions of PCGs) Bayesian phylogenetic analysis 
was done by MrBayes v. 3.2.6 (Ronquist et al. 2012) based 
on ten million generations. 

The divergence time was estimated by BEAST.v1.10.4 
(Drummond et al. 2012) using the lognormal relaxed clock 
(uncorrelated) model, GTR+I+G substitution model and yule 
speciation process as a tree prior. The default prior distribu-
tions of all parameters were used except ucld.mean 
(uniform), and calibration point derived from fossil age and 
putative geological vicariant events (Harrison et al. 2006; 
Mckay, 1992). The root of the family Sillaginidae was 
calibrated at upper Oligocene (Lower Eocene maximum) and 
BEAUti input was the same as Cheng et al. (2020). 

Results and discussion

Genome structure and nucleotide composition

The complete mitogenomes of the four sillaginids were 
sequenced to be 16,502-17,022 bp in length and were submit-
ted to GenBank with accession numbers MW532121 (S. 
muktijoddhai), MW532122 (S. mengjialensis), MW532123 
(S. sihama) and MZ677462 (Sillaginops macrolepis). Each 
genome consists of 13 typical vertebrate PCGs, 22 tRNA 
genes, 2 rRNA genes (12S rRNA and 16S rRNA), and 2 
non-coding regions (control region and L-strand replication 
origin; Table I and Figure 1). It has shown the resemblance 
with the canonical organization of the fish mitochondrial 
genome in both gene content and order (Boore, 1999). The 
encoding genes of mitogenome were located on H-strand 
except for ND6 and eight tRNA (Gln, Ala, Asn, Cys, Tyr, 
Ser-UCN, Glu and Pro) genes that were transcribed from 
L-strand as in many teleosts (Zardoya et al. 1995; Zardoya 
and Meyer, 1997; Cheng, 2012). 

The GC content of each gene ranged from 29.17% to 60.61%, 
the highest content was found in tRNACys of S. sihama. More-
over, the highest AT content was found in tRNAGly of S. 
muktijoddhai (Table I).

The AT content of the four sillaginids mt genomes was varied 
from 51.77% to 52.75% (Table II). In addition, the nucleotide 
base compositions at each codon position covering all 13 mt 

PCGs were calculated (Table II). The 12 PCGs of the H 
strand showed a strong anti-G bias (20% or lower than 20%, 
P < 0.01) at all codon positions. On the contrary, the PCGs of 
the L strand (ND6) revealed a strong anti-C bias (17.5% or 
lower than 17.5%, P < 0.01) at the third codon positions. This 
result proved that mitochondrial anti-G bias is strand-specific 
instead of a general characteristic for all mt protein genes.

Generally, AT and GC skew describe the strand inconsistency 
of nucleotide composition. The AT and GC skews were all 
negative for the entire mitogenomes of four sillaginids (Figure 
2). These results revealed that the A content was only slightly 
lower than T. On the contrary, C was notably more dominant 
than G. In addition, most of the PCGs encoded by the H-strand 
displayed negative AT-skews and GC-skews whereas the 
L-strand displayed negative AT-skews and positive GC-skews 
(G >C) in four sillaginids (Figure 2). Such skews to a specific 
nucleotide are assigned to differential mutational pressures 
attributed on the L- and H-strands (Hassanin et al. 2005), 
which is the result of asymmetric replication of mtDNA (Clay-
ton, 1982; Tanaka and Ozawa, 1994).

Protein coding genes

The accumulative length of the PCGs ranged from 11382 to 
11452 bp and 67.3% to 68.97% of the mt genome’s total 
length. There were some overlapping regions between the 
adjoining PCGs due to the compactness of the animal 
mtDNA. There were 10 to 16 bp overlaps between ATP8 and 
ATP6, 7 bp between ND4L and ND4, 4 bp between ND5 and 
ND6 (Table I). Most of the PCGs started with the typical 
initial codon ATG, while the COI gene started with the initial 
codon GTG like many other metazoans (Wolstenholme, 
1992). In addition, like most teleost fishes, ATG was the 
ATPase6 start codon in S. muktijoddhai and Sillaginops 
macrolepis but different in S. mengjialensis and S. sihama 
that was GTG, also found in S. sihama as the ATPase6 start 
codon (Siyal et al. 2015). Most of them had TAA or TAG as 
the stop codon, while COIII used AGA in Sillaginops macro-
lepis. AGA was not common as COIII stop codon in fish. 
There was a frameshift mutation in COIII and shortening the 
length of COIII that resulted in a truncated protein. Incom-
plete stop codon T or TA was found in COII, COIII, ATP6, 
ND2, ND3, ND4, and Cytb and were completed with the 

addition of 3' adenine residues to the mRNA by post-tran-
scriptional polyadenylation (Coucheron et al. 2011; Ojala et 
al. 1981).

In terms of codon usage, the trend of codon usage in the 13 
mitochondrial PCGs of four sillaginids was mostly consis-
tent (Figure 3A). The total number of codons varied among 
four sillaginids from 3792-3814 (excluding incomplete 
T/TA stop codon) for 20 amino acids. Except for the 
complete stop codon (Stp), codons encoding cysteine (Cys) 
had the lowest usage frequency (0.63%-0.81%), and the 
codons encoding leucine (Leu) had the highest usage 
frequency (17.1%- 17.5%). Six different codons represented 
leucine and serine, and other amino acids were represented 
by only two or four. Comparing the RSCU (Relative synony-
mous codon usage) values (Figure 3B) showed that the 
usage trends of codons ending with the same base in the four 
sillaginids were the same. For example, NNC was more 
prevalent than NNA. The RSCU values pointed out that 
codons with C or A in the third position were used in higher 
content than G or T, so the codons NNC and NNA were 
more, while the synonymous codons NNG and NNT were 
less. This was related to the asymmetric replication of 
mitochondria, and the more unstable G bases were gradually 
replaced by other bases (Clayton, 1982).

Ribosomal and transfer RNA genes

The mitogenomes of the four Sillaginids contain a small 
subunit rRNA (12S rRNA) and a large subunit rRNA (16S 
rRNA). Two rRNAs were situated between tRNAPhe and 
tRNALeu (UUA) and differentiated by tRNAVal (Table I). 12S 
rRNA ranged in size from 951 to 954 bp and 16S rRNA 
ranged in size from 1691 to 1709 bp. Nucleotide composition 
for the both two rRNAs encoded by the H strand was as 
follows A% >C% >G% >T% (P < 0.01) (Table II). Here A 
and C contents were dominant, which was also seen in other 
bony fishes (Zardoya and Meyer, 1997), different from H 
strand PCGs and entire mt genomes, which implied that the 
different regions had a different bias.

Like metazoan mt genomes, four Sillaginids mt genomes had 
22 tRNAs, including 14 encoded by the H strand and eight 
encoded by the L strand, interspersed between rRNA and 
PCGs and ranged in size from 65 (tRNACys) to 75 (tRNALys 
and tRNAPro) bp (Table I). Two types of serine (UCN and 
AGY) and leucine (UUR and CUN) were ascertained, includ-
ing 22 tRNAs and one particular tRNA gene for the other 
amino acids. The anticodons of the tRNAs were similar to 
other vertebrates. All tRNAs can form identical cloverleaf 
secondary structures like other vertebrates except tRNAser 
(AGY), which had no DHU arm and looked like a truncated 
cloverleaf structure that was also the common feature of 

vertebrates mt genomes. The presumed tRNA secondary 
structures had a general character with 7 bp in the amino acid 
arm, 4-5 bp in the TΨC arm, 4-5 bp in the anticodon arm, and 
3-4 bp in the DHU arm. There were some non-complementa-
ry base pairs in the arms of some tRNAs. The presence of 
non-complementary base pairs in the arm was the normal 
occurrence of mt tRNAs that may be corrected by the 
post-transcriptional editing process (Lavrov et al. 2000)

Non-coding regions

Non-coding mtDNA regions consisted of the control region 
(CR), the origin of the light strand (OL), and several concise 
intergenic spacers (1-48 bp long). CR was the longest, 
typically situated between tRNAPro and tRNAPhe. It consisted 
of three conserved domains, namely extended termination 
associated sequence domain (ETAS), central conserved 
domain (CCD), and conserved sequence blocks (CSB). The 
size of the CR was highly variable in the four sillaginids 
(1319, 953, 1141 and 832 bp in S. muktijoddhai, S. mengjial-
ensis, S. sihama and Sillaginops macrolepis, respectively). 
The length variations were mainly due to tandem repeats in 
the 5′ region of S. muktijoddhai and S. sihama. The motif 
length, copy number and consensus pattern were also differ-
ent. On the contrary, no tandem repeats were found in the 
CRs of S. mengjialensis and Sillaginops macrolepis. In S. 
muktijoddhai, 8.4 copy of the repeat unit was found, which 
was 37 bp long and in S. sihama, 5.9 copy of the repeat unit 
was found in which consensus size was 36 bp (Figure 4). 
Each repeat unit contained motif sequences for ETAS, 
including TAS motif TACAT and reverse complement cTAS 
motif ATGTA, that can form a stable hairpin structure, 
important for termination of mtDNA replication (Saccone et 
al. 1991). Repeat in the ETAS region was also found in other 
sillaginids, e.g., S. sihama (Siyal et al. 2015). In the ETAS 
region, a single TAS accompanied with cTAS motif sequence 
in Sillaginops macrolepis and two TAS accompanied with 
cTAS motif sequence in S. mengjialensis were identified. 
Besides, an incomplete TAS was also identified in the ETAS 
region of each four species (Figure 4). Six conserved 
sequence blocks CSB F-A were identified (Figure 4) in the 
central conserved domain. CSB-E had the distinguishing 
GTGGG-box of teleost CSB-E (Lee et al. 1995). CSB-D was 
the most conserved (96.2% sequence identity) among the 
four studied species and S. panijus, which was the same as in 
other teleost fishes (Lee et al. 1995) due to its crucial contri-
bution in maintaining the exact regulatory activities of CR. 
CSB-B and CSB-C had 79.2% and 85.1 % sequence similari-
ty, respectively. CSB-A, E, and F were the least conserved 
(52.3%, 59.7%, and 67.5% sequence identity). CSB-A was 
followed by a pyrimidine tract (poly T) and next downstream 
of it, three conserved sequence blocks CSB-1, CSB-2, and 
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CSB-3 were recognized. Like other teleosts, CSB-2 was the 
most conserved among the three downstream CSBs and 
distinguished by a poly C stretch separated by TA (Shadel and 
Clayton, 1997).

OL was 37-43 bp long, typically situated in the WANCY 
region between tRNAAsn and tRNACys. These OL region 
sequences can form a stable stem-loop secondary structure, 
with 24-25 nucleotides in the stem and 12-17 nucleotides in 
the loop (Figure 5). This stem-loop structure was closely 
related to the replication of mitochondrial DNA. OL 
stem-loop structure also revealed the conserved sequences in 
the stem than loop region. It had two universal characters of 
vertebrate OL like pyrimidine (C, T) rich 5′ side sequence of 
the stem and conserved motif sequence 5′-GCCGG-3′ at the 
base of the stem within the tRNACys gene that may play a vital 
role during the transition from RNA to DNA synthesis 
(Hixson et al. 1986).

Sequence variation

On the whole, the highest reserved gene types were rRNA 
(84.2±0.7%) and tRNA (82.7±0.7%), PCGs showed medium 
variation (71.6±0.5%), and as desired, the non-coding CR 
(46.2±2.3%) was the most divergent (p<0.01).

Excluding tRNAPro, rRNAs, and the other tRNAs exhibited 
high levels of sequence identity (sequence similarity > 77%) 
among the studied species and S. panijus (Figure 6A). The 
conservation of rRNAs and tRNAs was undoubtedly needed 
to form their secondary structures and for tertiary interac-
tions. This functional constraint would interpret their high 
sequence similarities despite the high mutation rate in 
mtDNA. The sequence of the metazoan tRNASer(AGY) was 
variable (Garey and Wolstenholme, 1989) may be due to the 
absence of DHU arm, instead present variable loop, probably 
reducing structural constraints.

Comparison of sequence similarity of the 13 PCGs by both 
nucleotides (NT %) and their deduced amino acids (AA %) 
(Figure 6B) showed different divergences. Cytochrome 
oxidase subunits, COI, II and III had high sequence identity 
(NT > 78% and AA > 95%), so most conserved among 
protein-coding genes. ATP synthase subunit 8 (ATP8) and 
NADH dehydrogenase subunit 6 (ND6) of complex I had low 
sequence identity (NT < 64.5% and AA < 80%), so most 
divergent. This divergence among PCGs can be explained by 
the fact that ATP synthase subunit and most of the complex I 
encoded from nuclear genes. On the contrary, COI, COII and 
COIII in complex IV were mitochondrially encoded (Zardoya 
et al. 1995).

To determine the type of selective pressure on 13 PCGs, we 
calculated the ratios of non-synonymous substitutions rate 
(Ka) to synonymous substitutions rate (Ks) (Figure 7). 
Here Ka/Ks ratios for all PCGs were lower than 1. This 
result implied strong purifying selection, i.e., natural selec-
tion in contrast to deleterious mutations with negative 
selective coefficients (Yang and Bielawski, 2000) on all 
PCGs of four sillaginids. However, the average Ka/Ks 
ratios (0.017 to 0.243) also varied significantly among 
individual genes revealed that various PCGs have different 
functional constraints (Lynch et al. 2006). For example, 
the ratio was lowest in COI (0.017) among these genes 
under the highest purifying selective pressure. On the other 
hand, the highest in ATP8 (0.243) indicated that under the 
lowest purifying selective pressure and selection pressures 
were strand-independent.

Phylogenetic analyses

Two phylogenetic trees were constructed using both BI and 
ML methods to reveal phylogenetic relationships among 
Sillaginidae species. The first one including 13 Sillaginidae 
species was based on concatenated nucleotide sequences 
(10,955 bp) of the 12 mitochondrial H-strand PCGs (Figure 
8A). The second one containing 28 Sillaginidae species was 
based on concatenated nucleotide sequences (4237 bp) of the 
four mitochondrial genes (Figure 8B). Thus, both phylogenet-
ic methods (BI and ML) for two phylogenetic trees produced 
similar topology with high bootstrap support and Bayesian 
inference value at the node.

In the 12 H-strand PCGs phylogenetic tree, there were two 
distinct clades for the genus Sillaginopsis and Sillago within 
Sillaginidae. Inside the clade of the genus Sillago, Sillaginops 
macrolepis appeared as sister taxa with S. asiatica and S. 
japonica, which strongly supported its generic status as 
Sillago. Although based on morphology, Sillaginops macrole-
pis was situated outside the clade of the genus Sillago and 
considered including a different genus as Sillaginops (Kaga, 
2013). S. sihama was clustered first with closely related 
species S. sihama (KR363150) and after that S. muktijoddhai, 
S. mengjialensis with S. indica. This result supported their 
taxonomic position according to morphology. 

In four mt genes phylogenetic tree, within Sillaginidae at first 
monotypic genera Sillaginopsis, Sillaginopodys were formed 
monophyletic clade which agreed with Kaga (2013).

Fig. 7. Average Ka/Ks ratios of the 13 PCGs, where Ka, non-synonymous substitutions rate and Ks, synonymous 
substitutions rate



However, unlike Kaga (2013), monotypic genera Sillagi-
nodes (S. punctata) and Sillaginops (S. macrolepis) were 
inserted within the genus Sillago.

At last, the S. sihama complex was found as a sister taxon 
with the dichotomy, including S. parvisquamis, S. parasi-
hama, S. shaoi and S. sinica. Species within the S. sihama 
complex were divided into two clades. The S. panhwari 
and Pakistan S. sihama ⑤ formed a single clade. Another 
clade was again divided into two. S. mengjialensis was 
first clustered with S. nigrofasciata, then together with 
Pakistan S. sihama ⑥, after that with S. muktijoddhai at 
the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
first associated with Sillago sp. (Taiwan), and then with S. 
indica at the basal.

The present four mt genes phylogenetic tree was slightly differ-
ent from our previous study (Cheng et al. 2020). For example, 
unlike the present study, subgenus Sillaginopodys (S. chondro-
pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
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pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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However, unlike Kaga (2013), monotypic genera Sillagi-
nodes (S. punctata) and Sillaginops (S. macrolepis) were 
inserted within the genus Sillago.

At last, the S. sihama complex was found as a sister taxon 
with the dichotomy, including S. parvisquamis, S. parasi-
hama, S. shaoi and S. sinica. Species within the S. sihama 
complex were divided into two clades. The S. panhwari 
and Pakistan S. sihama ⑤ formed a single clade. Another 
clade was again divided into two. S. mengjialensis was 
first clustered with S. nigrofasciata, then together with 
Pakistan S. sihama ⑥, after that with S. muktijoddhai at 
the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
first associated with Sillago sp. (Taiwan), and then with S. 
indica at the basal.

The present four mt genes phylogenetic tree was slightly differ-
ent from our previous study (Cheng et al. 2020). For example, 
unlike the present study, subgenus Sillaginopodys (S. chondro-
pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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However, unlike Kaga (2013), monotypic genera Sillagi-
nodes (S. punctata) and Sillaginops (S. macrolepis) were 
inserted within the genus Sillago.

At last, the S. sihama complex was found as a sister taxon 
with the dichotomy, including S. parvisquamis, S. parasi-
hama, S. shaoi and S. sinica. Species within the S. sihama 
complex were divided into two clades. The S. panhwari 
and Pakistan S. sihama ⑤ formed a single clade. Another 
clade was again divided into two. S. mengjialensis was 
first clustered with S. nigrofasciata, then together with 
Pakistan S. sihama ⑥, after that with S. muktijoddhai at 
the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
first associated with Sillago sp. (Taiwan), and then with S. 
indica at the basal.

The present four mt genes phylogenetic tree was slightly differ-
ent from our previous study (Cheng et al. 2020). For example, 
unlike the present study, subgenus Sillaginopodys (S. chondro-
pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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However, unlike Kaga (2013), monotypic genera Sillagi-
nodes (S. punctata) and Sillaginops (S. macrolepis) were 
inserted within the genus Sillago.

At last, the S. sihama complex was found as a sister taxon 
with the dichotomy, including S. parvisquamis, S. parasi-
hama, S. shaoi and S. sinica. Species within the S. sihama 
complex were divided into two clades. The S. panhwari 
and Pakistan S. sihama ⑤ formed a single clade. Another 
clade was again divided into two. S. mengjialensis was 
first clustered with S. nigrofasciata, then together with 
Pakistan S. sihama ⑥, after that with S. muktijoddhai at 
the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
first associated with Sillago sp. (Taiwan), and then with S. 
indica at the basal.

The present four mt genes phylogenetic tree was slightly differ-
ent from our previous study (Cheng et al. 2020). For example, 
unlike the present study, subgenus Sillaginopodys (S. chondro-
pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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However, unlike Kaga (2013), monotypic genera Sillagi-
nodes (S. punctata) and Sillaginops (S. macrolepis) were 
inserted within the genus Sillago.

At last, the S. sihama complex was found as a sister taxon 
with the dichotomy, including S. parvisquamis, S. parasi-
hama, S. shaoi and S. sinica. Species within the S. sihama 
complex were divided into two clades. The S. panhwari 
and Pakistan S. sihama ⑤ formed a single clade. Another 
clade was again divided into two. S. mengjialensis was 
first clustered with S. nigrofasciata, then together with 
Pakistan S. sihama ⑥, after that with S. muktijoddhai at 
the basal. In another clade, S. sihama, Pakistan S. sihama 
①, Thai S. sihama ② and Chinese S. sihama ③ were 
first associated with Sillago sp. (Taiwan), and then with S. 
indica at the basal.

The present four mt genes phylogenetic tree was slightly differ-
ent from our previous study (Cheng et al. 2020). For example, 
unlike the present study, subgenus Sillaginopodys (S. chondro-
pus) was inserted into the subgenus Parasillago. This differ-
ence with Cheng et al. (2020) maybe because of including all 
key groups and although lacking nuclear data during the present 
study. Key groups included species representing three genera 
(Sillaginodes, Sillaginopsis, Sillago) and three subgenera of the 
genus Sillago (Sillaginopodys, Sillago and Parasillago) by 
McKay (1992) and five genera (Sillaginodes, Sillaginopsis, 
Sillaginopodys, Sillaginops and Sillago) system of Kaga 
(2013). Moreover, the present four mt genes phylogenetic tree 
was congruent with Cheng et al. (2020) to divide the species 
into two groups based on swimbladder development. While 
group 2 species have less developed swimbladder. On the 
contrary, group 1 species have well-developed swimbladder, 
similar to subgenus Sillago (McKay, 1992).

In addition, based on the Kimura-2-parameter model, the net 
genetic distances of 12 PCGs of 12 Sillaginidae species were 
calculated (Table S3). The results showed that the genetic 
distances were between 0.041 and 0.345. The genetic 
distance between S.  panijus and S. sinica was the largest at 
0.345, and the genetic distance between true S. sihama and 
misidentified S. sihama (KR363150) was the smallest at 
0.041. Besides, the genetic distance was 0.088 between two 
misidentified S. sihama (NC016672, KR363150). This 
distance revealed that they had no intraspecies relationship 
instead showed interspecies relationship. This phenomenon 
may be due to the morphological misidentification of S. 
sihama, as there were at least eight cryptic lineages in the S. 
sihama complex (Cheng et al. 2020). 

Moreover, based on the Kimura-2-parameter model, the net 
genetic distances of 4 mt genes of 28 Sillaginidae species 
were calculated and showed that the genetic distances ranged 
from 0.025 (between S. sihama and S. sihama ③) to 0.249 
(between S.  punctata and S.  panijus). Moreover, S. sihama 
(Bangladesh) has an intraspecies relationship with Pakistan 
S. sihama ① (genetic distance, 0.003).

Divergence time analysis based on 12 mt PCGs showed that 
Sillaginidae species diverged around 61.30 million years ago 
(Mya) (Figure 9A). In the family Sillaginidae, the divergence 
time between S. panijus and remaining Sillaginidae species 
of the genus Sillago was the earliest (51.82 Mya). Thus upper 

Eocene at 51.82 Mya was determined as the divergence 
period between the genera Sillaginopsis and Sillago. Then 
after 13.63 million years’ differentiation started within the 
genus Sillago and most of the species of this genus diverged 
during the lower Eocene to Pliocene (38.19 to 5.36 Mya). 
However, S. sihama (KR363150) and S. sihama had the latest 
differentiation time (1.44 Mya), differentiated during Pleisto-
cene (11,700 yrs to 2.588 Mya) in the Quaternary period. 

Divergence time analysis based on 4 mt genes showed that 
Sillaginidae species diverged around 61.42 Mya (Figure 9B). 
The divergence within the family Sillaginidae was started 
42.93 Mya, and most of the species were differentiated 
during the late Paleogene (23.03 to 44.27 Mya) and Neogene 
(2.588 to 23.03 Mya). However, S. sihama ② and S. sihama 
had the latest differentiation time (2.12 Mya), diverged 
during Pleistocene (11,700 yrs to 2.588 Mya) in the Quater-
nary period. 

Same as the present study, Xiao (2015) showed that the origin 
of the genus Sillago probably dated back to the late Eocene 
based on 12 H-strand mitochondrial PCGs of six Sillago 
species. However, unlike the present study, the root of the 
family Sillaginidae was in the middle Eocene based on four 
mitochondrial genes and a single nuclear gene of 24 Sillagin-
idae species (excluding monotypic genera Sillaginops and 
Sillaginopsis) (Cheng et al. 2020). Whereas the present study 
included the most primitive species Sillaginopsis panijus 

(without swimbladder), therefore, Sillaginidae originated at 
Paleocene, about 17.9 million years earlier than Cheng et al. 
(2020).

Conclusion

Complete mt genomes of all four sillaginids contained 37 
mitochondrial genes (13 protein-coding genes (PCGs), 2 
ribosomal RNA (rRNA), 22 transfer RNA (tRNA)), and a 
control region, where gene arrangement and distribution were 
canonically identical and consistent with other vertebrates. 
On the whole, rRNAs and tRNAs were the highest conserved 
genes, then PCGs and control regions were the lowest 
conserved. For PCGs, cytochrome oxidase subunit I was the 
most conserved, while ATP synthase subunit 8 was the most 
divergent. In the phylogenetic analysis of the 12 H-strand 
protein-coding genes and 4 mitochondrial genes based on 
Maximum likelihood and Bayesian inference methods, S. 
muktijoddhai, S. mengjialensis, and S. sihama were placed in 
the appropriate position with relative species of the genus 
Sillago. The present phylogeny supported their taxonomic 
position according to morphology. In comparison, Sillagin-
ops. macrolepis was situated in the cluster of genus Sillago 
that contrasted to morphological phylogeny. Further study 
can be done using whole genome survey sequencing to firmly 
establish the phylogenetic status of the family Sillaginidae.
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