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Abstract

The northern snakehead Channa argus is widely distributed and extremely resistant to
hypoxia; which is cultivated in China as an aquaculture species and has heritable albino
body colour populations. Here, two phenotypes of albino C. argus of “gray fin rays” and
‘gold fin rays.” were studied. The genetic diversity and molecular phylogenetics of C. argus
with different body colours and geographical distributions were investigated based on
their nuclear ITS1-5.8S-ITS2 sequences. The ITS1-5.8S-ITS2 sequences of the C. argus
were conservative, with 1/1000 of mutation sites and 0.000-0.014 genetic distance, which
showed that the studied phenotypes of C. argus belong to the same species. The intraspecific
variation sites of the studied sequences showed that it was mainly nuclear transformation;
with the sequences from albino C. argus with “gold fin rays” individuals having more variation
sites than “gray fin rays” individuals. The difference in the geographical distributions of
C. argus were distinguished in phylogenetic relationship studies, which supported that
nuclear ITS1-5.8S-ITS2 sequences can be used to study molecular phylogeography.

Introduction

Normal Channa argus of the Channidae
family of Perciformes is freshwater air-
breathing fish (Ishimatsu and ltazawa,
1981; Nelson et al., 2016) with black and
white skin that is found in China, Russia,
Korea, Japan, the USA, Uzbekistan,
Kyrgyzstan and Kazakhstan (Lee, 1988;
Ivantsoff, 2006; Wegleitner et al., 2016).
Albino C. argus populations have distinct
albino body colour and can be inherited
and therefore, these were thought to be
unique by some authors and mentioned the
scientific name as Ophicephalus argus var
kimurai (Zhou et al., 2016; Zhou et al., 2019;
Fan et al., 2022; Zhou et al., 2022). Albino
phenotypes C. argus are distributed in the
Jialing River system of China and has some
special traditional Chinese medicinal value
and used to promote lactation and wound
healing (Zhou et al., 2016; Jiang et al., 2018;
Fanetal, 2022).

The lactate dehydrogenase (LDH) isozyme
patterns of albino C. argus and normal
C. argus were studied which showed no
difference (Wang, 1992). The mitochondrial

cytochrome oxidase subunit 1 (COIl) of
albino C. argus was also studied, which
concluded that these are albino forms of
C. argus (Zhou et al, 2019). The
morphological characters and X-ray imaging
studies also showed albino C. argus
(0. argus kimurai) and C. argus have no
significant morphological differences (Zhou
et al, 2022). The DNA content of albino
C. argus and C. argus was also compared,
with no difference (Li et al, 2016). These
results suggest that albino C. argus and
C. argus are the same species. Albino
C. argus is now a farmed species and can
be artificially bred. The displacement loop
(D-loop) of C. argus and albino C. argus
was studied and showed that the genetic
distance among albino C. argus populations
is very close and should avoid inbreeding
(Fan et al, 2022). However, the different
phenotypes of albino C. argus have not
been reported in previous studies and the
genetic diversity of albino C. argus and
normal ones has not been verified using
internal transcribed spacer (ITS) sequence
analysis.
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Ribosomes play a crucial role in gene expression and protein
synthesis in eukaryotic cells and coded by three genes of 18S, 5.8S
and 28S and two internal transcribed spacers of ITST and ITS2, in
the order of “18S-1TS1-5.85-1TS2-28S" (Nazar, 2004). Compared
with coding genes (18S, 5.8S and 28S), ITS1 and ITS2 face less
selective pressure, have close to neutral evolution and have a
faster evolution rate; thus, ITS is usually used for identification and
phylogenetic analysis of closely related species (Sun et al., 2007;
Kehie et al., 2016).

There are two directions of ITS sequence diversity in the same fish
species. The first is the conservative direction; as reported in lake
trout (Salvelinus namaycush) with minimal intraspecific variation of
ITS with only one intra-individual polymorphism found (Zhuo et al.,
1994). The second is non-conservative direction, as observed
in the stone flounder Kareius bicoloratus with a high level of
intra-individual variation of 18S rDNA, ITST and 5.8S rDNA with Type |,
ll'and 11l (Xu et al., 2009); ITS2 in Cynoglossus zanzibarensis having
three types with high degree of polymorphism and non-concerted
evolution (Gong et al., 2016); the ITS1-5.85-ITS2 of Symphurus
plagiusa having two divergent types with marked intra-genomic
variation (Gong et al., 2018a); the 18S-ITS1-5.8S of eleven species in
Soleidae with little variation in six species but much variation in the
other five species (Gong et al., 2018b); ITS of Paraplagusia japonica
intra-individual showing high level of polymorphism (Gong et al.,
2019); ITS regions of Paraplagusia blochii having intra-genomic
variability with two highly divergent types (Gong et al., 2020) and
C. melampetalus 18S-ITS1-5.8S with two distinct types of 18S and
5.8S and five types of ITST sequence (Gong et al., 2021). Mostly the
unconservative direction of ITS sequence was reported from fishes
belonging to Pleuronectiformes. Intra-genomic variability of ITS
between albino C. argus and normal C. argus has not been studied
so far. In this study, the ITS1-5.8S-ITS2 of albino C. argus belonging
to to two colour morphs i. e, gold fin and grey fin types and normal
C. argus were sequenced and analysed for the first time.

Molecular phylogenetics of albino phenotypes of northern snakehead

Materials and methods

Six albino C. argus (three gold fin and three grey fin types) and one
normal C. argus individuals were collected from the Yin Jinyou
Family Farm Breeding Base, Central District of Neijiag, Sichuan
Province, China. The experimental fish in the three different
categories were numbered as GOF1~3, GRF1~3 and BW1 (Fig. 1).
The specimens were transported to the laboratory in oxygen filled
bags immediately after collection. A portion of the musculature from
the base of the dorsal fin was excised and total genomic DNA was
extracted using a Fine Pure Universal Genomic DNA Kit (GENFINE
BIOTECH, Beijing, China) following the manufacturer's protocol.
No specific permits were required for the specimens used in the
present study. All fish handling procedures were approved by the
Animal Care and Use Committee of the Conservation and Utilisation
of Fisheries Resources in the Upper Reaches of the Yangtze River,
Key Laboratory of Sichuan Province (Neijiang, Sichuan, China)
and the approval No. is UFR010018. The experiments were also
approved by the Academic Committee of the College of Life
Sciences, Neijiang Normal University. At the same time, all methods
were carried out in accordance with the recommendations in the
Global Code of Conduct for Research in Resource-Poor Settings
guidelines and ARRIVE guidelines.

PCR was performed in 25 pl reaction volumes containing 2.0 mM
MgCl,, 0.4 mM each of dNTPs, 0.5 mM of each primer, 1.0 U of
Taq polymerase (Takara, Beijing, China), 2.5 ul 10 x Tag buffer and
approximately 50 ng of DNA template. PCR cycling conditions
included an initial denaturation at 95°C for 3 min, followed by 35
cycles of denaturation at 95°C for 30 s, annealing at 52°C for 50 s,
and elongation at 72°C for 1.5 min. The PCR reaction was completed
with a final extension at 72°C for 10 min. The primer pair, FITS: 5’
-CCGTAGGTGAACCTGCGG-3/RITS: 5" -TTAAATTCAGCGGGTT GTCT-3
was used to amplify the 18S (partial)-ITS1-5.8S-ITS2-28S (partial)
sequence in the C. argus genome (Zhu et al,, 2015).

Fig. 1. Phenotypes of C. argus used in the study. GOF1~3: Gold fin albino C. argus, GRF1~3: Grey fin albino C. argus;, BW1: Normal C. argus
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PCR products were purified using a SanPrep Column DNA Gel
Extraction Kit (Sangon Biotech) and inserted into a pMD 19-T vector
(Sangon Biotech). Recombined plasmids were transferred into
DH5a E. coli and checked using the universal primers M13F (-47)/
M13R (-48). Positive clones were sequenced in both directions
using an ABI 3730XL DNA sequencer (Applied Biosystems, USA).

The ITS1-5.8S-ITS2 sequences were deposited in the GenBank
database under accession numbers ON667943~~0N667971. To
identify the sequence of the various regions, we searched the NCBI
database with keywords “Channidae 18s" and “Channidae 28s" and
found two gene annotations (EU216546 to identifying 18S-ITS1-
5.8S, and KJ451611 for limiting 5.8S-ITS2-28S) as sequence
boundary identification information. The sequences of normal
C. argus from other region (Jining City, Shandong Province, China)
were sourced from GenBank (Table 1). In this phylogenetic study,
Channa asiatica was used as outgroup.

The sequenced fragments were assembled using the CodonCode
Aligner (version 3, CodonCode Corporation, Dedham, MA, USA). The
boundaries of the coding genes and ITS1 region were determined using
BLAST-based (http://blast.ncbi.nlm.nih.gov) querying of sequences
of closely related species (Kumar et al, 2013; Zhu et al,, 2015).
Sequence alignment was performed using ClustalX 2.0 (Larkin
et al, 2007) and checked manually using BioEdit version 7 (Hall,
1999). The GC content of the sequences and polymorphic sites were
calculated using Bioedit. Haplotype diversity (Hd) and nucleotide
diversity (p) were calculated using DnaSP software version 6.10
(Rozas et al, 2017). Then secondary structure was predicted
using the RNAfold web server (http:/rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi). The minimum free energy (G at 370)
was estimated for stability comparison (Michael and Patrick, 1981).

The evolutionary history was inferred using the Maximum
Likelihood method and Tamura-Nei model (Tamura and Nei, 1993).
The initial trees for the heuristic search were obtained automatically
by applying the Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Tamura-Nei model and
then selecting the topology with the superior log likelihood value.
The tree was drawn to scale, with branch lengths measured in the
number of substitutions per site. The proportion of sites where at
least one unambiguous base is present in at least one sequence for
each descendent clade is shown next to each internal node in the

Table 1. Nuclear ITS1-5.8S-1TS2 sequences investigated in this study

tree. Evolutionary analyses were conducted in MEGA 11 (Tamura
etal.,2021). Arlequin 3.5.2.2 was used for the Analysis of Molecular
Variance (AMOVA) and fixation index (FST) (Excoffier and Lischer,
2010). PopART version 1.7 (https:/popart.maths.otago.ac.nz/
download/) was used to construct a haplotype (Leigh et al., 2015)
network based on the TCS method (Clement et al., 2002).

Results

In this study, the three types of C. argus were sourced from the
same location of Yin Jinyou Family Farm Breeding Base. The
albino golden fin type fishes have albino skin with golden fins, while
albino grey fin types also have albino skin but with grey fins and the
different colour of fins are apparently located in caudal fin, however,
the normal C. argus do not have albino skin but with white and black
skin (Fig. 1). The albino gold fins, albino grey fins and normal C.
argus appears distinctly different form each other. The ITS1-5.8S-
ITS2-28S fragment from seven C. argus individuals were amplified
by PCR. Isolated clones were randomly selected and sequenced
(GenBank accession numbers ON667943~~0N667971). The
C. argus 1TS1-5.85-1TS2 sequences from this study (GOF1.1~ 3.5,
GRF1.1~ 3.4, BW1.1~1.5) and other studies (WLT~5) were
conservative in length and nucleotide composition (Table 2).
Sequence polymorphism indicated that the full-length 1TS1-5.8S-
ITS2 of C. argus exhibited 22 haplotypes and 32 variable sites; the
most polymorphism was obtained for ITS1 with 17 haplotypes and
18 variable sites; while the least polymorphism was observed for
5.8S with four haplotypes and three variable sites. The GC contents
of full-length, ITST, 5.8S and ITS2 showed inconsistency, with GC
content of 68, 72, 56-57 and 70-71, manifested in the higher GC
content of ITS. Polymorphism of the sequences was also indicated
by pair distances with full length, ITST, 5.8S and ITS2 of 0.000-
0.004, 0.000-0.007, 0.000-0.013 and 0.000-0.074, respectively.

The ITS1-5.8S-ITS2 sequences in the six albino C. argus (GOF1.1~
3.4 and GRF1.1~ 3.4) had 23 variable sites. These sequences had
two identical variation sites (T—C, C—G) and the other twenty-
one variation sites were randomly distributed. The GRF2 individual
had the most variable sites (7 sites), but GOF individuals had more
variable sites than GRF individuals. The number of transition and
transversion sites was 18 and 5, respectively. Comparing the
variation sites of ten ITS1-5.8S-ITS2 sequences in the C. argus of

Species name Phenotype Serial number Geographic origin Aligned length GenBank accession No.

Channa argus Albino-gold fins ~ GOF1.1~ 3.5 Neijiag City, Sichuan Province, China. 1118 bp ON667948~~ ON667961
Albino-grey fins ~ GRF1.1~ 3.4 Neijiag City, Sichuan Province, China. 1118 bp ON667962~~ ON667971
Normal BW1.1~1.5 Neijiag City, Sichuan Province, China. 1118 bp ON667943~~ ON667947
Normal WLT~WL5 Jining City, Shandong Province, China 1118 bp KJ451597~~ KJ451601

Channa asiatica Outgroup Guangdong Province, China 1118 bp KJ451602~KJ451609

Table 2. Nucleotide diversities of the nuclear ITS1-5.8S-ITS2 sequences in C. argus

Compare items Full length ITS1 5.8S ITS2

Aligned length (bp) 1118 bp 608 159 293

Variable site 32 18 3 8

Number of Haplotypes 22 17 4 7

GC content (%) 68 72 56-57 70-71

Pair distances 0.000-0.004 0.000-0.007 0.000-0.013 0.000-0.014
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Neijiang (BW1.1~1.5) and Jining (WL1~WL5), except two same
variation sites (T—C, C—G) from BW1.1 to the other C. argus, seven
variation sites were randomly distributed. The number of transition
and transversion sites was 8 and 1, respectively. The predicted 159 bp
5.8S secondary structure in C. argus showed a minimum free energy
of -59.8 kcal mol" and formed six loops with six stems (Fig. 2).

The clustering of C. argus from different geographical distributions
and body colours was studied by the phylogenetic analysis using
the ML method. Based on the tree topology, C. argus from the same
geographical distributions clustered into one clade and the C. argus
of the Neijiang group and the C. argus of the Jining group were
found to be sister-groups with high support values of 95 and 97%,
respectively, suggesting that the phylogenetic relationships based
on these nuclear ITS1-5.8S-ITS2 sequences can separate C. argus
that differ in geographic distribution. Consistent body colour in
C. argus of BW, GOF, or GRF from Neijiang did not form a monophyletic
cluster, indicating that these sequences cannot separate fish with
different body colour traits from the same region (Fig. 3).

The haplotype network of the 28 haplotypes (labelled H1 to H28)
was examined for the presence of population structure (Fig. 4).
The constructed haplotype network showed that the outgroup and
C. argus formed two groups and the 22 haplotype types of C. argus
were in the same clade. This further supports the fact that the
C. argus samples were from a genetically homogenous population.

Discussion

Nuclear ITS1-5.85-1TS2 is commonly used to study phylogenetic
relationship of parasites, fungi, plants and other organisms, such
as Clonorchis sinensis (Tatonova et al., 2012), Atriplex halimus,
Momordica (Elframawy et al., 2016; Ghosh et al., 2021), Lentinus
edodes and /saria spp. (D'Alessandro et al., 2014; Song et al., 2018).
The phylogenetic relationships of albino C. argus and normal
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C. argus were analysed in this study. The sequence polymorphism
showed 32 variant sites from 38012 sites (1/1000), but no regular
variant type. This result differs from that of Pleuronectiformes fish
(Gong et al., 2016; Gong et al., 2018a; Gong et al., 2018b; Gong
et al., 2019; Gong et al., 2020; Gong et al., 2021). However, since
intraspecies ITS sequences in some species appear in several types,
the detection of polymorphisms of the intraspecies ITS sequences
should be considered first when used for species identification,
unlike the conservative COIl gene (Sultana et al., 2018; Hossain
et al, 2019) and conclusions should be drawn based on several
cloned sequences. The genetic distance of C. argus based on
nuclear ITS1-5.8S-1TS2 was 0.000-0.014, indicating that the albino
C.argus and normal C. argus are the same species. This is consistent
with previous research findings (Wang, 1992; Li et al,, 2016; Zhou
et al, 2019; Zhou et al, 2022) and suggests that the scientific
name of albino northern snakehead and normal snakehead is
C. argus. Combining the results of the mutation sites with the
genetic distance of C. argus, the ITS sequence polymorphism of
C. argus was conserved.

The lengths of studied ITST and ITS2 are 608 bp and 293 bp,
respectively and their lengths are distributed in teleost ITST and
ITS2 length ranges (Si et al., 2016). There is a positive correlation
between GC content and DNA molecular structure (Yakovchuk
et al., 2006). The GC content of the coding genes 18S, 5.8S, 28S,
or spacers ITS1 and ITS2 of fishes is greater than 50% (Si et al.,
2016) and the GC content of C. argus nuclear ITS1-5.85-1TS2 is
68%, which is same as that of other fishes (Si et al., 2017). The
GC content of C. argus nuclear ITST and ITS2 was 72 and 70-71%,
which is the same as the ITS coevolution and GC balance (Torres
et al, 1990). The length and minimum free energy of C. argus 5.8S
were almost the same as those of Zebrias crossolepis, S. plagiusa
(Type A), P japonica (Type A), Pardachirus pavoninus, Solea ovata,
Kareius bicoloratus, P. blochii and some Cynoglossidae species with
little difference in secondary structure, but differed from those of
P pavoninus, S. plagiusa (Type B) and P japonica (Type B) (Gong

et al, 2016; 2018a; 2019; 2020). The type of base variation
sites of alignment of ITS1-5.8S-ITS2 in C. argus were a number
of transitions and few transversions, which is the same as
in Tridacna crocea, Kareius bicoloratus, genus Nymphaea,
Aphanomyces astaci and S. plagiusa (Yu et al, 2000; Xu et
al, 2009; Dkhar et al, 2011; Makkonen et al, 2011; Gong
et al, 2018a). The variation sites in ITST were more than ITS2 and
the variation sites of 5.8S were the least.

Compared with the polymorphisms of C. argus, albino C. argus
with gold fin (GOF) individuals have more variation sites than
albino C. argus with grey fin (GRF) individuals. This indicates that
GOF is more mutated than GRF compared with normal C. argus. In
contrast, normal C. argus (Neijiang) and C. argus (Jining) individuals
have fewer variation sites, indicating that the nuclear ITS1-5.8S-
ITS2 variation accompanied by body colour variation exceeds the
variation accompanied by geographical differences. Molecular
phylogeography studies are based on genes, include mtDNA, ITS,
SSR and multiple genes (Gilmore et al,, 2010; Kavalco et al,, 2011;
Unmack et al, 2012; Hassanien and Al-Rashada, 2021). Based
on the nuclear ITS1-5.8S-ITS2 in the present study, the different
geographical distributions of C. argus were also successfully
distinguished.

This study report for the first time the two kinds of heritable body
colours of albino northern snakehead (C. argus). The diversity of
conservative ITS studied and the results support that the albino
northern snakehead and normal northern snakehead are the same
species and that ITS can be used in molecular phylogeography
studies.

Acknowledgements

This study was supported by the Science and Technology
Department of Sichuan Province Foundation (2022NSFSC1721
and 2021YFN0033); Science and Technology Program Projects
of Sichuan Provincial Science and Technology Department

© 2023 Indian Council of Agricultural Research | Indian J. Fish., 70 (4), October-December 2023 86



(2021YFN0028); Neijiang Normal University School-level Research
project (2023YB12) and the Neijiang Normal University Science and
Technology Foundation (2019FM05).

References

D'Alessandro, C. P, Jones, L. R., Humber, R. A, Lopez Lastra, C. C. and Sosa-
Gomez, D. R. 2014. Characterisation and phylogeny of /saria spp. strains
(Ascomycota: Hypocreales) using ITS1-5.8S-ITS2 and elongation factor
1-alpha sequences. J. Basic Microbiol., 54(S1): S21-S31. https://doi.
org/10.1002/jobm.201300499.

Dkhar, J., Kumaria, S., Rao, S. R. and Tandon, P. 2021. Sequence
characteristics and phylogenetic implications of the nrDNA internal
transcribed spacers (ITS) in the genus Nymphaea with focus on some
Indian representatives. Plant Syst. Evol., 298: 93-108. https:/doi.
0org/10.1007/s00606-011-0526-z.

Elframawy, A., Deif, H. and El-Bakatoushi, R. 2016. Genetic variation among
fragmented populations of Atriplex halimus L. using start codon targeted
(SCoT) and ITS1-5.85-ITS2 region markers. Am J. Resp. Cell Mol., 6:101-
115. https://doi.org/10.4236/ajmb.2016.62011.

Excoffier, L. and Lischer, H. E. L. 2010. Arlequin suite ver 3.5: A new series
of programs to perform population genetics analyses under Linux and
Windows. Mol. Ecol. Resour, 10: 564-567. https://doi.org/10.1111/
}.1755-0998.2010.02847 x.

Fan, W, Zhang, L., Su, J., Luo, Y., Jiao, X. L., Huang, Z. P, Zhao, H., Zhao, Z. M.,
Duan, Y. L, Li, Q. and Du, J. 2022. Genetic diversity of two color morphs
of Northern snakehead (Channa argus) unveiled by the mitochondrial
DNA D-loop region. Mitochondrial DNA B., 7: 515-520. https://doi.org/1
0.1080/23802359.2022.2029601.

Ghosh, ., Saha, P. S., Bhowmick, B. K. and Jha, S. 2021. A phylogenetic
analysis of Momordica (Cucurbitaceae) in India based on karyo-
morphology, nuclear DNA content and rDNA [TS1-5.85-ITS2
sequences. Protoplasma, 258: 347-360 https://doi.org/10.1007/
500709-020-01576-z.

Gilmore, S. R., Abbott, C. L. and Cone, D. K. 2010. The placement of
Gyrodactylus salmonis (Yin & Sproston) in the molecular phylogeny
of studied members of the Gyrodactylus wageneri-group parasitizing
salmonids. J. Fish Dis., 33: 461-467. https://doi.org/10.1111/}.1365-
2761.2010.01154.x.

Gong, L., Kong, X., Luo, H., Chen, S., Shi, W. and Yang, M. 2020. Intra-genomic
variability and pseudogenes in ribosomal ITS regions of Paraplagusia
blochii (Pleuronectiformes: Cynoglossidae). Anim. Biol., 70: 145-158.
https://doi.org/10.1163/15707563-20191141.

Gong, L., Luo, H., Shi, W. and Yang, M. 2019. Intra-individual variation and
transcribed pseudogenes in the ribosomal 1TS1-5.85-ITS2 rDNA of
Paraplagusia japonica (Pleuronectiformes: Cynoglossidae). Biochem.
Biophys Res. Commun., 513: 726-731. https://doi.org/10.1016/j.
bbrc.2019.04.064.

Gong, L., Shi, W, Yang, M. and Kong, X. 2018a. Marked intra-genomic
variation and pseudogenes in the ITS1-5.85-ITS2 rDNA of Symphurus
plagiusa (Pleuronectiformes: Cynoglossidae). Anim. Biol., 68: 353-365.
https://doi.org/10.1163/15707563-17000134.

Gong, L., Shi, W,, Yang, M. and Kong, X. 2018b. Characterization of 18S-ITS1-
5.8S rDNA in eleven species in Soleidae: implications for phylogenetic
analysis. Hydrobiologia, 819: 161-175. https://doi.org/10.1007/s10750-
018-3634-8.

Gong, L., Shi, W,, Yang, M. and Luo, H. 2021. Variations in the conserved 18S and
5.8S reveal the putative pseudogenes in 185-TS1-5.8S rDNA of Cynoglossus
melampetalus (Pleuronectiformes: Cynoglossidae). Biochem. Biophys Res.
Commun., 534: 233-239. https://doi.org/10.1016/}.bbrc.2020.11.106.

Molecular phylogenetics of albino phenotypes of northern snakehead

Gong, L., Shi, W, Yang, M., Si, L. and Kong, X. 2016. Non-concerted
evolution in ribosomal ITS2 sequence in Cynoglossus zanzibarensis
(Pleuronectiformes: Cynoglossidae). Biochem. Syst. Ecol., 66: 181-187.
https://doi.org/10.1016/j.bse.2016.04.002.

Hall, T. A. 1999. BioEdit: A user-friendly biological sequence alignment editor
and analysis program for windows 95/98/NT. Nucleic Acids Symp. Ser.,
41:95-98. https://doi.org/10.14601/Phytopathol_Mediterr-14998u1.29.

Hassanien, H. A. and Al-Rashada, Y. 2021. Assessment of genetic diversity
and phylogenetic relationship among grouper species Epinephelus spp.
from the Saudi waters of the Arabian Gulf. Saudi J. Biol. Sci., 28: 1779-
1786. https://doi.org/10.1016/j.sjbs.2020.12.020.

Hossain, M. M., Uddin, S. M. K,, Sultana, S., Bonny, S. Q., Khan, M. F,
Chowdhury, Z. Z., Johan, M. and Eaqub, Md. 2019. Heptaplex PCR assay
for the simultaneous detection of beef, buffalo, chicken, cat, dog, pork,
and fish in raw and heat-treated food products. J. Agric Food Chem., 67:
8268-8278. https:/doi.org/10.1021/acs.jafc.9b02518.

Ivantsoff, W. 2006. Catalogue of agnathans and fishes of fresh and brackish
waters of Russia with comments on nomenclature and taxonomy. Aqua,
11: 88-88.

Ishimatsu, A. and Itazawa, Y. 1981. Ventilation of the air-breathing organ in
the snakehead Channa argus. Jpn. J. Ichthyol., 28: 276-282. https://doi.
0rg/10.11369/jji1950.28.276.

Jiang, Q., Okazaki, E., Zheng, J., Que, T, Chen, S. and Hu, Y. 2018. Structure
of northern snakehead (Channa argus) meat: Effects of freezing method
and frozen storage. Int. J. Food Prop., 21: 1166-1179. https://doi.org/10.
1080/10942912.2018.1437631.

Kavalco, K. F., Pazza, R., Brandao, K. D. 0., Garcia, C. and Almeida-Toledo,
L. F. 2011. Comparative cytogenetics and molecular phylogeography in
the group astyanax altiparanae-Astyanax aff. bimaculatus (Teleostei,
Characidae). Cytogenet Genome Res., 134: 108-119. https:/doi.
0rg/10.1159/000325539.

Kehie, M., Kumaria, S., Devi, K. S. and Tandon, P. 2016. Genetic diversity and
molecular evolution of Naga King Chili inferred from internal transcribed
spacer sequence of nuclear ribosomal DNA. Meta Gene, 7: 56-63. https://
doi.org/10.1016/j.mgene.2015.11.006.

Kumar, R., Kushwaha, B., Nagpure, N. S., Behera, B. K. and Lakra, W. S. 2013.
Karyological and molecular diversity in three freshwater species of
the genus Channa (Teleostei, Perciformes) from India. Caryologia, 66:
109-119. https://doi.org/10.1080/00087114.2013.821829.

Larkin, M. A,, Blackshields, G., Brown, N. P, Chenna, R., McGettigan, P A,
McWilliam, H., Valentin, F, Wallace, I. M., Wilm, A, Lopez, R,
Thompson, J. D., Gibson, T. J. and Higgins, D. G. 2007. Clustal W and
Clustal X version 2.0. Bioinformatics, 23: 2947-2948. https://doi.
org/10.1093/bioinformatics/btm404.

Lee, H. K. 1988. Isolation and antimicrobial susceptibility testing of
Edwardsiella tarda from Channa argus in Korea. J. Fish Pathol., 1: 95-
101. https://doi.org/10.1016/0378-1135(86)90056-8.

Li, Z,, Xiang, K. H., Zou, Y. C., Yue, X. J., Wang, Y. M., Qin, C. J., Xie, B. W,,
Wang, Y. and Qi, Z. M. 2016. Analysis on karyotype and DNA content
of Opniocepnalus argus. Freshw. Fish., 46: 104-108. https:/doi.
0rg/10.3969/j.issn.1000-6907.2016.03.018.

Makkonen, J., Jussila, J., Henttonen, P. and Kokko, H. 2011. Genetic
variation in the ribosomal internal transcribed spacers of Aphanomyces
astaci Schikora from Finland. Aquaculture, 311: 48-53. https:/doi.
0rg/10.1016/j.aquaculture.2070.11.019.

Michael, Z. and Patrick, S. 1981. Optimal computer folding of large RNA
sequences using thermodynamics and auxiliary information. Nucleic
Acids Res., 9: 133-148. https:/doi.org/10.1093/nar/9.1.133.

© 2023 Indian Council of Agricultural Research |

Indian J. Fish., 70 (4), October-December 2023 87



Shixi Chen et al.

Nazar, R. 2004. Ribosomal RNA processing and ribosome
biogenesis in eukaryotes. [UBMB life, 56: 457-465. https:/doi.
0rg/10.1080/15216540400010867.

Nelson, J. S., Grande, T. C. and Wilson, M. V. 2016. Fishes of the world, 5"
edn. John Wiley and Sons, Hoboken, New Jersey, USA, 394 p. https://doi.
0rg/10.1002/9781119174844.

Rozas, J., Ferrer-Mata, A., Sdnchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P,
Ramos-Onsins, S. E. and Sénchez-Gracia, A. 2017. DnaSP 6: DNA
sequence polymorphism analysis of large datasets. Mol Biol. Evol., 34
3299-3302. https://doi.org/10.1093/molbev/msx248.

Si, L. Z,, Shi, W, Yang, M., Gong, L. and Kong, X. 2016. Feature analysis of the
internal transcribed spacers in teleost ribosomal DNA. J. Oceanogr., 35:
74-81. https://doi.org/10.11978/2016012.

Si,L. Z, Wu, B. S, Kong, X. Y,, Yang, M., Gong, L. and Shi, W. 2017. Analysis
of the GC content of ribosomal genes of 11 species of Perciformes
and comparison with other teleostean fishes. J. Fish. Sci. China, 24:
657-668. https:/doi.org/10.3724/SP.J.1118.2017.16292.

Song, X. X, Zhao, Y., Song, C. Y., Li, C. H., Song, Y., Chen, M. J., Bao, D. P
and Tan, Q. 2018. 1TS1/5.85/ITS2, a good marker for initial classification
of shiitake culinary-medicinal Lentinus edodes (Agaricomycetes) strains
in China. Int J. Med. Mushrooms, 20: 227-242. https://doi.org/10.1615/
intjmedmushrooms.2018025883.

Sultana, S, Ali, M. E., Hossain, M. M., Naquiah, N. and Zaidul, I. S. M. 2018.
Universal mini COI barcode for the identification of fish species in

processed products. Food Res. Int., 105:19-28. https://doi.org/10.1016/j.
foodres.2017.10.065.

Sun, Y. H., Xie, C. X., Wang, W. M., Liu, S. Y., Treer, T. and Chang, M. M. 2007.
The genetic variation and hiogeography of catostomid fishes based on
mitochondrial and nucleic DNA sequences. J. Fish Biol., 70: 291-309.
https://doi.org/10.1111/j.1095-8649.2007.01453.x.

Tamura, K. and Nei, M. 1993. Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in humans and
chimpanzees. Mol. Biol. Evol., 10: 512-526. https://doi.org/10.1093/
oxfordjournals.molbev.a040023.

Tamura, K., Stecher, G. and Kumar, S. 2021. MEGA11: Molecular Evolutionary
Genetics Analysis Version 11. Mol. Biol. Evol., 38:3022-3027. https://doi.
org/10.1093/molbev/msab120.

Tatonova, Y. V., Chelomina, G. N. and Besprosvannykh V. V. 2012. Genetic
diversity of nuclear ITS1-5.8S-ITS2 rDNA sequence in Clonorchis sinensis
Cobbold, 1875 (Trematoda: Opisthorchidae) from the Russian Far East.
Parasitol. Int., 61:664-674. https://doi.org/10.1016/j.parint.2012.07.005.

Leigh, J. W. and Bryant, D. 2015. PopART: full a, S.rint.2012.07.005 ian
Far East. ar East. East. Methods Ecol. Ev., 6: 1110-1116. https:/doi.
0rg/10.1111/2041-210X.12410.

Torres, R. A, Ganal, M. and Hemleben, V. 1990. GC balance in the internal
transcribed spacers ITS 1 and ITS 2 of nuclear ribosomal RNA genes.
J. Mol. Evol., 30: 170-181. https://doi.org/10.1007/bf02099943.

© 2023 Indian Council of Agricultural Research | Indian J. Fish., 70 (4), October-December 2023 88



