
O
n
l
i
n
e
 
C
o
p
y

RNA editing sites and compositional features in 
mitochondrial genes of two freshwater fish species 
Clarias batrachus and Heteropneustes fossilis

J.C. Das, V. Dey and S. Chakraborty*

*Corresponding Author Email: *

Department of Biotechnology, Assam University, Silchar-788 011, India

Received: 01 April 2025                   Revised: 09 July 2025                   Accepted: 15 October 2025

ORCiD:biotechnology700@gmail.com                   https://orcid.org/0009-0005-7853-9553

JEBJEB
®®

(Educational Services Set-up)

Abstract

Aim: This study explores the codon usage bias (CUB) in the mitochondrial genes of two economically significant catfish species, Clarias batrachus and 
Heteropneustes fossilis, providing valuable insights for genetic and evolutionary research.

Methodology: Effective Number of Codons (ENC), RSCU values, Compositional analysis, Correspondence and PR2 analysis, Neutrality plot, RNA 
editing etc., were conducted.

Results: A low CUB was observed in both species, with average Effective Number of Codons (ENC) values 43.46 for C. batrachus and 44.08 for H. 
fossilis. In C. batrachus, 12 codons were 
over-represented, while 19 were under-
represented; in H. fossilis, 11 codons were 
over-represented and 17 under-represented. 
Compositional analysis showed an AT-rich 
bias at third codon position in both the 
species. Correspondence and parity rule 2 
(PR2) analyses suggested that mutational 
pressure and natural selection contribute to 
CUB. Neutrality plots indicated that natural 
selection plays a significant role than 
mutation in shaping CUB in the mitochondrial 
genes. Additionally, high C to T transitions 
was observed at RNA editing sites. Positive 
GRAVY scores pointed to the hydrophobic 
na tu re  o f  m i tochondr ia l  p ro te ins .  
Phylogenetic analysis revealed the 
evolutionary relationships between these 
species.

Interpretation: This study provides valuable insights into the genetic evolution of these catfish species, with implications for aquaculture and 
evolutionary biology.
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between forces of selection and mutation produces a bias in the 
synonymous codon usage, with higher intragenomic bias 
signifying stronger selection for translation efficiency (Sharp et 
al., 1986; Bulmer, 1991). On the other hand, the codon usage bias 
is said to result from distinct mutational pattern of synonymous 
codons, according to mutational or neutral theory. Thus, some 
alternative codons may experience a greater number of mutations 
than others, resulting in variations in codon utilization (Sharp et al., 
1993, Hershberg et al., 2008). RNA editing sites are specific 
locations within RNA molecules where the original nucleotides are 
altered after transcription (the process of copying DNA into RNA).

Clarias batrachus (commonly known as Magur) and 
Heteropneustes fossilis (Singhi) are two economically and 
ecologically significant freshwater catfish species widely 
distributed across Asia. Their commercial value, combined with 
distinct adaptive traits, makes them valuable models for studying 
codon usage bias (CUB) in mitochondrial genes. Previous 
comparative studies on mitochondrial-encoded proteins in C. 
batrachus, particularly in relation to C. gariepinus, have revealed 
notable differences in protein structure, stability, and intrinsic 
disorder, suggesting possible molecular mechanisms underlying 
enhanced adaptability and competitive survival (Chand et al., 
2021). Similarly, H. fossilis, as a species adapted to diverse 
freshwater habitats, offers an opportunity to explore how 
evolutionary pressures and environmental conditions shape 
codon preference. Codon usage patterns are often influenced by 
factors such as mutational bias, natural selection, and 
translational efficiency, which collectively impact gene expression 
and organismal fitness. In this context, a comparative analysis of 
mitochondrial protein-coding genes in C. batrachus and H. fossilis 
can provide important insights into codon usage bias, focusing on 
identifying similarities and differences in the gene sequences, 
codon usage patterns, and phylogenetic relationships.

Materials and Methods

Sequence collection: The mitochondrial gene’s coding 
sequences of two freshwater fish species (Heteropneustes 
fossilis and Clarias batrachus) were obtained from the GenBank 
database (http://www.ncbi.nlm.nih.gov) using accession 
numbers, i.e., NC_015827.1 for Heteropneustes fossilis and 
NC_023923.1 for Clarias batrachus. The CUB study of the 
mitochondrial genes of these two species was then analyzed by 
studying the following parameters.

CUB metrics

Compositional features of nucleotides: To analyse the 
compositional characteristics of mitochondrial genes in Clarias 
batrachus and Heteropneustes fossilis, the following parameters 
were examined: overall nucleotide composition (A%, T%, C%, 
and G%) and nucleotide distribution at the third codon position 
(T3%, A3%, C3%, and G3%); the proportion of guanine and 
cytosine in synonymous codons across each sequence, along 
with GC content at the first (GC1%), second (GC2%), and third 

Introduction

A wide variety of species and habitats can be found in 
freshwater ecosystems (Collen et al., 2014). Clarias batrachus 
(Magur), a freshwater fish, is able to breathe air and move around 
on land. It belongs to Family Claridae and inhabits varied low-
oxygen settings, burrows into the mudflat, and occasionally 
“walks” to find appropriate places during summer season (Kumar 
et al., 2017; Li et al., 2018). Clarias batrachus is a highly valued 
catfish species due to desirable attributes, such as distinct 
flavour, low fat content, medicinal properties, and mild taste. Its 
ability to thrive in low-oxygen conditions makes it a commercially 
viable option for aquaculture (Kushwaha et al., 2015). Indian 
catfish, Heteropneustes fossilis (also called the stinging catfish or 
Singhi) found in the Indian subcontinent and South-east Asia is 
regarded as one of the most desirable freshwater species of air-
breathing fish (Puvaneswari et al., 2009). Heteropneustes 
fossilis, belongs to Family Heteropneustidae, is distinguished by 
its elongated body, notably short anal fins, four pairs of barbels, 
and a venom gland located on the pectoral spines. 

Additionally, it possesses a specialized air sac that 
facilitates aerial respiration, along with a highly depressed head, 
contributing to its unique morphological adaptations (Diogo et al., 
2003, Ratmuangkhwang et al., 2014). Marshes, swamps, ponds, 
and ditches are primary habitat of these fishes. Since they are 
durable, tolerant of large stocking rates, and respire using 
ambient oxygen, these species are perfect for aquaculture 
(Puvaneswari et al., 2009). They form a significant dietary source 
of high protein, iron and calcium (Hasan et al., 2022). In 
vertebrates, the mitochondrial genome is a small, circular DNA 
molecule, typically spanning 14 to 20 kbp. It encodes 13 protein-
coding genes, 2 ribosomal RNA genes, and 22 transfer RNA 
genes. Additionally, it contains two essential non-coding regions: 
the L-strand origin of replication (OL) and the control region 
(Montaña-Lozano et al., 2022). Introns are absent in 
mitochondrial genome. Nuclear DNA-encoded polymerases help 
the mtDNA genome in self-replication, and supports the ATP 
synthase, NADH, and cytochrome oxidase respiratory systems in 
cells (Uddin et al., 2015). Codons that code for the same amino 
acids are not all employed equally or at random in coding 
sequences; some are frequently selected over others. 

This phenomenon of preferential or non-random use of 
synonymous codons is termed as codon usage bias (CUB) (Ma et 
al., 2015; Liu, 2020), and it is a common occurrence in bacteria, 
plants, and mammals. Codon usage bias vary among genes 
within an organism and across different species, families, and 
taxonomic groups. Its evolution in various organisms is shaped by 
factors such as natural selection, genetic drift, and mutational 
pressure. Several key determinants influence the codon bias, 
including tRNA availability and interactions, recombination rates, 
mRNA secondary structure, codon position and context, GC 
content, gene expression levels, gene length, and overall 
genome composition (Parvathy et al., 2022). The selection-
mutation theory propounds that a finite population’s equilibrium 
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th thIn this case, Xij is the frequency of the j  codon for the i  
thamino acid, and ni is the number of codons for the i  amino acid. A 

random value of 0.5 is assigned to any Xij that has a value of zero.

Correspondence analysis (COA): This computational tool 
analyses large-scale patterns of variation to understand how 
often the synonymous codons are used within the mitochondrial 
genes. It categorizes codons into two groups based on the trends. 
In the context of the mitochondrial gene, each gene can be 
represented as a vector with 60 dimensions. Each dimension 
corresponds to the RSCU value of a single synonymous codon 
(out of a total of 60 possible codons). A concept called relative 
inertia can be applied to these 60-dimensional vectors. It helps 
identifying the underlying forces shaping the codon usage 
patterns based on the location of genes within the mitochondrial 
genome (Shields et al., 1987, Singh et al., 2016).

Pr2 (Parity plot) bias analysis: Scatter plot depicts the influence 
of two evolutionary factors on codon usage bias. The vertical axis 
(ordinate) represents the Atbias, i.e. [A3/ (A3+T3)] whereas the 
horizontal axis (abscissa) represents the GCbias, [G3/ 
(G3+C3)].The center of the plot corresponds to a value of 0.5 on 
both the axes. This position signifies a scenario where the 
abundance of A= T and G = C. In this balanced state, the two 
evolutionary factors, presumably favouring AT or GC 
composition, have minimal impact (Sueoka, 1995).

Neutrality Plot: This plot allows us to assess the relative 
influence of two evolutionary forces on codon usage bias (CUB) 
(Zhang et al., 2013). The vertical axis (y-axis) represents GC12 

st ndvalue, i.e., mean GC contents at 1  and 2  codon positions. The 
horizontal axis (x-axis) represents the GC3 content of a gene. The 
slope (regression coefficient) of a straight line in this plot provides 
useful clues about the dominant force shaping the CUB. A slope 
closer to 1 suggests that mutational pressure has a stronger 
influence on CUB of gene. Conversely, a slope near 0 indicates 
that natural selection, rather than mutational pressure, plays a 
more prominent role in shaping the CUB (Sharp et al., 1986; 
Sueoka 1995).

Protein properties: The aromaticity, hydrophilicity and GRAVY 
(grand average of hydropathicity) of the protein encoded by the 
coding sequence was determined. A positive GRAVY score 
represents a hydrophobic protein, whereas a hydrophilic protein 
is represented by a negative GRAVY score (Kyte et al., 1982). 
The aromaticity of a protein refers to how frequently the complex 
structured amino acids namely Tyr, Trp and Phe occur in the 
protein (Lobry and Gautier, 1994). Hydrophilicity of a protein 
defines the degree of hydrophilic (water-loving) character of the 
amino acids of that protein.

Study of phylogenetics: The evolutionary relationships 
between the mitochondrial genes of C. batrachus and H. fossilis 
were investigated using phylogenetic tree constructed with 
MEGA 11 software (Munjal et al., 2019).

(GC3%) codon positions. Additionally, GC and AT skew values 
were calculated to assess the base complementary properties 
within each gene. All computational analyses were conducted 
using a PERL script developed by the corresponding author.

Effective Number of Codons (ENC): The CUB of a gene is 
commonly determined using the measure ENC, which ranges 
between 20 and 61. When the ENC value of a cdsis 20, it reveals 
the highest codon bias implying that just one member out of a 
synonymous codon family is utilized to encode that specific amino 
acid in the polypeptide chain. In certain cases, synonymous 
codons for a given amino acid may be utilized uniformly with 
minimal or no bias in the coding sequence, resulting in an 
Effective Number of Codons (ENC) value of 61, indicating the 
absence of codon usage bias. However, a substantial degree of 
CUB is indicated by an ENC value less than or equal to 35 (Wright, 
1990; Fuglsang, 2004).

The F  value for every amino acid is used to determine the a

ENC. F  was calculated by the formula:a

Where, k denotes the number of synonymous codons for 
ththe a  amino acid, n  denotes the observed codon value for the a

thamino acid, and p  is the frequency of the i  codon. The following i

formula may be used to evaluate the mean of the F  values for a

each r-fold redundancy class of synonymous codons (folds 2, 4, 
and 6 for amino acids in NCBI's translation, Table 2):

Where, the total amount of amino acids is indicated by 
nRC. ENC can be computed as follows: 

In k-fold degenerate amino acids, the average of the F  k

values (k = 2, 4 and 6) is represented by the symbol F . k

Relative Synonymous Codon Usage (RSCU): RSCU is a 
metric for identifying the codons that appear more often than 
expected within a gene. It is calculated as the ratio of observed 
frequency of a codon to its expected frequency under random and 
equal usages. RSCU value greater than 1.0 signifies that a codon 
is favoured and used more often than expected. Conversely, 
RSCU value less than 1.0 suggests that a codon is used less 
frequently than expected. Within the coding sequences, the 
codons with RSCU values exceeding 1.6 are considered over-
represented codons, while those with values below 0.6 are 
considered as under-represented ones (Sharp et al., 1986). The 
RSCU value of a codon was calculated by the formula:
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RNA editing sites: RNA editing refers to a post-transcriptional 
process that modifies the nucleotide sequence of RNA molecules 
after they are transcribed. Two primary forms of RNA editing have 
been characterized: the enzymatic conversion of adenosine to 
inosine (A-to-I) and cytidine to uridine (C-to-U)(Karagianni, 
2024).

Data analysis: Correlations between various parameters and 
codon usage bias (CUB) in the genes were analysed by a 
statistical software, specifically SPSS 21.0 for Windows. These 
parameters included base composition, effective number of 
codons, nucleotide skew values, and protein properties. To 
understand the overall codon usage pattern,correspondence 
analysis (COA) was performed. Additionally, PAST software was 
used to investigate variations in the compositional distribution of 
synonymous codons.

Results and Discussion

Nucleotide compositional properties: According to recent 
CUB research, the total nucleotide composition of genes affects 
the utilization of synonymous codons (Zhao et al., 2024). This 
study revealed the base composition and total nucleotide 
abundance at the third codon position of the genes in both the 
species (Fig. 1). The proportions of bases T (27% in C. batrachus 
and 28% in H. fossilis) and C (27% in C. batrachus and 26% in H. 
fossilis) were slightly different. The base compositions of A 
(~29%) and G (~15%) were observed in similar proportions in 
both C. batrachus and H. fossilis. The mitochondrial genes of H. 
fossilis and C. batrachus were, in fact, AT-rich, as evidenced by 
their respective overall GC% contents of 41.90% and 42.68% and 
their overall AT% of 58.10% and 57.32% for both the mt-
genomes. In terms of frequency, A (44.74% and 44.39%) was 
found to be the most common nucleotide amongst the two fish 
species, followed by C (28.96% and 27.54%), T (18.92% and 
22.31%), and G (7.38% and 5.76%). For C. batrachus and H. 
fossilis, the respective total GC3 concentrations were 36.35% 
and 33.32%, while the corresponding AT3 levels were 63.65% 
and 66.68%. This suggests that the third codon location had a 
high AT content in the mt-genes of both fish species. In the 
mitochondrial genes of two fish species, the pattern of GC 
concentration across all codon positions was GC1>GC2>GC3 
(Fig. 2). Table 1 shows the findings of the link between ENC and 
each nucleotide base. In Clarias batrachus, the correlation 
between the ENC and T%, C%, A3%, C3%, GC% and GC3% 
showed a positive correlation whereas ENC with A%, G%, T3% 
and G3% showed negative correlation. In Heteropneustes 
fossilis, the correlation between ENC and C%, C3%, GC% and 
GC3% showed positive correlation whereas ENC with A%, T%, 
G%, A3%, T3% and G3% showed negative correlation. It can be 
inferred that the base composition affects the CUB of genes 
based on the correlation results.

Barbhuiya et al. (2021) investigated the base composition 
of mitochondrial CO genes in different amphibian groups (tailed 
amphibians, legless amphibians, and frogs). Interestingly, the 
order of base frequency varied between the groups. In tailed and 

legless amphibians, adenine (A) was most frequent, followed by 
thymine (T), cytosine (C), and guanine (G). However, in frogs, the 
order switched, with adenine being the most frequent, followed by 
cytosine, thymine and guanine. This difference suggests variation 
in AT richness across the groups. The researchers also observed 
that the total amount of adenine and thymine (AT) across the CO 
genes was consistently higher than guanine and cytosine (GC) in 
all groups, indicating an overall bias towards AT nucleotides. 
Notably, frogs had the highest GC content, while tailed 
amphibians had the lowest. Based on these findings, the study 
concluded that tailed amphibians possessed the highest AT 
percentage, while frogs had the lowest. Legless amphibians fell in 
between in terms of GC and AT contents.  

ENC study: ENC values were calculated for the mitochondrial 
genes of C. batrachus and H. fossilis to study the CUB. In C. 
batrachus, the ENC values ranged between 35-61 with a mean of 
43.46. In H. fossilis, the ENC values varied between 36-61with a 
mean value of 44.08. As the ENC values were greater than 35, it 
indicated that the CUB of mitochondrial genes in these two species 
was low (Butt et al., 2014). Deb et al. (2020) discovered that the 
mean ENC value was greater than 35 in various genomes of 
hepadnaviruses, which corroborates with the findings of this study. 

RSCU (Relative Synonymous Codon Usage): In this study, 12 
over-represented codons were discovered in C. batrachus with 
RSCU value >1.6. On the other hand, 19 codons were under-
represented with RSCU value < 0.6 whereas 26 codons were 
found to be the preferred ones with RSCU value >1.  However, 11 
codons were found in H. fossilis that were over-represented with 
RSCU value >1.6; 17 under-represented codons with RSCU 
value < 0.6, and 23 preferred codons with RSCU value >1(Table 
2, 3; Fig. 3).

Deb et al. (2021) analyzed the RSCU values for each 
member of Family Anelloviridae and discovered that 27 out of 59 
codons were used more frequently. They had noted a preference 
for codons ending in A and C. Specifically, the AGA codon was 
over-represented, while TTG, TCG, CGT, CGG, GCG, GAT and 
ACG codons were consistently under-represented across all the 
studied genomes (Deb et al., 2021). 

Correspondence analysis: The codons encoding sense strands 
in mitochondrial genes of C. batrachus and H. fossilis were used 
for the correspondence analysis (COA) (Fig. 4). Significant 
contributions to the total variance are made by both the axes. In C. 
batrachus, axis 1 occupied 57.06% of the total variance whereas 
axis 2 occupied 11.83%. In H. fossilis, axis 1 occupied 44.44% of 
the total variance, while axis 2 occupied 16.37%. In this study, 
GC-ending codons were represented by green dots, while AT-
ending codons by red dots (Fig. 4). The codon usage bias (CUB) 
in the mitochondrial genes of both the fish species appeared to be 
influenced by mutational pressure, as suggested by the close 
clustering of bases along the axes in the figures. Deb et al. (2018) 
found that mitochondrial ND gene codons in amphibians 
clustered closely along both the axes, indicating mutational 
pressure as a key driving force of codon usage bias (CUB), 
aligning with the findings of this study in two fish species. 
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mutational pressure, as shown by AT-bias (A3/ A3+T3) on the 
vertical axis and GC-bias (G3/ G3+C3) on the horizontal axis 
(Fig. 5). 

Parity rule 2 plot (Pr2): PR2 analysis revealed an unequal 
base distribution, indicating that codon usage bias (CUB) in 
this study was influenced by both natural selection and 
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Fig.1: Comparative study of nucleotide compositions of Clarias 
batrachus and Heteropneustes fossilis.
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Fig. 2: Comparative study of GC contents of Clarias batrachus and 
Heteropneustes fossilis.
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Fig. 3: Overall RSCU values of codons in Clarias batrachus and Heteropneustes fossilis.

Fig. 4: Correspondence analysis (COA) plots of (A) Clarias batrachus and (B) Heteropneustes fossilis.
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Chakraborty et al. (2020) investigated the uneven 
distribution of nucleotides (guanine-cytosine, i.e., GC and 
adenine-thymine i.e., AT) in obesity and housekeeping genes 
using parity plot analysis. Their findings suggest that two factors, 
mutational pressure and natural selection, might play a role in 
shaping the base composition (CUB) of mitochondrial genes in 
two species (Chakraborty et al., 2020). 

Interrelationships among the nucleotide compositions: 
Mutational pressure and natural selection are the two main 
evolutionary forces responsible for codon usage bias (Mazumder 
et al., 2018 a,b). To determine the main factors affecting the CUB 
of genes, a correlation study of the nucleotide compositional 
features was performed using Karl Pearson's method (Chen 
2013). A highly significant correlation (p < 0.01 or 0.05) between 
total nucleotide content and nucleotide composition at the third 
codon position (Table 4) was identified. This finding suggests that 
mutational pressure may play a key role in shaping codon usage 
bias (CUB) in the mitochondrial genes of two fish species (Zhao et 
al., 2007; Zhang et al., 2013).

Chakraborty et al. (2020) found a strong positive 
correlation between nucleotide content and third codon position 

in obesity-related genes, suggesting mutational pressure as a key 
driver of codon usage bias. However, a significant G/C and C3/T3 
correlation indicated the role for natural selection. In 
housekeeping genes, the mixed positive and negative 
correlations suggested the combined influence of mutational 
pressure and natural selection. 

Neutrality plot: It is inspected to quantify the impact of 
evolutionary pressures on the mt-genes in addition to the 
correlation between GC3 and GC12. A regression equation was 
generated by plotting GC3 and GC12 on the x and y-axis, 
respectively, for the mt genes of both species (Fig. 6). When the 
regression coefficient (RC) value is less than 0.5, natural 
selection was generally found to be more significant than 
mutational pressure; conversely, when the RC value was more 
than 0.5, mutational pressure is deemed to be more significant. 
Our research revealed RC values of 0.599 for H. fossilis and 
0.221for C. batrachus, suggesting that natural selection was 
more influential than mutational pressure in defining the CUB of 
mt genes in C. batrachus. Whereas in H. fossilis, the RC value 
indicates that both mutation pressure and natural selection shape 
CUB in the mt-genes, with mutation having a slightly stronger 
influence. Abdoli et al. (2022) found an RC value <0.5 for GC12 on 
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Table 1: Correlation between ENC and base contents of genes in Clarias batrachus and Heteropneustes fossilis

A% T% G% C% A3% T3% G3% C3% GC% GC3%

ENC Clarias batrachus -0.199 0.070 -0.076 0.255 0.035 -0.119 -0.077 0.155 0.341 0.160
Heteropneustes fossilis -0.017 -0.086 -0.173 0.272 -0.002 -0.190 -0.107 0.271 0.226 0.438

**Significant at 0.01 level (2-tailed); *Significant at 0.05 level (2-tailed)

Table 2: Over-represented and under-represented codons of Clarias batrachus and Heteropneustes fossilis

                              Clarias batrachus                          Heteropneustes fossilis

Over-represented Under-represented Over-represented Under-represented 
codons codons codons codons

TCA TCG TCA TCG
CTA AGT CTA AGT
CCA TTG CCA TTG
CAA CTG CAA CTG
CGA TGT CGA CCG
TGA CCG TGA CAG
ACA CCT ACA CGG
AAC CAT AAA CGT
GTA CAG GTA TGG
GCA CGG GAA ACG
GAA TGG GGA ACT
GGA ACG - AAG
- ACT - GTG
- AAG - GCG
- GTG - GAG
- GTT - GGG
- GCG - ATG
- GAT - -



O
n
l
i
n
e
 
C
o
p
y

J.C. Das et al.: RNA editing of mitochondrial genes

GC3 in all 13 mitochondrial genes of five silkworm species, 
indicating that natural selection, rather than mutational pressure, 
played a dominant role in shaping codon usage bias (CUB) (Abdoli 
et al., 2022).

Nucleotide skewness: In this experiment, H. fossilis had an 
average AT skew of 0.019 and an average GC skew of -0.289, 
whereas C. batrachus had an average AT skew value of 0.038 
and an average GC skew value of -0.285. Both A and C 
nucleotides were used more frequently than T and G nucleotides 
in the coding regions of the mitochondrial genes of two fish 
species (Wei et al., 2014a). Nucleotide skewness was found to be 
a significant factor in determining the CUB of genes or genomes 
in previous studies. The connection between ENC and nucleotide 
skews in C. batrachus was evaluated. The results showed that 
ENC had a positive correlation with keto skew (0.117), but a 
negative correlation with AT, PU, amino, GC and pyrimidine (PY) 
skews (-0.142, -0.037, -0.597*, -0.115 and -0.102). Conversely, it 
was noted that the ENC of H. fossilis exhibited a negative 
correlation with GC skew (-0.209), pyrimidine skew (-0.197) and 
amino skew (-0.427), but a positive correlation with AT skew 
(0.020), purine skew (0.099) and keto skew (0.217). It can be 
inferred from these results that nucleotide skewnessmay have 
affected the CUB of mt-genes. Recent research has shed light on 
the uneven distribution of nucleotides in various viruses. Deb et 
al. (2020) observed a preference for cytosine (C) over thymine (T) 
and guanine (G) over adenine (A) in hepadnaviruses. Their 
analysis revealed a negative correlation between AT content and 
several other measures of nucleotide bias, except for keto skew 

204 Journal of Environmental Biology, March 2026

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

0                              0.5                               1

0                              0.5                             1 0                                   0.5                                  1 0                                0.5                                 1

0                                  0.5                                  1 0                                  0.5                                  1
6-Fold Parity Plot

6-Fold Parity Plot

4-Fold Parity Plot

4-Fold Parity Plot

2-Fold Parity Plot

2-Fold Parity Plot

(a)

(b)

Fig. 5: Parity bias plots of 2, 4 and 6-fold degenerate codons in (A) Clarias batrachus and (B) Heteropneustes fossilis.

Table 3: Preferred codons of Clarias batrachus and Heteropneustes fossilis

                              Preferred codons

Clarias batrachus Heteropneustes fossilis

TCA TCA
TCC TCC
TCT AGC
TTC TTC
TTA TTA
CTA CTA
TAC CCA
TGC CAC
CCA CAA
CCC CGA
CAC TGA
CAA ATA
CGA ATT
TGA ACA
ATA ACC
ATT AAC
ACA AAA
ACC GTA
AAC GCA
AAC GCC
GTA GAC
GCA GAA
GCC GGA
GAC -
GAA -
GGA -



O
n
l
i
n
e
 
C
o
p
y

J.C. Das et al.: RNA editing of mitochondrial genes

205 Journal of Environmental Biology, March 2026

Table 4: Correlation study in Clarias batrachus and Heteropneustes fossilis between overall nucleotide contents and nucleotide contents in the third 
position of codons

             Clarias batrachus    Heteropneustes fossilis

A3% T3% G3% C3% GC3 A3% T3% G3% C3% Gc3

A 0.922** -0.843** -0.840** 0.604* -0.645* 0.858** -0.917** -0.822** 0.800** 0.107
T -0.927** 0.929** 0.961** -0.809** 0.480 -0.901** 0.953** 0.902** -0.867** -0.087
G -0.924** 0.936** 0.966** -0.825** 0.457 -0.914** 0.969** 0.963** -0.926** -0.096
C 0.781** -0.884** -0.948** 0.928** -0.192 0.855** -0.898** -0.946** 0.899** 0.069
GC -0.601* 0.421 0.362 -0.070 0.689** -0.423 0.475 0.326 -0.342 -0.106

Table 5: Correlation analysis of the protein properties with ENC

Gravy Hydrophilicity Aromaticity

Clarias batrachus ENC 0.251 -0.162 -0.043
Heteropneustes fossilis -0.090 -0.121 0.158

Fig. 6: Neutrality plots of (A) Clarias batrachus and (B) Heteropneustes fossilis.
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which showed a positive correlation (Deb et al., 2020). Additionally, 
Chakraborty et al. (2019) identified a significant link between codon 
usage and nucleotide imbalances in Nipah virus genes. These 
findings suggest that different types of viruses exhibit distinct 
patterns in their nucleotide composition (Chakraborty et al., 2019).

Protein properties: Pearson's correlation analysis was applied 
to investigate the relationship between CUB and GRAVY, as well 
as the aromaticity and hydrophilicity of mt-genes of C. batrachus 
and H. fossilis. It was evident from this study that in C. batrachus, 
the protein GRAVY showed a positive correlation with ENC and 
hydrophilicity and aromaticity showed a negative correlation with 
ENC whereas protein aromaticity showed a positive correlation 
with the ENC, and GRAVY as well as hydrophilicity showed a 
negative correlation with ENC in H. fossilis (Table 5). Uddin et al. 
(2020) in their studies showed that the proteins generated by the 
ATP6 and ATP8 genes in fish, birds, and mammals have higher 
concentrations of amino acids such as cysteine, threonine, and 

alanine (Uddin et al., 2020).

Phylogenetic study: The results of the phylogenetic clustering 
are mentioned in Fig. 7. For both the fish species, Neighbor-
Joining method was used to create a family tree based on the 
genetic differences of the mitochondrial genes between them 
(Saitou et al., 1987). In C. batrachus, the length of the branches 
on the tree reflects the number of mutations that likely occurred in 
the DNA at those points. The study includes 1830 segments of 
DNA, including both coding and non-coding regions. Any unclear 
or uncertain sections of DNA were excluded from the analysis. 
For Heteropneustes fossilis, the lengths of the branches on the 
tree reflect the degree of evolutionary changes between the 
coding sequences. These changes were measured as the 
number of substitutions in the building blocks (nucleotides) of the 
genetic material. The analysis considered all parts of the genetic 
code (codons) as well as non-coding regions. Any unclear section 
in the sequences was excluded from the comparison. The final 
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Fig. 7: Comparative study of phylogenetic tree of (A) Clarias batrachus and (B) Heteropneustes fossilis.

Fig. 8: Comparative study of RNA editing sites of C. batrachus and H. fossilis.

(a) (b)

dataset included 1824 positions. The results of the phylogenetic 
clustering, presented in Fig. 7, ideally showed that the mt-genes 
of C. batrachus and H. fossilis were closely related.

RNA editing sites: RNA editing sites play a vital role in enhancing 
both transcriptome and proteome variability, enabling precise 
regulation of gene expression and modification of protein 
functionality. Analysis of RNA editing sites in C. batrachus (53.77%) 
and H. fossilis (54.92%), revealed high rates of C to T substitutions 
(non-synonymous) (Fig. 8). This suggests a rapidly evolving 
lineage, possibly due to adaptation to environmental changes, 
selective pressure, or positive selection for specific mutations. Our 
analysis revealed distinct codon usage patterns in the mitochondrial 
genes of C. batrachus and H. fossilis, with notable over- and under-

represented synonymous codons. The observed AT-rich bias at 
third codon position and the influence of natural selection and 
mutation suggest adaptive evolution in response to their aquatic 
environments. These findings enhance our understanding of 
mitochondrial genome evolution in catfish species.
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