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Abstract 

Background The Pavo cristatus population, native to the Indian subcontinent, is thriving well in India. However, 
the Pavo muticus population, native to the tropical forests of Southeast Asia, has reduced drastically and has been 
categorised as an endangered group. To understand the probable genetic factors associated with the decline of P. 
muticus, we compared the mitogenome-encoded proteins (13 proteins) between these two species.

Results Our data revealed that the most frequent variant between these two species was mtND1, which had 
an alteration in 9.57% residues, followed by mtND5 and mtATP6. We extended our study on the rest of the proteins 
and observed that cytochrome c oxidase subunits 1, 2, and 3 do not have any change. The 3-dimensional structure 
of all 13 proteins was modeled using the Phyre2 programme. Our data show that most of the proteins are alpha heli-
cal, and the variations observed in P. muticus reside on the surface of the respective proteins. The effect of variation 
on protein function was also predicted, and our results show that amino acid substitution in mtND1 at 14 sites could 
be deleterious. Similarly, destabilising changes were observed in mtND1, 2, 3, 4, 5, and 6 and mtATP6–8 due to amino 
acid substitution in P. muticus. Furthermore, protein disorder scores were considerably altered in mtND1, 2, and 5 of P. 
muticus.

Conclusions The results presented here strongly suggest that variations in mitogenome-encoded proteins of P. cris-
tatus and P. muticus may alter their structure and functions. Subsequently, these variations could alter energy produc-
tion and may correlate with the decline in the population of P. muticus.

Keywords Pavo muticus, Pavo cristatus, Mitogenome, Protein-coding genes, Intrinsic protein disorder, Variations; 
Stability

Background
The Indian peafowl (Pavo cristatus) and green peafowl 
(Pavo muticus) are attractive birds with ornamental long 
tail feathers [1]. Both these species have encountered 
human interference, but the population of Pavo muti-
cus has sharply declined in the past three decades. Pavo 
muticus had a broad distribution pattern in the 1990s and 
was found in the region of East and Southeast Asia [2]; 
however, its population has drastically declined due to 
several reasons including habitat destruction, poaching, 
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and other anthropogenic activities [3–5]. Subsequently, P. 
muticus has been classified as ‘endangered’ by the Inter-
national Union for the Conservation of Nature (IUCN) 
[3, 6]. It requires special attention from governments 
and local authorities for ensuring its survivability and 
implementation of conservation efforts. Problems of 
poaching (eggs, chicks, peacock, peahen, and their tail 
feathers) are common for both the species; however, only 
the P. muticus population has declined, indicating that 
apart from human interventions, there could be some 
genetic reasons associated with population depletion. 
This study was conducted with the aim to comparatively 
study the genomic features of these two species to deter-
mine differences between them at the genetic level. Here, 
we focused on comparing the mitochondrial genome 
(mitogenome) of these two species.

The study of mitogenome has been widely used to 
understand comparative and evolutionary genomics, 
population genetics, and phylogenetic relationships 
between different species [7]. The mitogenome follows 
maternal inheritance and demonstrates low recombi-
nation frequency. The animal mitogenome is typically 
circular and possesses 37 genes. Among these, 13 are 
protein-coding genes (PCGs) that include mtNADH 
dehydrogenase subunits 1–6 (mtND1–6) and 4L, 
cytochrome c oxidase subunits I–III (mtCOXI–III), ATP 
synthase subunits 6 and 8 (mtATP6–8), and Cytochrome 
b (mtCYTB). Interestingly, all these 13 proteins encoded 
by the mitogenome play an indispensable role in produc-
tion of ATP or energy metabolism [8]. The variants of 
these 13 PCGs will have direct influence on the energy 
metabolism. Therefore, these genes are being studied 
to understand the role of mitogenome in adaptive evo-
lution [9–11], such as the high-altitude adaptation in 
mitogenome of the Tibetan horses. It was observed 
that the Tibetan horses residing at higher altitudes had 
more nonsynonymous variants in mtND6 gene [8]. Vari-
ous studies have demonstrated the variations in mito-
chondrial-encoded protein-coding genes (PCGs) are 
associated with adaptations of animals to different envi-
ronmental conditions [12–16]. Likewise, in birds also, 
such adaptations have been reported. A study on the 
mitochondrial copy number of 92 avian families revealed 
a significant association with longevity [17]. Similarly, 
the mitogenomic duplications were associated with phe-
notypic features, and parrots with the duplicated region 
can live longer and show larger body mass as well as pre-
dispositions to a more active flight [18]. In Coccinellidae 
(ladybirds), adaptive changes in mtCOX3 were associated 
with metabolic differences resulting from dietary shifts 
[19]. In 13 crane species, the mtDNA shared a tandem 
duplicated region, which consists of duplicated sequence 
sets including mtCYTB and mtNAD6 [20] indicating the 

concerted evolution [20]. A study on the plum-headed 
parakeet (Psittacula cyanocephala) indicated mtNAD1 
and mtNAD4L are under the strongest purifying selec-
tion, whereas mtNAD4, 5, and 6 are under the lower 
selection pressure, which is governing the evolution of 
Psittaciformes [21]. Another study demonstrated the evi-
dence for the positive selection in the mtND2, mtND4, 
and mtATP6 in the high-altitude lineages of galliform 
birds [22]. Adaptation to different thermal environments 
has been correlated with the OXPHOS proteins, mtCOX 
and mtCYTB, encoded by the mitogenome [23, 24]. Alto-
gether, mitogenome-encoded PCGs together with many 
nuclear genes may play important role in evolutionary 
processes [25].

This study was conducted to understand the correla-
tion of changes in the mitogenome-encoded 13 PCGs of 
P. cristatus and P. muticus. Our results revealed that P. 
muticus has acquired variations in approximately 10% of 
its residues in mtND1 followed by mtND5 and mtATP6. 
Several of these variants were predicted to change the 
secondary structure and function of proteins. This result 
strongly suggests that mitochondrial PCGs might have 
played a critical role in the better adaptability of P. crista-
tus over P. muticus.

Methods
Sequence retrieval
Complete mitochondrial genome sequences of P. crista-
tus and P. muticus were obtained from the NCBI-genome 
database. The complete mitogenome of P. cristatus and 
P. muticus was reported by Zhou et  al. [26] and Shen 
et  al. [27] and has been used in this study. The acces-
sion number of mitogenome of P. cristatus used in this 
study was NC_024533.1 and NC_012897.1 for P. muti-
cus, respectively. The protein accession number of 13 
mitogenome-encoded PCGs (Table 1) was retrieved from 
NC_024533.1 to NC_012897.1.

Identification of variations between P. cristatus and P. 
muticus mitogenome
The multiple sequence alignment of the mitogenome-
encoded 13 proteins from P. cristatus and P. muticus were 
performed by Clustal Omega webserver as described ear-
lier [28, 29].

Prediction of the 3‑dimensional structure of protein
We used the Phyre2 programme to predict the 3D struc-
ture of all 13 proteins encoded by the P. cristatus mitog-
enome [30]. The protein modeling by Phyre2 produces 
a set of potential 3D models of proteins based on align-
ment to known protein structures [30]. The pipeline 
involves the following: detecting sequence homologues, 
predicting secondary structure, constructing a hidden 
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Markov model (HMM) of sequence, scanning the HMM 
against experimentally solved structures and construct-
ing 3D models of protein, applying fitting procedure 
(cyclic coordinate descent) and a set of empirical energy 
terms, and modeling of amino acid side-chains based on 
avoidance of steric clashes [30]. This procedure can pro-
duce an accurate core of the protein within 2–4 Å root-
mean-square deviation (RMSD) from the native models 
[30]. The structural modeling was performed using ‘nor-
mal mode’ in the Phyre2 programme. The visualisation 
of the predicted protein structure obtained from Phyre2 
was conducted using the ChimeraX tool [31] as described 
earlier [32–34].

Prediction of the effect of variations on protein intrinsic 
disorder, function, and stability
The PONDR-VSL2 webserver was used to predict the 
intrinsic disorder distribution of each residue of the 
protein as described earlier [35–37]. The disorder score 
ranges between 0 and 1, where ‘0’ represents maxi-
mum order and ‘1’ represents maximum disorder. The 
PROVEAN tool was used to predict the impact of vari-
ations on the protein function [38]. A PROVEAN score 
of − 2.5 has been considered the threshold value. The 
PROVEAN value equal or less than − 2.5 represents ‘del-
eterious variation’, while the score more than − 2.5 rep-
resents ‘neutral variation’. The I-Mutant Suite webserver 
[39] was used to predict the effect of variations on pro-
tein stability. This webserver predicts the differences in 
free energy (ΔΔG) between the wild-type and mutant 
polypeptide sequences. The positive and negative value 
of ΔΔG represents stabilisation and destabilisation, 
respectively.

Results
Identification of variations between the proteins encoded 
by the mitochondrial genome of P. cristatus and P. muticus
The polypeptide sequences of thirteen proteins encoded 
by the mitogenome of P. cristatus and P. muticus were 
extracted from the NCBI-genome database (Table  1). 
Each of these proteins from the two species was com-
pared by Clustal Omega tool to identify the variations 
between them (listed in Table  2). Our analysis revealed 
that the NADH dehydrogenase subunit 1 (mtND1) 
has accumulated maximum variations (9.57% residues 
mutated), followed by NADH dehydrogenase subunit 
5 (mtND5) and ATP synthase F0 subunit 6 (mtATP6) 
having 3.14% and 3.08% residues mutated, respectively 
(Table  2). Moreover, no variants were observed for 
cytochrome c oxidase subunits 1, 2, and 3. Furthermore, 
31 sites were mutated in mtND1 followed by variations at 
19 sites in mtND5 (Table 2).

In silico modeling of the mitogenome‑encoded proteins 
of P. cristatus
The crystal structure of mitogenome-encoded proteins 
of P. cristatus and P. muticus is not available; therefore, 
we modeled them using the Phyre2 programme [30]. The 
3D structure of all 13 proteins encoded by the P. crista-
tus mitogenome is shown in Fig.  1. Interestingly, it was 
observed that all 13 proteins are rich in alpha helix, and 
most of the proteins do not have a beta-sheet second-
ary structure (only mtND5, mtCOX2, and mtCYTB have 
beta-sheet) (Fig. 1). We have also highlighted the location 
of amino-acid substitution observed in the P. muticus 
proteins (Fig. 1, highlighted in red). Next, we analysed the 

Table 1 List of protein accession number of mitogenome-encoded proteins used in this study

S. no Protein Pavo cristatus (accession number) Pavo muticus 
(accession 
number)

1 NADH dehydrogenase subunit 1 YP_009047807.1 YP_003002007.1

2 NADH dehydrogenase subunit 2 YP_009047808.1 YP_003002008.1

3 Cytochrome c oxidase subunit 1 YP_009047809.1 YP_003002009.1

4 Cytochrome c oxidase subunit 2 YP_009047810.1 YP_003002010.1

5 ATP synthase F0 subunit 8 YP_009047811.1 YP_003002011.1

6 ATP synthase F0 subunit 6 YP_009047812.1 YP_003002012.1

7 Cytochrome c oxidase subunit 3 YP_009047813.1 YP_003002013.1

8 NADH dehydrogenase subunit 3 YP_009047814.1 YP_003002014.1

9 NADH dehydrogenase subunit 4L YP_009047815.1 YP_003002015.1

10 NADH dehydrogenase subunit 4 YP_009047816.1 YP_003002016.1

11 NADH dehydrogenase subunit 5 YP_009047817.1 YP_003002017.1

12 Cytochrome b YP_009047818.1 YP_003002018.1

13 NADH dehydrogenase subunit 6 YP_009047819.1 YP_003002019.1
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Table 2 Summary of variations observed between P. cristatus and P. muticus. The data was obtained by comparing the mitochondrial 
protein sequences of P. cristatus and P. muticus 

S. no Mitochondrial genome‑encoded proteins Total 
protein 
length

Number of point mutations observed in P. muticus 
wrt P. cristatus (P. cristatus considered as wild type)

% mutant 
residues in P. 
muticus

1 NADH dehydrogenase subunit 1 324 31 9.57

2 NADH dehydrogenase subunit 2 346 4 1.15

3 Cytochrome c oxidase subunit 1 516 No mutation 0

4 Cytochrome c oxidase subunit 2 227 No mutation 0

5 ATP synthase F0 subunit 8 54 1 1.85

6 ATP synthase F0 subunit 6 227 7 3.08

7 Cytochrome c oxidase subunit 3 261 No mutation 0

8 NADH dehydrogenase subunit 3 116 2 1.72

9 NADH dehydrogenase subunit 4L 98 1 1.02

10 NADH dehydrogenase subunit 4 459 4 0.87

11 NADH dehydrogenase subunit 5 605 19 3.14

12 Cytochrome b 380 3 0.78

13 NADH dehydrogenase subunit 6 173 3 1.73

Fig. 1 The 3D structure modeling of proteins. The 3D structure of the mitogenome-encoded protein of P. cristatus was modeled by the Phyre2 
programme (13 structures). Amino acid substitution in the proteins of P. muticus is highlighted in the 3D structure of individual proteins (marked 
in red). The structural representation was performed by the ChimeraX tool. The structural representation demonstrates the secondary structure 
(alpha helix, beta-sheet, and loop) of each protein



Page 5 of 11Yasmin et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:80  

location of substituted amino acids (whether they reside 
on protein surface or interior) by viewing the protein 
structure in a space-filling model. The space-filling model 
gives a better picture of the protein surface and shape. 
The amino acid residues present on the surface will inter-
act with other proteins, while the residues present toward 
the interior of the protein will help in protein stability. 
Our data show that most of the substituted amino acid 
residues in P. muticus are present on the surface of the 
respective protein structure (Fig.  2). The substituted 
amino acids of P. muticus mtND1 (A89, L109, and N201) 
and mtND5 (A415) reside deeply buried in 3D struc-
ture (Fig. 2, these residues are not visible in space-filling 
model because they reside in the interior of the protein).

The protein stability and function were also altered 
by amino acid substitutions
Next, we used the PROVEAN tool to analyse the effect 
of variations on protein function, as shown in Table  3 

in terms of ‘neutral and deleterious’ (Table 3). Most of 
the variants were deemed ‘neutral’ because they did not 
have any effect on protein function; however, only three 
proteins showed deleterious variants such as mtND1, 
which had 14 variant that could be deleterious in 
nature. Similarly, mtND5 had 6 variants, while mtATP6 
had only 1 variant that could be deleterious in nature 
(Table  3). Subsequently, the stability parameters were 
predicted by analysing the stability of proteins using 
the I-Mutant Suite tool (Table  3). Our data revealed 
that there were only a few variants that could change 
the stability of the protein, i.e. residues whose replace-
ment will alter ΔΔG ± 1. NADH dehydrogenase subu-
nit 1 had 7 variants, while mtND5 had 5 variants that 
can destabilise protein structure (ΔΔG: more than − 1) 
(Table 3). However, mtND 2, 3, 4, and 6 and mtATP6–8 
had single destabilising variant (Table 3).

Fig. 2 The space-filling model of proteins. The 3D structure of each mitogenome-encoded protein of P. cristatus was modeled by the Phyre2 
programme. Amino acid substitution present in the proteins of P. muticus is highlighted in the 3D structure of individual proteins (marked in red). 
The structural representation was performed by the ChimeraX tool
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Table 3 Stability predictions

Sl. no Amino acid in P. 
cristatus

Amino acid position Amino acid in P. 
muticus

PROVEAN score/prediction Stability 
prediction

NADH dehydrogenase subunit 1

 1 N 8 S  − 0.255/neutral  − 0.29

 2 V 17 A  − 2.865/deleterious  − 1.78

 3 P 44 T  − 7.097/deleterious  − 1.4

 4 F 50 L  − 2.262/neutral  − 1.04

 5 G 51 V  − 7.989/deleterious  − 0.46

 6 I 56 M  − 1.816/neutral  − 1.61

 7 A 57 P  − 4.404/deleterious  − 0.2

 8 D 58 E  − 3.570/deleterious  − 0.22

 9 L 62 Y  − 4.521/deleterious  − 1.57

 10 I 68 F  − 3.299/deleterious  − 1.64

 11 R 69 G  − 5.591/deleterious  − 1.49

 12 L 77 F  − 3.584/deleterious  − 1.2

 13 I 83 F  − 1.851/neutral  − 1.15

 14 L 87 I  − 0.161/neutral  − 0.77

 15 A 89 S  − 2.170/neutral  − 0.46

 16 L 90 S  − 4.954/deleterious  − 1.41

 17 T 91 H  − 2.878/deleterious  − 0.87

 18 I 92 Y  − 3.333/deleterious  − 1.10

 19 L 109 F  − 2.528/deleterious  − 0.84

 20 T 174 I  − 0.630/neutral 0.08

 21 N 201 T  − 5.752/deleterious 0.13

 22 N 256 S  − 0.398/neutral  − 0.40

 23 L 257 P  − 0.131/neutral  − 1.13

 24 P 258 S  − 0.933/neutral  − 1.28

 25 L 259 P 4.800/neutral  − 1.32

 26 T 264 I 1.344/neutral  − 0.18

 27 M 265 A 0.194/neutral  − 0.78

 28 V 270 T 2.094/neutral  − 1.37

 29 L 276 S  − 1.378/neutral  − 2.19

 30 I 280 V 0.215/neutral  − 0.76

 31 I 324 A 0.206/neutral  − 2.36

NADH dehydrogenase subunit 2

 1 I 104 T  − 1.913/neutral  − 1.81

 2 V 164 I 0.755/neutral  − 0.64

 3 A 320 T 0.583/neutral  − 0.57

NADH dehydrogenase subunit 3

 1 T 19 A 0.732/neutral  − 0.67

 2 I 94 T  − 1.087/neutral  − 1.38

NADH dehydrogenase subunit 4

 1 A 20 T 0.133/neutral  − 0.68

 2 V 37 I 0.167/neutral  − 0.57

 3 T 43 A  − 0.329/neutral  − 1.39

 4 S 186 P  − 0.368/neutral  − 0.07

NADH dehydrogenase subunit 5

 1 V 43 A  − 0.355/neutral  − 1.41

 2 P 73 L 0.706/neutral  − 0.29

 3 T 131 A  − 0.826/neutral  − 0.87

 4 V 199 I 0.746/neutral 0.25
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The variations in amino acid alter the protein intrinsic 
disorder parameters
The prediction of intrinsic disorder parameters of each 
polypeptide was predicted using the PONDR-VSL2 tool. 
Our data demonstrate that out of 13 proteins analysed 
here, 10 of them do not show any considerable change 
in protein disorder score (data not shown). The rest 
of the 3 proteins mtND1, 2, and 5 exhibited changes in 
the protein disorder score (Fig. 3). The detailed analysis 
revealed that mtND1 has acquired changes in intrinsic 
disorder scores (Fig. 3A, location is marked by grey rec-
tangular box). Similar changes were observed for mtND2 
and mtND5 (Fig.  3B and C, location is marked by grey 

rectangular box). Altogether, our intrinsic disorder pre-
diction revealed that variation in amino acids was trans-
lated to the alteration in disorder parameters among 
the mitogenome-encoded proteins of P. cristatus and P. 
muticus.

Discussion
P. cristatus population is thriving very well in India, 
but the P. muticus population has shrunken drastically, 
and it has been categorised into an endangered group. 
Therefore, to understand the probable genetic factors 
associated with the decline of P. muticus, we compared 
the mitogenome-encoded proteins between these two 

Table 3 (continued)

Sl. no Amino acid in P. 
cristatus

Amino acid position Amino acid in P. 
muticus

PROVEAN score/prediction Stability 
prediction

 5 N 206 D  − 0.598/neutral 0.06

 6 I 208 M 0.409/neutral  − 1.48

 7 T 383 A  − 3.580/deleterious  − 1.22

 8 A 415 T  − 3.644/deleterious  − 0.47

 9 R 425 H  − 4.584/deleterious  − 0.94

 10 I 455 T 2.178/neutral  − 2.18

 11 R 456 Q  − 3.629/deleterious  − 0.90

 12 F 473 L 1.861/neutral  − 0.85

 13 P 478 L  − 6.847/deleterious  − 0.34

 14 L 484 T 0.378/neutral  − 1.62

 15 I 495 A  − 3.218/deleterious  − 1.85

 16 A 507 T 0.165/neutral  − 0.49

 17 L 511 F 0.107/neutral  − 0.73

 18 Q 513 N  − 1.308/neutral  − 0.57

 19 T 520 M  − 0.172/neutral  − 0.29

NADH dehydrogenase subunit 6

 1 S 39 G 5.647/neutral  − 0.91

 2 N 84 S  − 0.765/neutral  − 0.26

 3 V 126 I  − 0.381/neutral  − 1.14

NADH dehydrogenase subunit 4L

 1 V 42 I 0.557/neutral  − 0.72

 2 I 119 V  − 0.370/neutral  − 0.39

 3 F 300 L 2.338/neutral  − 1.10

 4 F 334 L 1.491/neutral  − 1.09

ATP synthase F0 subunit 6

 1 A 51 T 0.285/neutral  − 0.58

 2 H 52 Q  − 0.740/neutral  − 0.09

 3 N 60 T 1.016/neutral 0.56

 4 S 82 F  − 3.746/deleterious 0.05

 5 F 165 L 3.582/neutral  − 1.00

 6 M 185 V  − 0.731/neutral  − 0.40

 7 A 194 T  − 0.854/neutral  − 0.31

ATP synthase F0 subunit 8

 1 P 33 S  − 1.017/neutral  − 1.68



Page 8 of 11Yasmin et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:80 

Fig. 3 Analysis of intrinsic disorder score among the proteins of P. cristatus and P. muticus. A Comparison of the intrinsic disorder predisposition 
of mtND1, B mtND2, and C mtND5. The threshold value is depicted at 0.5; the scores > 0.5 are considered as disordered. Grey box highlights the area 
of the protein that exhibited considerable change in the intrinsic disorder score
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species. Several studies have reported that the variations 
in mtND1/2/3/4/4L/5/6 lead to different genetic diseases 
in humans [40–43], such as Leber hereditary optic neu-
ropathy, Leigh syndrome, and myocardial mitochondrial 
disease, indicating that these proteins play a critical role 
in maintaining the normal homeostasis of an organism. 
In this study, the most frequent variations were observed 
for mtND1 in P. muticus that had alteration in 9.57% 
of residues compared to the same protein in P. crista-
tus. The mtND1 gene is involved in the first step of the 
electron transport chain of oxidative phosphorylation 
(OXPHOS). The alteration of the electron transport com-
ponents by variations in mtDNA may compromise the 
normal electron flow, leading to inefficient energy pro-
duction. It is possible that alteration in 9.57% residues of 
mtND1 in P. muticus causes a defect in energy produc-
tion as compared to P. cristatus, leading to a decline of 
P. muticus population. In human cancers, three variants, 
Y30H, Y43C, A64V, and few others, have been observed 
that can alter the structure and function of the mtND1 
protein [44, 45]. In this study, we also observed varia-
tions at 9 residues in P. muticus mtND1 between amino 
acid residues 30–70, indicating that these variations 
may cause alteration in the structure and function of 
the mtND1 protein. The mtND5 had 19 variations in P. 
muticus in comparison to the same protein of P. crista-
tus. Interestingly, mtND5 variants have been extensively 
studied and found to cause several mitochondrial dis-
eases [46] including LHON [47], adult encephalopathy 
[48], MELAS [49], and Leigh syndrome [50]. These data 
indicate that mtND5 is a very important player of the 
mitochondria, and the 19 variations observed in this pro-
tein of P. muticus may cause defect in mtND5 functions.

The mtATP6 and mtATP8 are proteins that function 
as part of the F0 component (proton pump) of the F0F1 
complex. These two proteins are directly involved in pro-
ton transport, which has physiological implications. Our 
data show that MtATP6 of P. muticus has attained vari-
ations at 6 positions (compared to P. cristatus). Several 
studies have revealed the biochemical consequences of 
amino acid replacement of mtATP6 and indicated that 
they may alter mitochondrial ATP production, ranging 
from 30 to > 90% [51–54]. In another study, the mtATP6 
of Champsocephalus gunnari (ice fish) was compared 
with the same protein from a few vertebrate species, and 
their data revealed that the variations observed between 
them could affect the structure and function of the pro-
tein leading to the unique physiology of the ice fish [55]. A 
similar effect might occur due to the variations observed 
at 6 positions in mtATP6 of P. muticus. We extended our 
study on the rest of the proteins encoded by the mitog-
enome and observed that cytochrome c oxidase subunits 
1, 2, and 3 do not have any change between P. muticus 

and P. cristatus, indicating that these proteins are highly 
conserved. The mtND2, 3, 4, 4L, and 6 and cytochrome 
b have only few variants between these two species and 
could have structural changes. It has been observed that 
mtND6 shows specific changes that correlate with high-
altitude environment adaptability in the plateau horse 
[56]. There are evidences indicating the role of mtND2 
and 4 and mtATP6 in high-altitude adaptation among 
galliform birds [22]. Furthermore, most of the variants 
reported in this study had no effect on protein function 
(neutral); however, only three proteins showed deleteri-
ous variations, including mtND1, mtND5, and mtATP6. 
A similar comparative study on the mitogenome of 
shallow-sea and deep-sea starfish revealed the variation 
specifically in mtATP8 and MtND2 and 5 required for 
deep‐sea environment adaptations [57]. Moreover, the 
role of mitogenome-encoded PCGs provided the genetic 
basis of deep‐sea hydrothermal vent adaptation in the 
shrimp [58]. In avians, the mitochondrial copy number 
has been associated with longevity [17]. In parrots, the 
mitogenomic duplications have been found to be associ-
ated with enhanced longevity [18]. Similarly, in ladybirds, 
adaptive changes in mitogenome were associated with 
metabolic differences resulting from dietary shifts [19].

In this study, we have also observed multiple varia-
tions in mitogenome of P. muticus and P. cristatus that 
may affect adaptations and survivability. Importantly, 
the population of P. muticus has drastically declined due 
to habitat destruction, poaching, and other anthropo-
genic activities. However, our study also supposes that 
apart from these anthropogenic activities, the variations 
observed in the mitogenome could also add to the sus-
ceptibility of P. muticus to the changing environmental 
conditions.

Conclusions
The observations reported in this study support the fact 
that the mitogenome-encoded proteins in P. muticus 
have attained variations that could alter energy produc-
tion and may correlate with the decline in the population 
of P. muticus. However, this needs to be tested by in vivo 
experiments using proteins from these two species. Alto-
gether, we provide probable consequences of variations 
in the mitogenome of P. muticus and P. cristatus that 
could have a survivability effect.

Acknowledgements
The authors acknowledge Patna University, Patna, Bihar (India), for provid-
ing necessary infrastructural support. No funding was used to conduct this 
research.

Authors’ contributions
SY, experiments, methodology, validation, visualisation, and writing—original 
draft and editing. SK, experiments, validation, and visualisation. GKA, concep-
tualization, supervision, experiments, methodology, validation, visualisation, 
and writing — original draft and editing.



Page 10 of 11Yasmin et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:80 

Funding
No extramural funding was used to carry out this study.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any of the authors.

Competing interests
The authors declare that they have no competing interests.

Received: 15 May 2023   Accepted: 26 July 2023

References
 1. McGowan PJK, Kirwan GM (2020) Green peafowl (Pavo muticus). Birds 

of the World. https:// doi. org/ 10. 2173/ bow. grepe a1. 01
 2. McGowan PJK, Duckworth JW, Xianji W, Van Balen B, Xiaojun Y, Khan 

MKM et al (1998) A review of the status of the green peafowl Pavo 
muticus and recommendations for future action. Bird Conserv Int. 
https:// doi. org/ 10. 1017/ S0959 27090 00021 00

 3. Kong D, Wu F, Shan P, Gao J, Yan D, Luo W et al (2018) Status and dis-
tribution changes of the endangered green peafowl (Pavo muticus) in 
China over the past three decades (1990s–2017). Avian Res. https:// doi. 
org/ 10. 1186/ s40657- 018- 0110-0

 4. Hernowo JB, Mardiastuti A, Alikodra HS, Kusmana C (2011) Behavior 
ecology of the Javan green peafowl (Pavo muticus muticus Linnaeus 
1758) in Baluran and Alas Purwo National Park, East Java. Hayati J 
Biosci. https:// doi. org/ 10. 4308/ hjb. 18.4. 164

 5. Sukumal N, Dowell SD, Savini T (2020) Modelling occurrence probabil-
ity of the endangered green peafowl Pavo muticus in mainland South-
East Asia: applications for landscape conservation and management. 
Oryx. https:// doi. org/ 10. 1017/ S0030 60531 90000 5X

 6. Wu F, Kong DJ, Shan PF, Wang J, Kungu GN, Lu GY et al (2019) Ongoing 
green peafowl protection in China. Zool Res 40:580–582. https:// doi. 
org/ 10. 24272/j. issn. 2095- 8137. 2019. 069

 7. Gissi C, Iannelli F, Pesole G (2008) Evolution of the mitochondrial 
genome of metazoa as exemplified by comparison of congeneric spe-
cies. Heredity (Edinb). https:// doi. org/ 10. 1038/ hdy. 2008. 62

 8. Xu S, Luosang J, Hua S, He J, Ciren A, Wang W et al (2007) High altitude 
adaptation and phylogenetic analysis of Tibetan horse based on the 
mitochondrial genome. J Genet Genomics. https:// doi. org/ 10. 1016/ 
S1673- 8527(07) 60081-2

 9. Malyarchuk BA (2011) Adaptive evolution of the Homo mitochondrial 
genome. Mol Biol. https:// doi. org/ 10. 1134/ S0026 89331 10501 04

 10. Yu L, Wang X, Ting N, Zhang Y (2011) Mitogenomic analysis of Chinese 
snub-nosed monkeys: evidence of positive selection in NADH dehy-
drogenase genes in high-altitude adaptation. Mitochondrion. https:// 
doi. org/ 10. 1016/j. mito. 2011. 01. 004

 11. Zhang B, Zhang YH, Wang X, Zhang HX, Lin Q (2017) The mitochondrial 
genome of a sea anemone Bolocera sp. exhibits novel genetic struc-
tures potentially involved in adaptation to the deep-sea environment. 
Ecol Evol 7:4951–4962. https:// doi. org/ 10. 1002/ ece3. 3067

 12. Almeida D, Maldonado E, Vasconcelos V, Antunes A (2015) Adapta-
tion of the mitochondrial genome in cephalopods: enhancing proton 
translocation channels and the subunit interactions. PLoS One. https:// 
doi. org/ 10. 1371/ journ al. pone. 01354 05

 13. da Fonseca RR, Johnson WE, O’Brien SJ, Ramos MJ, Antunes A (2008) 
The adaptive evolution of the mammalian mitochondrial genome. 
BMC Genomics. https:// doi. org/ 10. 1186/ 1471- 2164-9- 119

 14. Luo Y, Yang X, Gao Y (2013) Mitochondrial DNA response to high altitude: 
a new perspective on high-altitude adaptation. Mitochondrial DNA. 
https:// doi. org/ 10. 3109/ 19401 736. 2012. 760558

 15. Pfenninger M, Lerp H, Tobler M, Passow C, Kelley JL, Funke E et al (2014) 
Parallel evolution of cox genes in H2S-tolerant fish as key adaptation to a 
toxic environment. Nat Commun. https:// doi. org/ 10. 1038/ ncomm s4873

 16. Scott GR, Guo KH, Dawson NJ (2018) The mitochondrial basis for adaptive 
variation in aerobic performance in high-altitude deer mice. Integr Comp 
Biol. https:// doi. org/ 10. 1093/ icb/ icy056

 17. Skujina I, McMahon R, Lenis VPE, Gkoutos GV, Hegarty M (2016) Duplica-
tion of the mitochondrial control region is associated with increased 
longevity in birds. Aging (Albany NY) 8:1781–9. https:// doi. org/ 10. 18632/ 
aging. 101012

 18. Urantowka AD, Kroczak A, Silva T, Padron RZ, Gallardo NF, Blanch J et al 
(2018) New insight into parrots’ mitogenomes indicates that their ances-
tor contained a duplicated region. Mol Biol Evol. https:// doi. org/ 10. 1093/ 
molbev/ msy189

 19. Yuan ML, Zhang LJ, Zhang QL, Zhang L, Li M, Wang XT et al (2020) 
Mitogenome evolution in ladybirds: potential association with dietary 
adaptation. Ecol Evol. https:// doi. org/ 10. 1002/ ece3. 5971

 20. Akiyama T, Nishida C, Momose K, Onuma M, Takami K, Masuda R (2017) 
Gene duplication and concerted evolution of mitochondrial DNA in 
crane species. Mol Phylogenet Evol. https:// doi. org/ 10. 1016/j. ympev. 
2016. 09. 026

 21. Dey P, Sharma SK, Sarkar I, Ray SD, Pramod P, Kochiganti VHS et al (2021) 
Complete mitogenome of endemic plum-headed parakeet Psittacula 
cyanocephala –characterization and phylogenetic analysis. PLoS ONE. 
https:// doi. org/ 10. 1371/ journ al. pone. 02410 98

 22. Zhou T, Shen X, Irwin DM, Shen Y, Zhang Y (2014) Mitogenomic analyses 
propose positive selection in mitochondrial genes for high-altitude 
adaptation in galliform birds. Mitochondrion. https:// doi. org/ 10. 1016/j. 
mito. 2014. 07. 012

 23. Di Rocco F, Parisi G, Zambelli A, Vida-Rioja L (2006) Rapid evolution of 
cytochrome c oxidase subunit II in camelids (Tylopoda, Camelidae). J 
Bioenerg Biomembr. https:// doi. org/ 10. 1007/ s10863- 006- 9048-8

 24. Adkins RM, Honeycutt RL (1994) Evolution of the primate cytochrome c 
oxidase subunit II gene. J Mol Evol. https:// doi. org/ 10. 1007/ BF001 76084

 25. Monsanto DM, Main DC, Janion-Scheepers C, Emami-Khoyi A, Deharveng 
L, Bedos A et al (2022) Mitogenome selection in the evolution of key 
ecological strategies in the ancient hexapod class Collembola. Sci Rep 
12:14810

 26. Zhou TC, Sha T, Irwin DM, Zhang YP (2015) Complete mitochondrial 
genome of the Indian peafowl (Pavo cristatus), with phylogenetic analy-
sis in phasianidae. Mitochondrial DNA. https:// doi. org/ 10. 3109/ 19401 736. 
2013. 863287

 27. Shen YY, Shi P, Sun YB, Zhang YP (2009) Relaxation of selective constraints 
on avian mitochondrial DNA following the degeneration of flight ability. 
Genome Res. https:// doi. org/ 10. 1101/ gr. 093138. 109

 28. Azad GK (2021) The molecular assessment of SARS-CoV-2 nucleocap-
sid phosphoprotein variants among Indian isolates. Heliyon 7:e06167. 
https:// doi. org/ 10. 1016/j. heliy on. 2021. e06167

 29. Chand GB, Kumar S, Azad GK (2021) Molecular assessment of proteins 
encoded by the mitochondrial genome of Clarias batrachus and Clarias 
gariepinus. Biochem Biophys Reports. https:// doi. org/ 10. 1016/j. bbrep. 
2021. 100985

 30. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE (2015) The Phyre2 
web portal for protein modeling, prediction and analysis. Nat Protoc. 
https:// doi. org/ 10. 1038/ nprot. 2015. 053

 31. Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI et al 
(2021) UCSF ChimeraX: structure visualization for researchers, educators, 
and developers. Protein Sci. https:// doi. org/ 10. 1002/ pro. 3943

 32. Kumar S, Kumari K, Azad GK (2022) Immunoinformatics study of SARS-
CoV-2 nucleocapsid phosphoprotein identifies promising epitopes with 
mutational implications. Moscow Univ Biol Sci Bull. https:// doi. org/ 10. 
3103/ S0096 39252 20401 25

 33. Kumar S, Kumari K, Azad GK (2023) An immunoinformatics approach to 
study the epitopes of SARS-CoV-2 helicase, Nsp13. Vacunas. https:// doi. 
org/ 10. 1016/j. vacun. 2023. 02. 001

 34. Kumar S, Kumari K, Azad GK (2022) Emerging genetic diversity of SARS-
CoV-2 RNA dependent RNA polymerase (RdRp) alters its B-cell epitopes. 
Biologicals. https:// doi. org/ 10. 1016/j. biolo gicals. 2021. 11. 002

 35. Xue B, Dunbrack RL, Williams RW, Dunker AK, Uversky VN (2010) PONDR-
FIT: a meta-predictor of intrinsically disordered amino acids. Biochim 

https://doi.org/10.2173/bow.grepea1.01
https://doi.org/10.1017/S0959270900002100
https://doi.org/10.1186/s40657-018-0110-0
https://doi.org/10.1186/s40657-018-0110-0
https://doi.org/10.4308/hjb.18.4.164
https://doi.org/10.1017/S003060531900005X
https://doi.org/10.24272/j.issn.2095-8137.2019.069
https://doi.org/10.24272/j.issn.2095-8137.2019.069
https://doi.org/10.1038/hdy.2008.62
https://doi.org/10.1016/S1673-8527(07)60081-2
https://doi.org/10.1016/S1673-8527(07)60081-2
https://doi.org/10.1134/S0026893311050104
https://doi.org/10.1016/j.mito.2011.01.004
https://doi.org/10.1016/j.mito.2011.01.004
https://doi.org/10.1002/ece3.3067
https://doi.org/10.1371/journal.pone.0135405
https://doi.org/10.1371/journal.pone.0135405
https://doi.org/10.1186/1471-2164-9-119
https://doi.org/10.3109/19401736.2012.760558
https://doi.org/10.1038/ncomms4873
https://doi.org/10.1093/icb/icy056
https://doi.org/10.18632/aging.101012
https://doi.org/10.18632/aging.101012
https://doi.org/10.1093/molbev/msy189
https://doi.org/10.1093/molbev/msy189
https://doi.org/10.1002/ece3.5971
https://doi.org/10.1016/j.ympev.2016.09.026
https://doi.org/10.1016/j.ympev.2016.09.026
https://doi.org/10.1371/journal.pone.0241098
https://doi.org/10.1016/j.mito.2014.07.012
https://doi.org/10.1016/j.mito.2014.07.012
https://doi.org/10.1007/s10863-006-9048-8
https://doi.org/10.1007/BF00176084
https://doi.org/10.3109/19401736.2013.863287
https://doi.org/10.3109/19401736.2013.863287
https://doi.org/10.1101/gr.093138.109
https://doi.org/10.1016/j.heliyon.2021.e06167
https://doi.org/10.1016/j.bbrep.2021.100985
https://doi.org/10.1016/j.bbrep.2021.100985
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1002/pro.3943
https://doi.org/10.3103/S0096392522040125
https://doi.org/10.3103/S0096392522040125
https://doi.org/10.1016/j.vacun.2023.02.001
https://doi.org/10.1016/j.vacun.2023.02.001
https://doi.org/10.1016/j.biologicals.2021.11.002


Page 11 of 11Yasmin et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:80  

Biophys Acta Proteins Proteomics. https:// doi. org/ 10. 1016/j. bbapap. 2010. 
01. 011

 36. Azad GK (2021) Identification and molecular characterization of muta-
tions in nucleocapsid phosphoprotein of SARS-CoV-2. PeerJ. https:// doi. 
org/ 10. 7717/ peerj. 10666

 37. Azad GK (2020) Identification of novel mutations in the methyltransferase 
complex (Nsp10-Nsp16) of SARS-CoV-2. Biochem Biophys Rep. https:// 
doi. org/ 10. 1016/j. bbrep. 2020. 100833

 38. Choi Y, Chan AP (2015) PROVEAN web server: a tool to predict the 
functional effect of amino acid substitutions and indels. Bioinformatics 
31:2745–2747. https:// doi. org/ 10. 1093/ bioin forma tics/ btv195

 39. Capriotti E, Fariselli P, Casadio R (2055) I-Mutant2.0: predicting stability 
changes upon mutation from the protein sequence or structure. Nucleic 
Acids Res. https:// doi. org/ 10. 1093/ nar/ gki375

 40. Tuppen HAL, Blakely EL, Turnbull DM, Taylor RW (2010) Mitochondrial 
DNA mutations and human disease. Biochim Biophys Acta - Bioenerg. 
https:// doi. org/ 10. 1016/j. bbabio. 2009. 09. 005

 41. Taylor RW, Turnbull DM (2005) Mitochondrial DNA mutations in human 
disease. Nat Rev Genet. https:// doi. org/ 10. 1038/ nrg16 06

 42. DiMauro S, Schon EA (2001) Mitochondrial DNA mutations in human 
disease. Am J Med Genet - Semin Med Genet. https:// doi. org/ 10. 1002/ 
ajmg. 1392

 43. Lawless C, Greaves L, Reeve AK, Turnbull DM, Vincent AE (2020) The rise 
and rise of mitochondrial DNA mutations. Open Biol. https:// doi. org/ 10. 
1098/ rsob. 200061

 44. Yusnita Y, Norsiah MD, A Rahman AJ (2010) Mutations in mitochondrial 
NADH dehydrogenase subunit 1 (mtND1) gene in colorectal carcinoma. 
Malays J Pathol 32:103–10

 45. Akouchekian M, Houshmand M, Akbari MHH, Kamalidehghand B, 
Dehghane M (2011) Analysis of mitochondrial ND1 gene in human 
colorectal cancer. J Res Med Sci 16:50–5

 46. Downham E, Winterthun S, Nakkestad HL, Hirth A, Halvorsen T, Taylor RW 
et al (2008) A novel mitochondrial ND5 (MTND5) gene mutation giving 
isolated exercise intolerance. Neuromuscul Disord. https:// doi. org/ 10. 
1016/j. nmd. 2008. 01. 003

 47. Mayorov V, Biousse V, Newman NJ, Brown MD (2005) The role of the ND5 
gene in LHON: characterization of a new, heteroplasmic LHON mutation. 
Ann Neurol. https:// doi. org/ 10. 1002/ ana. 20669

 48. Malfatti E, Bugiani M, Invernizzi F, De Souza CFM, Farina L, Carrara F et al 
(2007) Novel mutations of ND genes in complex I deficiency associated 
with mitochondrial encephalopathy. Brain. https:// doi. org/ 10. 1093/ brain/ 
awm114

 49. Corona P, Antozzi C, Carrara F, D’Incerti L, Lamantea E, Tiranti V et al (2001) 
A novel mtDNA mutation in the ND5 subunit of complex I in two MELAS 
patients. Ann Neurol. https:// doi. org/ 10. 1002/ 1531- 8249(200101) 49:1% 
3c106:: AID- ANA16% 3e3.0. CO;2-T

 50. Shanske S, Coku J, Lu J, Ganesh J, Krishna S, Tanji K et al (2008) The 
G13513A mutation in the ND5 gene of mitochondrial DNA as a common 
cause of MELAS or Leigh syndrome: evidence from 12 cases. Arch Neurol. 
https:// doi. org/ 10. 1001/ archn eurol. 2007. 67

 51. Rak M, Tetaud E, Duvezin-Caubet S, Ezkurdia N, Bietenhader M, Rytka J 
et al (2007) A yeast model of the neurogenic ataxia retinitis pigmentosa 
(NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene. J Biol 
Chem. https:// doi. org/ 10. 1074/ jbc. M7030 53200

 52. Kabala AM, Lasserre JP, Ackerman SH, Di Rago JP, Kucharczyk R (2014) 
Defining the impact on yeast ATP synthase of two pathogenic human 
mitochondrial DNA mutations, T9185C and T9191C. Biochimie. https:// 
doi. org/ 10. 1016/j. biochi. 2013. 11. 024

 53. Kucharczyk R, Ezkurdia N, Couplan E, Procaccio V, Ackerman SH, Blondel 
M et al (2010) Consequences of the pathogenic T9176C mutation of 
human mitochondrial DNA on yeast mitochondrial ATP synthase. Bio-
chim Biophys Acta - Bioenerg. https:// doi. org/ 10. 1016/j. bbabio. 2009. 12. 
022

 54. Kucharczyk R, Salin B, Di Rago JP (2009) Introducing the human Leigh 
syndrome mutation T9176G into Saccharomyces cerevisiae mitochon-
drial DNA leads to severe defects in the incorporation of Atp6p into the 
ATP synthase and in the mitochondrial morphology. Hum Mol Genet. 
https:// doi. org/ 10. 1093/ hmg/ ddp226

 55. Katyal G, Ebanks B, Lucassen M, Papetti C, Chakrabarti L (2021) Sequence 
and structure comparison of ATP synthase F0 subunits 6 and 8 in nototh-
enioid fish. PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 02458 22

 56. Ning T, Xiao H, Li J, Hua S, Zhang YP (2010) Adaptive evolution of the 
mitochondrial ND6 gene in the domestic horse. Genet Mol Res. https:// 
doi. org/ 10. 4238/ vol9- 1gmr7 05

 57. Mu W, Liu J, Zhang H (2018) The first complete mitochondrial genome of 
the Mariana Trench Freyastera benthophila (Asteroidea: Brisingida: Brisin-
gidae) allows insights into the deep-sea adaptive evolution of Brisingida. 
Ecol Evol. https:// doi. org/ 10. 1002/ ece3. 4427

 58. Sun S, Hui M, Wang M, Sha Z (2018) The complete mitochondrial genome 
of the alvinocaridid shrimp Shinkaicaris leurokolos (Decapoda, Caridea): 
insight into the mitochondrial genetic basis of deep-sea hydrothermal 
vent adaptation in the shrimp. Comp Biochem Physiol - Part D Genomics 
Proteomics. https:// doi. org/ 10. 1016/j. cbd. 2017. 11. 002

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.bbapap.2010.01.011
https://doi.org/10.1016/j.bbapap.2010.01.011
https://doi.org/10.7717/peerj.10666
https://doi.org/10.7717/peerj.10666
https://doi.org/10.1016/j.bbrep.2020.100833
https://doi.org/10.1016/j.bbrep.2020.100833
https://doi.org/10.1093/bioinformatics/btv195
https://doi.org/10.1093/nar/gki375
https://doi.org/10.1016/j.bbabio.2009.09.005
https://doi.org/10.1038/nrg1606
https://doi.org/10.1002/ajmg.1392
https://doi.org/10.1002/ajmg.1392
https://doi.org/10.1098/rsob.200061
https://doi.org/10.1098/rsob.200061
https://doi.org/10.1016/j.nmd.2008.01.003
https://doi.org/10.1016/j.nmd.2008.01.003
https://doi.org/10.1002/ana.20669
https://doi.org/10.1093/brain/awm114
https://doi.org/10.1093/brain/awm114
https://doi.org/10.1002/1531-8249(200101)49:1%3c106::AID-ANA16%3e3.0.CO;2-T
https://doi.org/10.1002/1531-8249(200101)49:1%3c106::AID-ANA16%3e3.0.CO;2-T
https://doi.org/10.1001/archneurol.2007.67
https://doi.org/10.1074/jbc.M703053200
https://doi.org/10.1016/j.biochi.2013.11.024
https://doi.org/10.1016/j.biochi.2013.11.024
https://doi.org/10.1016/j.bbabio.2009.12.022
https://doi.org/10.1016/j.bbabio.2009.12.022
https://doi.org/10.1093/hmg/ddp226
https://doi.org/10.1371/journal.pone.0245822
https://doi.org/10.4238/vol9-1gmr705
https://doi.org/10.4238/vol9-1gmr705
https://doi.org/10.1002/ece3.4427
https://doi.org/10.1016/j.cbd.2017.11.002

	A computational study on mitogenome-encoded proteins of Pavo cristatus and Pavo muticus identifies key genetic variations with functional implications
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Sequence retrieval
	Identification of variations between P. cristatus and P. muticus mitogenome
	Prediction of the 3-dimensional structure of protein
	Prediction of the effect of variations on protein intrinsic disorder, function, and stability

	Results
	Identification of variations between the proteins encoded by the mitochondrial genome of P. cristatus and P. muticus
	In silico modeling of the mitogenome-encoded proteins of P. cristatus
	The protein stability and function were also altered by amino acid substitutions
	The variations in amino acid alter the protein intrinsic disorder parameters

	Discussion
	Conclusions
	Acknowledgements
	References


