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1. Introduction
Nile tilapia has become a corner stone in global aq-

uaculture, primarily due to its high reproductive capac-
ity and adaptability in diverse farming environments [1]. 
This species is known for its ability to thrive in various 
environmental conditions, ranging from freshwater to 
brackish water, which has allowed it to be cultivated in 
diverse geographical regions around the world. The eco-
nomic impact of tilapia farming is particularly evident in 
developing countries where it provides a reliable source 
of affordable protein to address food security challenges 
and has become widely cultivated due to its adaptability 
in various farming conditions [2]. The increasing demand 
for tilapia has made it a keystone species in the aquacul-

ture industry with production continuously rising to meet 
global needs [3].

Additionally, the scalability of tilapia farming from 
small backyard ponds to large commercial operations, 
makes it adaptable to different socio-economic contexts 
which further enhances its global importance [4]. On the 
environmental front N. tilapia’s resilience to various envi-
ronmental conditions, including suboptimal water quality, 
positions it as a sustainable option in aquaculture. Its abili-
ty to thrive in environments with low dissolved oxygen le-
vels and its resistance to common aquatic diseases reduce 
the need for extensive chemical inputs, thereby lowering 
the cost and encouraging tilapia farming [5].

Sox gene family comprises 32 identified genes that 
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play a pivotal role in various developmental and repro-
ductive processes in fishes. Sox genes are transcriptional 
factors that regulate critical aspects of embryonic develop-
ment, organogenesis and cell differentiation. Significance 
of Sox genes is further underscored by their involvement 
in neurogenesis and early embryogenesis as observed in 
various aquaculture species where these genes have under-
gone expansion due to whole genome duplication events.

Sox gene family is of paramount importance in fishes, 
particularly in N. tilapia where these genes are crucial for 
various developmental processes [6], including sex deter-
mination, neurogenesis and cell differentiation [7]. Sox 
1a, Sox 1b, Sox 2, Sox3, Sox8a and Sox 8b are integral 
to neural development with functions ranging from main-
taining stem cell pluripotency to influencing neural and 
reproductive system development [8]. Sox 9a, Sox 9b and 
also Sox30, Sox32 are particularly critical in sex deter-
mination with different expression patterns contributing to 
gonadal differentiation [9]. Other genes such as Sox 4b, 
Sox5, Sox 6a and Sox 6b regulate cell fate and contribute 
to the formation of tissues like cartilage and muscles [10]. 
Sox 7, Sox 17 and Sox 18 are involved in vascular and en-
doderm formation which are essential for heart, blood ves-
sels and digestive system collectively, the identified Sox 
genes in N. tilapia are indispensable for species growth, 
development and reproductive functions with each gene 
contributing uniquely to the biological processes that en-
sure the species survival and adaptability [11]. In contrast, 
teleosts exhibit a much larger Sox gene family with 29 
members reported in Oncorhynchus mykiss [12], 27 genes 
in Oreochromis niloticus [7], and 26 genes in Collichthys 
lucidus [13] and Danio rerio [14]. On the other hand, the 
Sox gene family appears to be more conserved in inver-
tebrates, with 7 members in Patinopecten yessoensis [15] 
and 8 members in Drosophila melanogaster [16]. Howe-
ver, despite these advances, a critical gap remains in our 
knowledge of Sox genes in N. tilapia.

The current study examines the evolutionary dynamics 
and molecular characterization of Sox gene family in N. 
tilapia. Understanding these genes’ roles and mechanisms 
will provide valuable insights into the species develop-
ment, growth and reproductive functions. By leveraging 
the advanced genomic and bioinformatics tools, this study 
seeks to map the intricate genetic networks governed by 
Sox genes. These genes offer novel insights into their role 
in critical biological processes such as sex determination, 
neurogenesis and organogenesis. Findings of this study are 
expected to have significant implications for improving N. 
tilapia breeding, health and reproduction. Furthermore, 
this study will contribute to the broader understanding of 
gene regulation and evolutionary adaption and potential 
applications in N. tilapia and other aquatic species. Future 
research will explore the environmental factors that influ-
ence the Sox genes expression and their potential implica-
tions in sustainable aquaculture.

2. Materials and Methods
2.1. Identification of Sox genes in N. tilapia

The sequences of N. tilapia that belong to the Sox gene 
family were obtained by using the databases of NCBI 
(https://www.ncbi.nlm.nih.gov/), with indication of acces-
sion numbers presented in (Supplementary Table S1). To 
evaluate potential Sox genes across different aquatic spe-
cies, we utilized the conserved HMG box domain protein, 

a DNA binding protein, by employing the Hidden Markov 
Model (HMM) profile obtained from the Pfam database. 
To obtain predicted protein-coding variations, we em-
ployed local BlASTP software with E-value set at 105 [1]. 

2.2. Phylogenetic analysis and multiple sequence align-
ment analysis

In order to acquire Sox genes sequences for the species 
which are Oreochromis niloticus, Oreochromis aureus, 
Pelmatolapia mariae, Danio rerio, Ctenopharyngdon 
Idella and Labeo rohita, the NCBI database was used. Sox 
genes sequences for the subsequent species we employed 
ClustalW for aligning gene sequences for each represented 
species by utilizing the MEGA software version (v.11). 
Subsequently, we constructed a neighbor-joining (NJ) 
phylogenetic tree using MEGA11, setting the Bootstrap 
value to 1000 replicates. We then employed ITOL to vi-
sualize and present the tree using a single aligned file [17]. 
Using Multiple Align Show (https://www.bioinformatics.
org/sms/multi_align.html), we aligned the Sox genes of N. 
tilapia to detect the sequence alterations or insertions and 
deletions or indels [18].

2.3. Physicochemical properties and structural analysis
By using the ProtParam program, we physiochemical-

ly characterized N. tilapia Sox proteins and indulged the 
information on the following parameters of physiochemi-
cal properties as molecular weight (MW), isoelectric point 
(pI), aliphatic index (AI), number of amino acids (A.A.) 
and instability index (II). Moreover, conserved protein 
motifs in N. tilapia’s Sox proteins were analyzed using the 
MEME suite, which can identify up to 10 MEME motifs. 
Verification of the conserved domains was performed 
through the NCBI CDD database (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi). Employing the web 
servers Cello-life (http://cello.life.nctu.edu.tw/) and Wolf 
Psort (https://wolfpsort.hgc.jp/), the subcellular localiza-
tion of N. tilapia’s Sox proteins was examined [19].

2.4. Gene duplication analysis and chromosomal loca-
tion of Sox gene family

We analyzed the whole-genome dataset to determine 
the chromosomal lengths and positions of Sox genes in 
N. tilapia. The gene locations on the chromosomes were 
precisely mapped using the MCScanX tool, based on the 
genome annotation file serving as reference [20].

2.5. 3D-Structure analysis
Amino acid sequences of all Sox proteins in N. tila-

pia were yielded in Phyre2 (http://www.sbg.bio.ic.ac.uk/
phyre2), in order to construct three-dimensional structure 
of each Sox protein and analyze their secondary structure 
features. Fold recognition and homology modeling were 
also calculated [21].

2.6. Analysis using Scan Prosite and functional enrich-
ment analysis

The online tool Scan Prosite was utilized to compute 
structural and functional variations within specific pro-
tein domains [22]. We utilized the Prosite motif library to 
search for motifs by uploading a protein sequence via the 
ScanProsite web application (https://prosite.expasy.org/
scanprosite) [23]. We used the Shiny Go online tool for 
making gene function graphs in enrichment analysis [24].
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values, the Sox13 peptides were observed thermostable at 
high temperatures in N. tilapia aliphatic index (AI) value 
greater than 65, demonstrating their thermostability at ele-
vated temperatures. This indicates that all Sox proteins 
have lower GRAVY values and are hydrophobic (Table 1).

3.3 Structural characterization of Sox genes in N. tila-
pia

The gene structure and conserved motifs in N. tila-
pia’s Sox gene family were examined for deeper unders-
tanding (Figure 2). For the Sox gene family in N. tilapia, 
10 conserved motifs were estimated (Figure 2-A to 2-D), 
where MEME-1 and MEME-4 were identified as Sox do-
main using Pfam due to their large number of amino acids 
(50) as shown in (Figure 2-B & Table 2). Results have also 
been verified by comparison with the NCBI CDD database 
(Figure 2-C). Furthermore, the Sox pro-peptide family do-
main was identified in all homologs of the Sox family in 
addition to the Sox domain. Furthermore, the analysis of 
gene structure showed that there are notable differences in 
the structure of downstream and upstream non-translated 
regions (UTRs), exons and introns (Figure 2-D).

2.7 Identification and retrieval of Transcription Factor 
Binding sites (TFBSs) 

We uploaded the genomic data TFBIND online 
tool (https://tfbind.hgc.jp/), which analyzed the 100 bp 
upstream region of the highly predicted gene locations to 
identify potential transcription factor binding sites, utili-
zing the TRANSFAC R.3.4 weight matrix [25]. 

2.8 Analysis of recombination breakpoints in the Sox 
gene family

We employed Genetic Algorithm Recombination De-
tection (GARD) for identification of the recombination 
breakpoints in multiple sequence-aligned in N. tilapia’s 
Sox genes [26], we used the following approach to iden-
tify the segment-specific phylogenies. When the maximum 
number of breakpoints B is specified to infer the method 
searches for B or less in the sequence alignment. For each 
segment, we employed a maximum likelihood model as 
this approach is appropriate for derivation of phylogenies 
for possibility of each non-recombinant segment and [27], 
estimation of the appropriate by utilization of the related 
data metrics, such as Akaike Information criteria (AIC) 
[28].

2.9 Statistical analysis
For descriptive analysis, bioinformatic tools have been 

applied to the Sox genes dataset. 

3. Results
3.1. Phylogenetic analysis and multiple sequence ana-
lysis 

Phylogenetic analysis revealed the link between clo-
sely related species and shared common ancestors. We de-
termined the evolutionary history of the Sox gene family 
through molecular phylogenetic analysis by employing 
the neighbor-joining (NJ) method, with bootstrap consen-
sus values calculated for each node. Based on the homolo-
gous gene sequences, the amino acid sequences from the 
following species (Oreochromis niloticus, Oreochromis 
aureus, Pelmatolapia mariae, Danio rerio, Ctenopha-
ryngdon Idella and Labeo rohita) were examined. Based 
on the molecular phylogenetic analysis, these sequences 
were subsequently categorized into three clades: Clade-A, 
Clade-B, and Clade-C as demonstrated in Figure 1. Phy-
logenetic analysis findings show that more sequence simi-
larities were observed among the Oreochromis niloticus, 
Oreochromis aureus and Pelmatolapia mariae. Multiple 
sequences of Oreochromis niloticus and Danio rerio ali-
gnments showed similarities, differences, and indels based 
on the presented data (Supplementary Figure 1).

3.2. Physiochemical attributes of Sox genes in N. tilapia
Using the NCBI database, data of 22 Sox genes were 

acquired from the genome of N. tilapia. Physicochemical 
properties of these genes were investigated, such as mole-
cular weight (MW), instability index (II), isoelectric point 
(pI), and grand average of hydropathicity (GRAVY) and 
aliphatic index (AI) as demonstrated in (Table 1). All N. 
tilapia Sox proteins have lengths ranging from 238 to 853. 
Molecular weight of N. tilapia Sox proteins which are ran-
ged from 26577.37 D to 93458.27 D. The isoelectric point 
(pI) ranged from 5.47 to 9.78. Except for Sox1a, Sox1b, 
Sox2, Sox3, Sox5, Sox13, Sox14, Sox18 and Sox19. All 
Sox genes were acidic in nature. In the aliphatic index 

Fig. 1. Phylogenetic analysis of Sox gene family.

Fig. 2. Structural characterization of Sox genes in N. tilapia.
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3.4. Gene duplication, chromosomal distribution and 
cellular distribution

Analyzing the precise position of each gene on the 
chromosomes aids and clarifies the relationships between 
Sox gene pairs, which in turn influence the size, positio-
ning and orientations of associated genomic elements. The 
data, depicted in Figures 3A and 3B, show the locations and 
duplication events related to Sox genes. For the purpose 
of obtaining the evolutionary history of N. tilapia’s Sox 
gene family, duplication events were examined. Tandem 
duplication of the Sox9-Sox10 gene pair was observed on 
chromosome LG4, while seven gene pairs were identified 
as segmental duplications. Additionally, the subcellular 
localization of Sox proteins in N. tilapia indicated that 
majority of these proteins are expressed in both Nucleus 
and Cytoplasm as shown in (Figure 4).

3.5. Scan PROSITE and enrichment analysis
We employed PROSITE for the identification of func-

tional and structural residues associated with PROSITE 

and ProRule signatures in the selected Sox proteins. This 
method has the ability to detect intra-domain features, 
such as binding sites, active sites and disulfide bridges. 
The accuracy of functional predictions was enhanced by 
combining motif recognition specificity with profile sen-
sitivity. HMG_B and Sox C were identified in N. tilapia 
as shown in Figure 5, which demonstrates a graphical dis-
play of Sox protein hits and feature predictions based on 
domain analysis from the Scan PROSITE database. Gene 
enrichment explains the functional properties of selected 
genes. Sox genes have high mobility group and domain. 
These genes also have transcription regulator complex and 
have ability to bind DNA. Sox genes also play significant 
role in cell differentiation, and biosynthesis process and 
act as a molecular functional regulator as represented in 
Figure 6.

3.6. 3-D structure of Sox genes in N. tilapia
Figure 7 demonstrates the prediction of 3-D structure 

model prediction and secondary structure as presented in 

Variants Chr ID MW(DA) AA PI AI II Gravy
Sox1a LG16 32408.19 299 9.78 47.42 53.19 -0.824
Sox1b LG23 37679.34 354 9.70 54.92 61.01 -0.665
Sox2 LG17 35132.80 322 9.74 45.16 58.56 -0.818
Sox3 LG2 33491.00 300 9.63 51.80 69.45 -0.807
Sox4a LG22 40390.48 371 6.33 47.68 71.31 -0.862
Sox4b LG11 44244.36 414 6.54 50.24 68.18 -0.756
Sox5 LG17 93458.27 853 8.00 59.55 70.93 -0.875
Sox6 LG1 88767.97 799 6.48 64.64 62.12 -0.777
Sox7 LG15 44127.72 407 6.13 56.14 56.00 -0.716
Sox8 LG8 52505.95 479 6.52 49.54 68.89 -0.932
Sox9 LG4 53669.87 484 6.20 50.79 71.40 -1.001
Sox10 LG4 53481.49 503 6.45 50.78 60.72 -0.782
Sox11a LG19 40384.91 363 5.47 56.47 63.39 -0.796
Sox11b LG15 48303.17 433 5.47 50.32 74.73 -1.004

Sox13 LG5 746301.18 664 8.94 67.71 73.14 -0.900
Sox14 LG23 26577.37 238 9.68 58.32 58.67 -0.668
Sox17 LG9 44068.91 397 6.23 59.40 50.91 -0.840
Sox18 LG20 33660.08 307 9.61 46.78 58.11 -0.839
Sox19 LG3 27127.21 248 9.74 56.05 58.93 -0.533
Sox21 LG16 30129.42 273 5.68 60.66 56.00 -0.679
Sox30 LG10 30129.42 273 5.68 60.66 56.00 -0.679
Sox32 LG9 36881.09 327 6.99 52.60 73.02 -0.854

Table 1. Physiochemical properties of Sox genes in N. tilapia.

Table 2. 10 significantly conserved motifs within the Sox gene family of N. tilapia.

MEME Motif Sequence of amino acid Width Pfam Domain
1                       IKRPMNAFMVWSKDZRRKLAQZNPDMHNAEJSKRLGKRWKLLSESEKRPF 50 HMG
2 IEEAERLRAQHMKDYPDYKYRPRRKKKTL 29 -
3 SFEEGSLGSHFEFPDYCTPELSEMIAGDWLEATFSDLVFTY 41 -
4 KKLAASQMEKQRQQMELARQQQEQIARQQQQLLQQQHKINLLQQQIQQVQ 50 -
5 NIDFGNVDIGELSTDVIANIDPFDVBEFDQYLPPNSH 37 -
6 EDERFPVCIRDAVSQVLKGYDWTLVPM 27 -
7 HHHNPHNPQPMHRYDMSALQYSPISNSQSYMNASPTGYGGI 41 -
8 APSGDLRDMISMYLP 15 -
9 VDGKKLRIGEYKAMMRSRRQEMRQYFSVGQ 30 -
10 LKKDKYSLPGGLL 13 -
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Table 3, which was obtained for the identification of N. 
tilapia proteins. Sox13 and Sox14 which are closely rela-
ted in N. tilapia, exhibited comparable quantities of secon-
dary structural components such as β-helices and β-sheets 
and disorder rate. Sox genes share an alpha helix range 
between (7-25) and the beta sheet highest values also vary 
in Sox gene family. Most of the genes shared a residues 
value of 79. The highest disorder value was found in the 
Sox 9 and Sox 10 genes.

3.7. Transcription factor binding sites
Transcription factor binding sites are activators or re-

pressors that activate or inhibit cellular activity on the ba-
sis of gene nature. Transcription factor binding to specific 
genomic locations is fundamental to transcriptional regu-
lation in cells. In this study, we examined the binding sites 
for five transcription factors TATA, OCT1, GATA, YY1, 
and STAT within Sox gene family of N. tilapia. The dis-
tribution pattern of these transcription factor binding sites 
(TFBSs) in N. tilapia as follows: GATA > YY1 > OCT1 > 

STAT > TATA. In contrast, the pattern observed in Danio 
rerio was GATA > OCT1 > YY1 > STAT > TATA. Overall, 
there were more TFBSs in Danio rerio as compared to N. 

Fig. 3. Sox Gene Duplication Events and Chromosomal Segrega-
tion in N. tilapia. A: Sox gene duplication events B: Sox genes segre-
gate on different chromosomes at specific locations.

Fig. 4. Subcellular localization of Sox proteins in N. tilapia.

Fig. 5. Scan PROSITE analysis of Sox genes in N. tilapia.

Fig. 6. Enrichment analysis.

Fig. 7. Secondary Structure of Sox genes in N. tilapia.

Fig. 8. Transcription factor binding sites (GATA, TATA, STAT, OCT1 
and YY1).
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tilapia (Figure 8).

3.8. Recombination analysis
We conducted GARD to identify recombination break-

points for detection of fragmented sequences, and sub-
sequent analysis that revealed phylogenetic segregation 
across several recombination fragment trees: Tree1 (1-
618), Tree 2 (619-733), Tree 3 (734-957), Tree 4(958-1704) 
and Tree 5 (1705-2689) (Supplementary Figure 2). GARD 
evaluated 7176 models to identify evidence of recombina-
tion breakpoints, locating 2176 putative breakpoints with 
up to 4 inferred breakpoints per model. Notably, the gene-
tic algorithm examined just 0.00% of these breakpoints 
(Supplementary Figure 3). By calculating the likelihood of 
identifying a breakpoint at a specific site across all align-
ment points using the standardized Akaike weights of the 
model, we determined the model-averaged support for the 
breakpoint sites. This analysis was in agreement with the 
best-fitting model. Using a genetic technique for multiple 
breakpoints investigations the multiple sequence align-
ment of eight Sox gene nucleotide sequences showed the 
five main recombination breakpoints and several minor 
breakpoints across different locations (Figure 9).

4. Discussion
Technological advancements in next-generation 

sequencing and other high-efficiency genome sequencing 
tools have greatly improved our ability to analyze gene-
tic diversity, including single nucleotide polymorphisms 
(SNPs) and their functional impact on specific phenotype 
traits. This capability allows for a deeper understanding 
of animal genetics at the molecular level [29]. Candi-
date gene studies make it easier to examine the genetic 
resources in aquatic species, allowing for the identification 
of functional genes and their relationships to characteris-
tics like productivity, adaptability and disease resistance 
[30]. Comparative genomics aids in identifying new genes 
and understanding the processes that regulate these genes 
which are crucial for investigating commercially signifi-
cant physiological features in aquaculture species. This 

study offers valuable and novel insights for aquaculture 
industry and future research endeavors.

4.1. Phylogenetic analysis 
Our phylogenetic analysis indicates that the Sox gene 

family of N. tilapia is closely related to blue tilapia and 
shows greater sequence similarity with other species. New 
molecular phylogenies provide support for natural groups 
that were unanticipated by previous studies. Likewise, stu-
dies on the fish Tree of Life have been reported in 2013 
based on a comprehensive molecular phylogeny [31]. 
Phylogenetic analysis revealed that valuable insights into 
genetic diversity, functional biology and evolutionary his-
tory closely related species in the clade, similar studies on 
DMRT gene in grass carp have depicted the closely related 
species relationship in the same clade [32].

4.2. Physiochemical attributes
Evaluating the physicochemical properties of proteins 

associated from various gene families is essential for 
understanding their functions and characteristics. In the 
species studied, Sox genes shared both acidic and basic 
properties as indicated by their isoelectric point (pI). Pre-
vious studies have discussed the structural characteristics 
of globular proteins and their thermostability using the ali-
phatic index (AI) to predict protein stability at different 
temperatures [32,33]. The Aliphatic index (AI) measures 
the relative volume of aliphatic side chains (valine, leu-
cine, alanine and isoleucine) within the selected protein. 
A higher aliphatic index is associated with increased ther-
mostability of globular protein. Therefore, proteins that 

Fig. 9. Recombination Analysis of Sox genes in N. tilapia.

Sr.no Name of Protein Alpha Helix Beta Strand Disorder Residues
1 Sox1a 22 0 79 79
2 Sox1b 19 0 84 79
3 Sox2 17 0 82 79
4 Sox3 16 0 79 79
5 Sox4a 13 0 75 76
6 Sox4b 11 0 79 76
7 Sox5 13 0 75 76
8 Sox6 26 0 81 16
9 Sox7 15 0 80 81
10 Sox8 12 0 86 46
11 Sox9 13 0 87 13
12 Sox10 10 1 87 18
13 Sox11a 13 0 77 76
14 Sox11b 14 0 76 76
15 Sox13 23 1 75 70
16 Sox14 23 1 75 70
17 Sox17 12 1 78 81
18 Sox18 11 1 82 25
19 Sox19b 17 0 81 79
20 Sox21b 25 0 72 79
21 Sox30 7 27 47 75
22 Sox32 20 1 81 80

Table 3. Secondary structure of Sox proteins in N. tilapia.
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remain stable at higher levels of temperatures are consid-
ered to have a higher aliphatic index (AI) [1,32]. Since 
the aliphatic index (AI) of Sox peptides from N. tilapia, 
it was concluded that these peptides were thermostable. 
However, differences in isoelectric point values were ob-
served, leading to instability in some proteins. Of the five 
proteins analyzed, a few exhibited clear instability. The 
GRAVY value provides the prediction about interaction of 
water and protein and is calculated by taking ‘‘total pro-
tein’s hydropathy values’’ divided by ‘‘protein’s length’’. 
Through GRAVY value, it is easy to determine that pro-
teins have hydrophobic or hydrophilic characteristics. If 
GRAVY value of selected protein is negative it means the 
protein is hydrophilic in nature and if GRAVY value is 
negative, then nature of protein is considered to be hydro-
phobic [34]. All Sox proteins exhibited lower GRAVY 
values indicating their hydrophobic nature.

4.3. Structural analysis
Protein sequence data can uncover significant evolu-

tionarily conserved regions critical for various biological 
processes. Multiple sequence alignment is a fundamen-
tal technique for identifying conserved regions and also 
obtaining the essential information that is necessary for 
functional and structural analysis of the proteins [35]. In 
this study, the MEME tool was used to identify 10 mo-
tifs in N. tilapia’s Sox gene family, to analyze the protein 
sequence properties of Sox genes, while Sox genes have 
HMG domain in motif 1. This analysis provides insights 
into regular expression patterns of these conserved motifs. 
The structural and formational organization is influenced 
by these common motifs. Our study indicates that the Sox 
domains of N. tilapia contain the three and four MEME 
motifs, respectively. Same approach has been implemented 
in other studies to analyze biological roles and conserved 
features of motifs in different species genes [35].

4.4. Gene duplication and chromosomal distribution
To acquire genetic variations or novel genes, we used 

various gene duplication methods which are retro position, 
crossing over and chromosomal duplication or genome. In 
order to achieve best findings in evolution functional pro-
cesses we used genetic variation and enhanced functions 
as these mechanisms have important role in evolution. 
Recognition of gene duplication dynamics and trajecto-
ries is important as reported in previous studies about both 
features of evolutionary forces which are genome-wide 
and localized. The above-mentioned procedures provide 
insights into interaction and connection which regulate ge-
netic diversity and adaptability during process of evolution 
either intra-specific or inter-specific [36]. It is difficult to 
determine gene duplications’ pace but utilization of emer-
gence of redundant genetic variations through mutations 
and selection pressure has been observed through functio-
nal impacts. Consequently, these variables affect the evo-
lution of selected genes, the retention and differentiation 
of duplicated genes and their ability to develop new func-
tions. In a similar number of generations, the transmission 
of duplicated genes is facilitated by comparing them to 
functional copies which mitigates unwanted changes. This 
increased mutation rate can result in a gene acquiring new 
functions or becoming more complex in biological pro-
cesses compared to their original counterparts, potentially 
resulting in the evolution of new roles or new adaptions. 

Previous studies in ice fish have demonstrated that defects 
in a duplicated digestive gene led to the development of 
an antifreeze gene, while the duplication can also result 
in creation of entirely different genes, such as those res-
ponsible for snake venom production [37]. To unravel the 
genetic evolution of N. tilapia gene family, this investiga-
tion examined duplication events within this gene family. 
Seven segmental duplications and one tandem duplication 
were predicted in Sox gene family. Likewise, studies also 
reported in TGF gene family in N. tilapia [1]. Furthermore, 
it seems that there is a correlation between the retention 
rate and the divergence of two paralogs. On the 10 WG-
duplicated Sox genes in teleostean genomes, 2 are duplica-
ted in all species analyzed: Sox4 and Sox9, of which para-
logs a and b possess closely related and low dN/dS ratios. 
This observation can be explained if we consider a rapid 
sub-functionalization event just after the WGD. If so, the 
maintenance of the 2 paralogs is then absolutely necessary 
to ensure the ancestral function of the gene and the sur-
vival of the organism. On the contrary, genes presenting 
paralogs with a more divergent evolution, at the molecular 
level, are more often detected as singleton [38].

4.5. Analysis of scan PROSITE and enrichment ana-
lysis

PROSITE analysis was conducted to identify specific 
residues crucial for activities and interactions of Sox pro-
teins, including those involved in disulfide bridges, active 
sites, binding sites and structural functions correlation. In 
comparison to previously mentioned predictions, this ana-
lysis refines the findings by enhancing profile sensitivity 
and specificity in determining motifs utilizing ProRule and 
PROSITE signature. Similar methods have been employed 
in other studies, such as Bufo bufo was used to identify the 
key characteristics of proteins and their implications for 
the species [1]. 

4.6. Protein structural configuration
From multiply aligned homologous sequence, a protein 

secondary structure prediction method is given which has 
ability to calculate, an overall per residue three-state accu-
racy of 70.1%. There are two main objectives, one is to 
acquire maximum accuracy for the identification of a set 
of concepts that is significant for prediction by following 
linear statistics and the second is to understand the folding 
process. Secondary structure prediction provides insights 
about sequence edge effects, residue conformational pro-
pensities, position of insertions and deletions in aligned 
homologous sequence, moments of conservation, residue 
ratio, filtering, secondary structure feedback effects, auto-
correlation and moments of hydrophobicity. Precise use of 
edge effects, moments of conservation, and auto-correla-
tion are new in the present study. Concepts that have been 
used in prediction have significance and it was determi-
ned by step-by-step procedure by adding information and 
evaluating the weights in discrimination function. Simple 
structure of the prediction permits the procedure to repeat 
easily. Prediction of accuracy is easy and predictable [39]. 
Results can be related to distinct functions that chaperones 
have to perform and cellular responses that are visible 
in each species. Further transcriptome-level research is 
required to validate these findings. Current results are 
consistent with previous studies [21], [30].
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4.7. Transcription factor binding sites
Transcriptional regulatory network of an organism 

contains various steps which most important step is the 
identification of every transcription factor and all of 
its DNA binding sites. Many procedures can be used to 
find transcription factor binding sites in which consen-
sus sequences and position-specific scoring matrices are 
important. Additionally, methods by which the average 
number of nucleotides have been calculated that match 
between a putative site and all known sites could be uti-
lized. These approaches can be expanded naturally by em-
ploying pairwise nucleotide dependencies and preposition 
content of information [40]. Present study indicated that 
more TFBSs in Danio rerio as compared to N. tilapia were 
calculated. The following studies have reported transcrip-
tion-binding sites in different species [1,21,41].

4.8. Recombination analysis
In our study, four key potential breakpoints in the 

nucleotide sequences of Sox genes were identified using 
recombination analysis conducted through GARD. These 
breakpoints enable Sox gene family to perform a wide 
range of tasks in different species. Evolutionary factors 
control the variations in the following sequences which 
have impact on the observed functional diversity [26]. It 
is inferred that, when compared to the model that uses the 
Akaike Information Criterion (AIC) scores to take into 
consideration different topologies in the segment arrange-
ment despite assuming a uniform tree for all partitions; 
a minimum of one, the breakpoints indicate topological 
incongruence. Evaluating this variance might provide in-
formation about the underlying evolutionary processes (or 
biological processes) that have emerged and could provide 
insight into particular features of the species tree. Eva-
luating this issue within a methodological framework is 
also important as it might provide flaws and ambiguities in 
phylogenetic inference that influence the observed topolo-
gical incongruence of species tree and gene tree [26].

Sox genes have multifaced functions in growth, bree-
ding and cell differentiation [28]. In the process of cell dif-
fraction, immune response and gonadal development, Sox 
genes will be effective tools for enhancing aquaculture 
production by manipulation or selective breeding strate-
gies. Our study explores comprehensive knowledge about 
molecular foundation of Sox genes in N. tilapia, which 
become a valuable source for future genomic, phylogene-
tic and evolutionary studies. 

Whole genome data have become increasingly impor-
tant across a variety of research fields, including evolu-
tionary developmental biology, social ecology and phy-
logenetics as well as more applied areas often referred 
to as translational genomics. Various techniques and 
approaches are employed to comprehend gene evolution 
from these diverse perspectives. However, comparative 
genomics remains a relatively new tool in this area of 
research. By conducting comparative gene study of Sox 
genes, we explore their characteristics and functions in 
detail. Sox genes play an important role in sex differen-
tiation and determination. Our study aimed to predict the 
role of these genes in N. tilapia. Phylogenetic analysis 
revealed that N. tilapia is closely related to blue tilapia. 
Sox genes are conserved, shared acidic, basic properties, 
thermostable and hydrophobic in nature. One tandem and 
seven segmental duplications were predicted. Sox genes 

predominantly expressed their proteins in the Nucleus and 
Cytoplasm. Enrichment analysis explains the Sox gene’s 
significant role in cell differentiation, and biosynthesis 
process and act as a molecular functional regulator. Sox 
genes have four major recombinant breakpoints that re-
vealed phylogenetic segregation across several recombi-
nation fragments. Significant differences observed in TFB 
sites revealed their potential role of regulatory regions of 
Sox genes in differential transcriptional and translational 
efficiencies of Sox genes in N. tilapia. Hence, additional 
investigations are mandatory to corroborate these findings 
and reveal putative mechanism of action behind these ef-
fects.
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