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Abstract 

Background Nile tilapia has a variety of phenotypes suitable for aquaculture farming, yet its entire gene pool 
with potential for breeding climate ready strains in resource-limited settings remains scanty and poorly documented. 
SNP calling has become increasingly popular in molecular genetic studies due to their abundance and precision 
in estimating and identifying an organism’s genetic makeup. SNPs are versatile in trait-specific breeding, which, 
in contrast to pedigree breeding, is affordable and speeds up genetic advancement by allowing animals to be used 
as parents sooner.

Results Clustering analysis revealed a strong correlation between the experimental sample, Oreochromis niloticus, 
Oreochromis aureus and Betta splendens. Three other species indicated evolutionary independence. Comparative 
genomics identified similarities between fishes with common genetic and evolutionary ancestry, allowing for better 
adaptation to local environmental conditions. Some of the selected genes exhibiting substantial effect on immunity 
include: Prxs, MMR1 like, ZMYM4-like partial; stress-reactive genes including: PALLD-like gene, LPLBAG6-like and growth-
related genes including: NF1x like, PEDF and CL like. Experimental sample, O. niloticus, O. aureas and Danio rerio, can 
hybridize in their natural environments bringing about genetic admixture ancestry that hybridizes new genes which 
confer beneficial phenotypes.

Conclusion Breeding for specific traits could be a useful addition to aquaculture to allow expansion of the ecologi-
cal niche and genetic base for tilapia. Some of the beneficial genes that can be hybridized include Slc25a24 and Slc-
12member 10, tandem duplicate 1, for salinity tolerance and Abca1, bcl2a and mylk13 for hypoxia tolerance. Breeders 
should introduce beneficial traits into fish breeds to ensure they are climate ready and able to weather climate shocks. 
This will allow aquaculture to contribute to food and nutrition security in line with SDG2 and improve the economic 
status of fish-farming communities in the Global South countries.
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Background
The demand for fish and fisheries products has been on 
an upward trajectory due to an ever-increasing world 
population. Capture fisheries are overstretched and can 
no longer produce enough fish to cope with the ever-
rising demand. Therefore, aquaculture production has 
become the alternative to fill the gap. With the limited 
land and water resources, intensification practices have 
been adopted to enhance aquaculture production. This, 
however, has far-reaching ramification on fish (Man-
gang & Pandey, 2021). This is due to the accumulation of 
fish waste and left-over feeds in the culture systems that 
eventually lead to an increase in the levels of ammonia 
in the water and high stocking densities with calamitous 
consequences. Ammonia exists in two forms, the ion-
ized  (NH4

+ and the unionized NH3) with the unionized 
being more toxic to fish due to its ability to cross the 
epithelial linings into the blood of fish. Interconversion 
between these two forms of ammonia is influenced by 
temperatures. High temperatures increase ammonia  NH3 
concentrations (Zhong et al., 2022; Song et al., 2022). Cli-
mate change has currently resulted into increase in water 
temperatures and with cumulative increase in ammonia 
toxicity in the culture systems resulting into increased 
fish mortalities. Kenyan aquaculture is predominantly 
freshwater. Due to the limited freshwater resources and 
the ensuing competition wrought by agriculture, human 
and animal use, aquaculture expansion is curtailed. How-
ever, Kenya has enormous untapped resources in marine 
and brackish water which could be utilized for aquacul-
ture (El-Sayed, 2006). There are limited fish species of 
aquaculture importance that can survive in marine and 
brackish water environments. For fish to survive in harsh 
environments, they have to possess genes that confer 
advantageous phenotypes. Tilapias are well-known for 
their high yields, rapid growth rates, and tolerance to a 
wide range of environmental conditions including the 
effects of high stocking densities (Aketch et  al., 2014), 
making it the second most farmed fish in the world (Mun-
guti et al., 2022; Mwaura et al., 2023). Sarotherodon, Ore-
ochromis, Tilapia, Tristromella, and Danakilia are the five 
genera of tilapia. Sarotherodon, Oreochromis, and Tila-
pia form the largest species in the wild and in aquacul-
ture. Tilapia is native to Africa and has been introduced 
to over 140 countries, to boost fishing output and enable 
the growth of aquaculture, with Nile tilapia (O.niloticus) 
featuring more prominently (Prabu et al., 2019). This dis-
tribution beyond their native range is majorly dependent 
on their genetic flexibility to adapt to a varying range of 
environmental conditions (Lind et al., 2019). Tilapia can 
be grown in diverse farming systems and is omnivorous, 
requiring minimal fish meal in its feed. It has a naturally 
high tolerance to variable water quality and can grow 

in both freshwater and marine environments. Tilapias 
are hardy and have good disease resistance. With these 
genetic advantages, tilapia may modify their interac-
tions with other species causing remarkable changes in 
the fish community structures of local waters (Chapman. 
2019). Non-native fish species introduced into fresh-
water systems can reduce biodiversity and change local 
community dynamics (Aloo et  al., 2017). Exotic species 
have been recognized as the third largest cause of verte-
brate species extinction in aquatic habitats. Exotic spe-
cies introductions typically jeopardize ecological stability, 
leading to extinction through long-term predation and 
competition, as well as the replacement of native species 
by alien ones (Havel et al., 2015; Twongo, 1995). Humans’ 
unintentional or intentional spread of fish species endan-
gers the biodiversity and character of freshwater envi-
ronments. Invasive fish studies have  thus  focussed on 
understanding the biological characteristics of prospec-
tive invasive fish, forecasting invasion outcomes at local 
and large-scale levels, and analysing the consequences of 
invasions on ecosystems.

Many tilapia species are extremely adaptable, making 
them particularly prone to becoming dangerous inva-
sive species. Tilapia can adapt to brackish conditions, 
and some may even survive at salinities as low as 35 parts 
per thousand (ppt), which is typical of sea water (Yan 
et  al., 2013). Tilapia can withstand significant fluctua-
tions of the environmental conditions including salinity, 
dissolved oxygen, and temperature. Its tolerance to envi-
ronmental instability, as well as their high reproduction, 
rapid growth rates, and omnivorous food habits, all con-
tributes to their successful invasions (Martin et al., 2010).

Genetic changes in aquatic ecosystems and populations 
due to such invasions must be considered for successful 
long-term management and conservation of the aquatic 
ecosystems. To successfully understand the aquatic biodi-
versity, molecular genetic data on phylogeny, population 
genetics, and genomics, as well as quantitative features, 
are required (Hohenlohe et al., 2021). For instance, stud-
ies by Angienda et al. (2011) provided empirical evidence 
of genetic hybridization and introgression of alleles 
between the introduced Nile tilapia and the native Sin-
gida tilapia within Lake Victoria Basin based on analysis 
of mitochondria and microsatellite DNA markers. The 
results indicated gene flow between the two Cichlid spe-
cies, suggesting genetic admixture ancestry and a com-
promise of the genetic integrity of the species. Various 
methods have been used to determine genetic sequence 
with the single reference analysis method being the 
most prominently used. However, the single reference 
analysis method has suffered shortcomings in the iden-
tification of genetic variations among populations. These 
shortcomings, however, can be effectively overcome by 
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constructing a pangenome. A pangenome aims to cap-
ture the complete genetic diversity within a species and 
reduce bias in genetic analysis inherent in using the sin-
gle reference genome (Hurgobin & Edwards, 2017). The 
complete set of genes in a particular species is known 
as the pangenome. It is made up of the essential genes, 
which are found in every member of the species and the 
shell genes which are found in some but not all members 
of the species. Using pangenomes for phylogenetic analy-
sis has the benefit of allowing SNPs found in Presence/
Absence Variat (PAV)-displaying areas to be utilized to 
infer more precise connections between accessions. The 
phylogenomic tree may be used to plot the numbers that 
represent which genes are specifically present and absent 
in each accession using variable genes. The amount of 
nucleotide changes per site determines the length of each 
branch in the tree, and the evolutionary patterns shown 
in the tree may be connected to the biological  charac-
teristics of each accession. Pangenome analysis is mostly 
useful in the identification of Single nucleotide Polymor-
phism Markers (SNPs) which aid in the identification 
of the genetic variance within a species. SNPs are high-
resolution molecular markers, used to analyse the neu-
tral and adaptive genetic diversity of populations with 
large numbers (Wenne, 2023). SNPs calling has been 
used to identify species and hybrids in natural environ-
ments, as well in examining the genetic implications of 
restocking as a conservation effort and the deleterious 
consequences on wild populations of fish accidentally 
escaping from culture systems (Williams et  al., 2010). 
SNPs are extremely beneficial for identifying genomic 
regions associated with phenotypic polymorphisms that 
are important for aquatic biodiversity conservation and 
management. Traditionally, species evolution has been 
understood as a long-term process, lasting up to hun-
dreds or thousands of millions of years (Wiens, 2004). 
Nonetheless, there is rising evidence that recent specia-
tion occurs in natural environments resulting in morpho-
logical divergence (Via, 2009). Recent improvements 
in sequencing techniques have led in the collection of 
massive data sets of molecular markers useful in identi-
fying genetic diversity in populations and genomic areas 
influenced by natural selection (Bansal & Boucher, 2019). 
SNP loci can be found in coding or non-coding genome 
regions and are useful markers in defining populations 
and species that are closely related, characterization of 
their polymorphism and how it changes over time and 
helps in the understanding of the adaptations and genetic 
polymorphism, of a population, at specific trait loci (Garg 
et al., 1999). The current study aims to identify the rela-
tionships between natural populations of cichlids using 
SNPs markers. This will be beneficial in the identification 
and breeding of Nile tilapia strains that are high yielding 

and resistant to environmental stress. Over the past few 
decades, aquaculture has expanded significantly, in part 
due to ongoing innovations. The creation of Genetically 
Improved Farmed Tilapia (GIFT) strain in 1988 and the 
subsequent start of genetic improvement are two factors 
that have contributed to the success of fish species today 
(Li et  al., 2014). Currently, other cutting-edge genetic 
techniques, such as the use of mutational breeding and 
CRISPR-Cas9 genome editing, are being used and are 
revolutionizing the aquaculture industry.

Methods
Sample preparation and sequencing
Female Nile tilapia was collected from a local pond in 
Ilala Fish farm in Kakamega East Sub-County, Kakamega 
County, Western Kenya. Genomic DNA from muscle tis-
sue was extracted using Qiagen GenomicTip100 (Qiagen, 
Germantown, MD, USA). The Masinde Muliro Univer-
sity of Science and Technology Institutional Ethics and 
Review Committee (MMUST-IERC) [REF: MMU/COR: 
403012 Vol 5 (01)] approved the animal procedures, 
and all tests were carried out in accordance with the 
regulations.

DNA extraction and sequencing
DNA was extracted from muscle tissue using the proto-
col as described in Mayjonade et al. (2016). Tissue sam-
ples about 50 mg were ground to a fine powder in liquid 
nitrogen. The powder was then placed in 1.5-mL micro-
tubes containing 0.7  mL 2% CTAB extraction buffer 
[20 mM EDTA, 0.1 M Tris–HCl pH 8.0, 1.4 M NaCl, 2% 
CTAB, plus 0.4% β-mercaptoethanol added just before 
use]. The solution was incubated at 65 °C for 45 min, gen-
tly mixing by inversion every 15 min; 500 µL of chloro-
form-isoamyl alcohol (24:1) was added to the tubes and 
gently mixed for 1  min. Samples were centrifuged for 
10  min at 12,000  rpm; 0.6  mL of the supernatant was 
then transferred to a fresh tube following the addition of 
500 µL chloroform-isoamyl alcohol (24:1); this procedure 
was repeated twice. 500 µL of the supernatant was then 
transferred to a fresh tube with 0.7  mL of cold isopro-
panol (− 20 °C); samples were gently mixed by inversion 
and centrifuged at 12,000 rpm for 10 min, and so it was 
possible to visualize the DNA adhered to the bottom of 
the tube. The liquid solution was then released and the 
DNA pellet washed with 1 mL of 70% ethanol to elimi-
nate salt residues adhered to the DNA, and set to dry 
for approximately 12  h, or until the next day, with the 
tubes inverted over a filter paper, at room temperature. 
The pellet was then re-suspended in 100  µL TE buffer 
(10 mM Tris–HCl pH 8.0, 1 mM EDTA pH 8.0) plus 5 µL 
Ribonuclease (RNAse 10  mg   mL−1) in each tube; this 
solution was incubated at 37  °C for 1 h and after stored 
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at − 20 °C. The isolated genomic DNA was subsequently 
applied to construct DNA sequencing libraries using Illu-
mina MiseQ. We further trimmed 5 bases in both ends 
of the raw reads, discarded those duplicated reads, and 
removed reads with 10 or more Ns and low-quality bases 
to improve the quality of sequenced reads.

Genome assembly and sequence annotation
Genome was assembled de novo by Abbys v2.8.5 and 
gaps filled with ABYss sealer (v1.12- r6, default param-
eters) to construct contigs and original scaffolds by using 
clean reads. The genome completeness was checked by 
BUSCO v4.1.2, and contigs less than 500 were removed 
by in-house bash script. Raw reads and the genome 
assembly have been deposited in the NCBI under the 
project ID PRJNA848236. Repeat sequences in the 
experimental sample assembly were predicted by an inte-
gration of three routine approaches, including de novo, 
tandem repeat predictions and homology annotation 
(Mitra et al., 2021). For the de novo prediction, Repeat-
Masker v4.0.9_p2 was used to identify and mask the 
repeats (Tarailo-Graovac & Chen, 2009). Ab  initio gene 
prediction was performed using Augustus v3.5.0 and 
GeneMark- ES. Augustus was run on a predefine Danio 
rerio genome training set. The tandem repeats were 
subsequently predicted using Tandem Repeat Finder 
(Benson, 1999) (version 4.04). These repeat data from 
above three approaches were integrated to generate a 
non-redundant repeat set. For the homology annotation, 
protein sequences of D. rerio, O.niloticus, O.aureus, B. 
splendens, L. chalumnae, S. chuatsi, and P. altivelis were 
downloaded from the Ensembl database (release 75). 
These sequences were aligned onto the F1 strain assem-
bly to generate alignments using Python script with an 
e-value < 1.0  10−5. Python script was used to select con-
sensus genes predicted by both Augustus v3.5.0 and 
GeneMark-ES.

Comparative genomics
Orthologous analysis was performed with orthoMCL 
and COGtriangles programmes, and perl script from 
GET_HOLOGUES programme was used to generate pan 
genome matrix from intersection between orthologues 
generated by both programmes.

Construction of the phylogenomic and divergence time 
trees
Phylogenomic analysis was produced by GET_PHYLO-
MARKERS programme which implements the FigTree 
programme. Protein sequences of each single-copy gene 
family were aligned to each other. The protein alignments 
were then converted to their corresponding coding 
sequences using an in-house Perl script. These nucleotide 

sequences were linked into a continuous sequence for 
each species. Non-degenerate sites, obtained from the 
continuous sequence of each species, were then joined 
into a new sequence of each species to build a phylog-
enomic tree using MrBayes (Huelsenbeck & Ronquist, 
2001) (Version 3.2, with the GTR + gamma model). The 
tree was then visualized using the FigTree programme 
which revealed the experimental sample as closely related 
to O. niloticus, O. aureus, and Betta splendens. To deter-
mine the number of genes shared or unique between 
them, a Venn diagram was constructed using the Venn 
programme.

Results
A whole-genome sequence script was carried out for 
the experimental fish, and the raw reads together with 
the genome assembly have been deposited in the NCBI 
database [project ID PRJNA848236]. Gene families were 
identified by OrthoMCL (v1.4) and COGtriangle. First, 
nucleotide and protein data of seven species representa-
tive of different teleost families (O.niloticus, B. splendens, 
O.aureus, D. rerio, L. chalumnae, S. chuatsi, and P. altive-
lis) were downloaded from Ensembl (Release 70) and 
National Center for Biotechnology Information (NCBI) 
to co-analyse with the experimental sample genome 
assembly. The genomes of the isolates contained 95,275 
and 93,972 orthologous groups, respectively, identified 
by the orthoMCL and COGtriangle algorithms, of which 
60,045 ortho groups represented the intersection point 
of the two programmes. The orthologous groups of both 
orthoMCL and COGtriangle intersected to produce the 
pangenome matrix below (Fig. 1).

A panel of SNPs markers was developed for the iden-
tification of six fish species of interest (O.niloticus, Betta 

Fig. 1 Venn diagram representing the pangenome matrix 
generated from the intersection between orthologues generated 
from the orthologous analysis performed with orthoMCL 
and COGtriangles programmes and a perl script from GET_
HOMOLOGUES programme
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splendens, experimental sample, O.aureus, D. rerio, 
Latimeria chalumnae, and for comparison purposes) 
(Fig.  2). A total of 27,577 markers were obtained. The 
pangenome matrix was used to generate maximum like-
lihood pangenome phylogenomic tree with IQ-TREE 
v1.6.12 after determining the best fit model by Mod-
elFinder (Kalyaanamoorthy et  al., 2017) in GET_PHY-
LOMARKERS (Vinuesa et  al., 2018) and visualized by 
FigTree v1.4.4 (Rambaut, 2012).

We determined the divergence of species and found 
that the experimental sample was closely related to O. 
aureus and had diverged together from common mater-
nal ancestry. The phylogenomic analysis revealed a true 
relative of experimental sample as O. niloticus (the Nile 
tilapia) as they clustered into one clade with similar 
Operational Taxonomic Units (OTUs) (Fig.  2). L. cha-
lumnae and S. chuatsi evolved from a common ancestor 
and they both seem to have shared similar evolutionary 
relationships with B. splendens and D. rerio because they 
clustered together in a common clade. The species P. 
altivelis clustered to its own clade indicating a distinctive 
relationship with other species of study (Fig. 2).

A total of 27,577 expressed sequence tags were col-
lected. From these tags a total of 11,020 genomes had a 
hit with B. splendens (39.96%), 16,333 with the experi-
mental sample (59.23%), 18,272 with oreochromis 

niloticus (66.3%), and 11,852 with Oreochromis aureus 
(42.98%). The sequence tags expressed were designed 
from the region having the best homology with the ref-
erence genome (Fig. 3).

We identified the number of genotypes and the 
cumulative number of genotypes (%) called at increas-
ing levels of sequencing depth as shown in Fig. 4.

The total number of transitions (Ts) and transversions 
(Tv) were investigated. The total number of transver-
sions (TV) (A/G, C/T, G/A, and T/C) were significantly 
higher for all the pairs. The frequencies of A/C and 
T/G, A/T and T/A, C/A and G/T, and C/G and G/C 
were at similar levels (Fig. 5).

About 19.42% of SNPs from the validation panel were 
A ↔ T and G ↔ C transitions representing 10.64% and 
8.78% of the total SNPs, respectively. On the other 
hand, a total of 80.58% of SNPs from the validation 
panel were A ↔ C, A ↔ G, C ↔ T, and G ↔ T transver-
sions representing 9.38%, 30.89%, 30.91% ,and 9.40%, 
respectively (Table 1).

A total number of 2,787,593 SNPs sites were detected 
with a transition/transversion ratio of 1.62 (Table  2). 
The rate of mutation was not high. Fatal mutations 
occur when transition/transversion ratio is more than 
2. From the total single nucleotide polymorphism 
counts the number of genes were related to the B. 
slendens. 

Fig. 2 A pangenome tree showing phylogenomic relation between strain F1 and the seven strains of interest (O. niloticus, O. aureus, B. splendens, 
D. rerio, L. chalumnae, S. chuatsi, and P. altivelis). The nodes are coloured per the legend in which the first value corresponds to approximate Bayes 
branch support values, and the second is the UFBoot support values. The node with less than 95% support (red node) was collapsed
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Discussion
The estimation of a pangenome infers that either the 
species has an open or closed pangenome. It is open 
when the number of genes in a pangenome increases 
with the addition of further genomes or a closed pange-
nome, when the additional sequenced genomes do not 
add new genes into the existing pangenome. Species 
colonizing multiple environments can easily exchange 
genetic material and tend to have an open pangenome 
while, species living in an isolated habitat have less pos-
sibility to exchange genetic material and have closed 
pangenome. Tilapia has an open pangenome that 
allows for the introgression of beneficial genes result-
ing in the development of strains that are more supe-
rior to their parents. The Genetically Improved Farmed 

Tilapia has been subjected to breeding programmes 
over a long period of time, and this acts as evidence 
that the tilapia genome is open for expansion through 
the introgression of genes conferring beneficial phe-
notypes. The chromosomal-level assembly of the GIFT 
strain exposes its ancestry and potential functions for 

Fig. 3 Venn diagram representing the distribution of genes shared 
by our sample and O. niloticus, Betta splendens, experimental 
sample, and O. aureus. Each ellipse represents a model species, 
and each intersection depicts the number of genes shared by two 
species or more. For each model species, the number of genes 
and the percentage of 27,577 genes are presented. O. niloticus 
had highest number of shared genes with the other species 
(18,272) amounting to 66.3%, while experimental sample followed 
with 16,333 (59.23%) shared genes. O. aureus shared 11,852 (42.98%) 
genes, while B. spendens shared 11,020 (39.96%) genes with other 
species. O. niloticus had 5796 unique genes. Experimental sample had 
4006 unique genes, O. aureus 2715, and B. spendens with 2223 unique 
genes

Fig. 4 A combined graph representing the SNPs and genotype 
counts from genotyping by sequencing (GBS) data. The black 
curve displays the number of genotypes called at increasing levels 
of SNPs sequencing depths, while the orange curve represents 
the cumulative number of genotypes called at increasing levels 
of SNPs sequencing depths

Fig. 5 A substitution graph showing distribution of detected SNPs 
types (transversions and transitions) with each bar corresponding 
to the total counts. A > G, C > T, G > A, and T > C are the SNPs 
with the highest counts. (transversions are more common compared 
to the transitions)
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introgressed areas in the development of certain phe-
notypes (Etherington et al., 2022). Beneficial genes can 
be found and introgressed into Nile tilapia through 
breeding programmes in order to develop strains that 
are high yielding and resistant to the specific envi-
ronmental stressor. This can be done by genetically 
analysing fish species that are endemic to various envi-
ronmental conditions characteristic of the Kenyan 
waters. Thus pangenome analysis serves as a framework 
to determine and understand genomic diversity. In the 
current study, the phylogenomic tree developed from 
the shared SNP markers showed significant separation 
between the fish species. The tree showed P. altivelis 
as the most distant relative of the experimental fish. 
L. chalumnae and S. chuatsi diverged in time together 
with D. rerio, followed by B. splendins. Our experi-
mental sample was in the same clade with O. niloticus 
(Fig. 2). The result of this study suggests a possibility of 
exchange of genetic material during their evolutionary 
development; since O. niloticus is a widely spread spe-
cies with the ability to colonize multiple environments, 
it has increased chances of exchanging its genetic mate-
rial with other species indicating genetic hybridization 
and possible genetic admixture ancestry.

A pangenome analysis was carried out and a total of 
8045 core genes and 19,532 variable genes were identi-
fied among four species that showed a close genetic rela-
tionship (Fig. 3). Experimental sample and O. aureus had 
59 common unique genes. Since the experimental sam-
ple is a strain of O. niloticus, the 59 genes probably have 
been introgressed from O. aureus. On the other hand, 
18 genes were common between Betta splendens and 
the experimental sample probably as a consequence of 
hybridization between O. niloticus and O. aureus. Among 
the 18 genes we identified four introgressed genes that 
conferred beneficial traits to our experimental sample 
including the S100 calcium-binding protein B (S100B) 
that reduces il6 production in malignant melanoma via 
inhibition of RSK cellular signalling, the triple functional 
domain protein-like that is involved in coordinating actin 
remodelling, which is necessary for cell migration and 
growth, peroxiredoxin-like 2A, an adipocyte-derived 
PAMM that may suppress macrophage activation by 
inhibiting MAPK signalling pathway and the coxsackievi-
rus and adenovirus receptor homolog that is thought to 
regulate the cytoskeleton through interactions with actin 
and microtubules in fish. These genes play a major role 
in the enhanced growth performance, and their intro-
gression has led to the development of superior growing 
fish strains that have the ability to withstand high stock-
ing densities and high ammonia concentrations. A total 
of 96 genes were common to B. splendens, O. aureus, and 
the experimental sample but were absent in O. niloticus. 
Comparison to O. niloticus lost a total of 6118 genes, 
while it gained a total of 4179 genes. We hypothesize that 
the hybridized genes are the basis of the beneficial phe-
notypes exhibited by experimental sample in terms of 
resilience to stress, immunity, and faster growth rate in 
comparison with O. niloticus (Fig. 3). Among the unique 
genes found in experimental sample in this study and 
absent in O. niloticus in this study were classified accord-
ing to the functions they augmented either immunity, 
stress resistance, or growth-making experimental sam-
ple better adapted to the local environmental conditions. 

Table 1 Summary table representing the transition 
transversions values of the isolated SNPs markers

1 A > T 148,581 Transition

2 C > G 122,599 Transition

3 G > C 122,247 Transition

4 T > A 147,913 Transition

5 A > C 130,005 Transversion

6 A > G 417,100 Transversion

7 C > A 131,462 Transversion

8 C > T 444,180 Transversion

9 G > A 444,045 Transversion

10 G > T 131,825 Transversion

11 T > C 417,563 Transversion

12 T > G 130,073 Transversion

Table 2 Summary table representing the SNPs numbers representing the SNPs count and the transition/transversion (ts/tv) ratio

*Frameshift ratio: out/(out + in)

Callset SNPs Indels MNPs Others

n ts/tv (1st ALT) n frm*

snps 2,787,593 1.62 1.62 0 – 0 0

Callset Singletons (AC = 1) Multiallelic

SNPs ts/tv Indels Sites SNPS

snps 100.0% 1.62 0.0% 0 0
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Some of the selected genes exhibiting substantial effect 
on immunity include: peroxiredoxin, macrophage man-
nose receptor 1-like, and zinc finger MYM-type protein 
4-like partial, while stress-reactive genes included Palla-
din like gene, large proline-rich protein BAG6 like, and 
growth-related genes such as nuclear factor 1-x-type like, 
pigment epithelium-derived factor, and cathepsin L like.

O’Leary et  al. (2014) demonstrated that peroxire-
doxin-1-like has the ability to directly interact with other 
proteins, which may have an impact on other cellular 
processes including apoptosis, iron metabolism, prolif-
eration, and the growth and operation of tissues, organs 
and systems, in pathogen infection, as well as in defence 
against cell death, tissue healing after injury, and tumour 
growth; they may function as inflammatory modulators. 
The current study has demonstrated the introgression 
of these genes into the genome of the experimental fish. 
This may confer better immune response of the experi-
mental fish compared to its nilotic parent. According 
to Krata et  al. (2022) peroxiredoxins modulate oxida-
tive stress and can also be used as indicators of oxidative 
stress in humans. Peroxiredoxins are crucial regulators 
of oxidative stress because they effectively reduce perox-
ides levels, thereby regulating the peroxidases signalling. 
Peroxiredoxins account for around 90% of the decline of 
peroxidases activity in the body (Perkins et al., 2015). Per-
oxiredoxin has also been demonstrated to act as a chap-
eron for apurinic endonuclease (APE 1) which is essential 
for the activity of interleukin-8 (il-8) and nuclear factor 
kappa B (nf- ϰB) O’Leary et  al. (2014). Il-8 and nf- ϰB 
play an important role in ammonia and heat stress resist-
ance in fish (Esam et al., 2022). Therefore, peroxiredoxin 
is an important component in stress management as it 
is directly involved in oxidative, ammonia, and thermal 
stress management. The introgression of peroxiredoxin 
genes into the genome of O. niloticus and related cich-
lids could be beneficial in enhancing their resistance to 
ammonia stress. Kenyan aquaculture, which is mainly 
pond based, suffers elevated ammonia levels which low-
ers fish productivity. Breeding for ammonia tolerance 
would be a useful addition to the battery of tools available 
for increasing fish productivity.

Paladin-like protein that attracts VASP to these sites to 
aid in the formation of dorsal stress fibres (Price & Brin-
dle, 2000). When stress fibres started to form in Rcho-1 
cells of adult mice, palladin expression was seen to rise. 
Palladin is widely distributed in developing tissues, which 
raises the possibility that this protein plays a unique role 
in the organization of the actin cytoskeleton in cells that 
are differentiating structurally and functionally. Large 
proline-rich protein BAG6-like endoplasmic reticulum 
stress-induced pre-emptive quality control. BAG6 is 
also involved in endoplasmic reticulum stress-induced 

pre-emptive quality control, a process that reroutes 
freshly produced proteins to the cytosol for proteasomal 
destruction while selectively attenuating their transloca-
tion into the endoplasmic reticulum. Misfolded proteins 
are broken down when they are moved from the endo-
plasmic reticulum and directed to the cytoplasmic pro-
teasomes for destruction. BAG6 alters the dynamics of 
stress granules brought on by environmental challenges 
such as high temperatures, oxidative stress, osmolar-
ity, and viral infections (Mediani et al., 2020). This study 
revealed our experimental fish had the BAG6 gene 
introgressed into its genome implying a superior stress 
management as compared to its nilotic parents. We 
hypothesize that the introgression of the BAG6 gene into 
tilapia and related cichlids, would improve their stress 
resistance and thus improve productivity.

Cathepsin L, a cysteine protease belonging to the 
papain superfamily, is essential for carrying out typi-
cal cellular processes such as general protein turnover, 
antigen processing, and bone remodelling essential to 
the architecture and function of the heart plays a crucial 
part in the morphogenesis and cycling of hair follicles 
as well as the differentiation of the epidermis. Endo-
peptidase activity formed as a pro-enzyme in lysomes. 
A papain-like lysosomal enzyme called cathepsin L 
(CTS-L) breaks down endocytosed proteins to produce 
immunogenic antigens for adaptive immunity (Zhu et al., 
2023a). According to Chen et  al. (2020), Cathepsin has 
also been reported to be linked with the presentation and 
processing of antigens, as well as the control of immune 
responses in turbot fish. The endosomal/lysosomal sys-
tem’s non-specific bulk proteolysis, which breaks down 
both intracellular and extracellular proteins, is predomi-
nantly carried out by cathepsins, which are primarily 
intracellular enzymes. However, because of the restricted 
proteolysis processing, cathepsins play a role in the pro-
duction of immune modulators. As a result, cathepsin L 
is a crucial gene that affects how the innate immune sys-
tem responds.

MMR1-like enables macrophages to phagocytose and 
endocytose glycoproteins binds polysaccharide chains 
that are both sulphated and unsulphated. MMR1-like 
interacts with the glycoproteins and glycolipids that are 
present on the surface of bacteria, fungi, and viruses 
that cause disease. Studies on zebra fish show that the 
MMR exhibits expression in every tissue investigated 
and shares highly conserved structures with MMRs from 
other species (Zheng et  al., 2015). The fact that MMR 
is expressed in the kidney and spleen indicates that it is 
involved in the immunological responses to infection. 
Nuclear factor 1 x-type like (NFix) recognizes and binds 
the palindromic sequence and has been shown to play an 
important role during development especially in stem 
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cell differentiation, maturation, and self-renewal (Harris 
et al., 2015).

Yu et al. (2022) demonstrated a mixed ancestry for the 
Sukumandi strain which had genes from Nile tilapia (O. 
niloticus) with approximately 0.36% of the genome hav-
ing been derived from the blue tilapia (O. aureus). These 
shared genes may have arisen from the interbreeding 
between O. niloticus and O. aureus. About 0.11% of the 
genome was derived from B.splendens. Hybridization of 
female O. niloticus and male O. aureus has been used to 
obtain predominantly male off springs that are desirable 
for aquaculture. This aspect of hybridization between O. 
niloticus and O. aureus also happened in the wild envi-
ronments. The experimental sample has accumulated 
genes from other fish species, making it more adaptive to 
environmental stressors as compared to O. niloticus.

Data provided from this study indicate the existence 
of genetic admixture ancestry in experimental sam-
ple. From the results of the current study, 155 genes are 
shared between experimental sample, B. splendens and 
O. aureus, which are absent in O. niloticus. This clearly 
demonstrates that the alleles have been introgressed into 
O. niloticus from O.aureus and B. splendens. In the wild 
O. niloticus, B. splendens and O. aureus live in the same 
environment. There is tangible evidence that these fish 
can interbreed to produce an offspring of mixed ancestry 
and in the process acquire and transmit genes that are not 
traditionally found in them. The resultant effect of these 
introgression is the production of a more resilient fish 
that is able to not only withstand environmental stressors 
but also yield highly. This study lays a foundation for the 
selection of genes conferring beneficial traits that would 
enable fish to survive in different regions of Kenya. With 
this background it is plausible to design a breeding pro-
gramme that target genes conferring these advantageous 
traits to the particular fish. Desirable traits such as fast 
growth, resistance to disease and parasite, tolerance to 
high salinity, high stocking densities, and high levels of 
ammonia tolerance are important in the improvement 
of the aquaculture industry. There are established meth-
ods of delivering selected genes such as Tol2 system and 
CRISPR-Cas9 (Li et  al., 2016). Tol2 transgenesis system 
is based on Tol2 transposon, a mobile genetic element 
that has been found to function in zebra fish and other 
fish species (Keng et al., 2009). The CRISPR-Cas9 on the 
other hand is an RNA-directed endonuclease that can 
generate double-stranded breaks in the genome. It can 
also be used for whole-genome genetic screens. CRISPR-
Cas9 can therefore be a useful tool in the quick introgres-
sion of desirable genes into the genome of fish. Once a 
desirable gene has been identified and extracted from a 
related fish species. CRISPR-Cas9 can be employed to 
precisely transfer these genes into specific locations on 

the genome of the receiving fish. CRISPR-Cas9 has been 
successfully used in disruption of myostatin gene in com-
mon carp resulting in significantly phenotypes (Zhong 
et  al., 2016). Similarly Khalil et  al. (2017) demonstrated 
the same effect in channel cat fish using the CRISPR-
Cas9 tools. In Nile tilapia CRISPR-Cas9 has success-
fully been used to deliver mutation to foxl2 and dmrt1 
genes, and these mutations were shown to be transmit-
ted through the germ line (Li et al., 2014). CRISPR-Cas9 
can therefore be used to accurately edit specific genes in 
specific locations to yield a desired result within a short 
period of time and in a cost-effective manner. Besides 
being used in gene “knock outs”, CRISPR-Cas system can 
also be used for gene “knock ins” utilizing the specificity 
of CRISPR-Cas to introduce a double-stranded break at 
a specific location of the DNA and the precision of the 
homology-directed repair (HDR) mechanism (Banan, 
2020). In this case the HDR pathway is activated in the 
presence of a donor template carrying the genetic mate-
rial to be inserted. Polymerization is initiated by the 3’ 
end of the broken strand invading the intact donor tem-
plate and repairing the damaged strand (Albadri et  al., 
2017). A major shortcoming of this method is that HDR 
works only in dividing cell specifically S and G2 phases of 
cell cycle.

Salinity tolerance
B. splendens and D. rerio species have a better salinity tol-
erance compared to O. niloticus and O. aureus. B. splen-
dens has a solute carrier family 25-member 24(Slc25a24) 
gene, an ATP Mg/Pi carrier, which is involved in the con-
trol of energy metabolism which enable it to cope with 
the salinity stress (Yu et al., 2022). This gene is absent in 
O. aureus and O. niloticus but is present in D. rerio spe-
cies. On the other hand, D. rerio also has solute carrier 
family 12 member 10, tandem duplicate 1 gene which 
plays a key role in sodium, potassium, and chloride ions 
homeostasis. The protein expressed from this gene ena-
bles sodium potassium sympoter activity. It is the authors 
considered opinion that the introgression of these two 
genes into the genome of O. niloticus could improve its 
salinity tolerance and allow it to be adaptable to saline 
water environments. In result, this will expand the aqua-
culture scope from not only fresh water bodies but also to 
marine and brackish water environments.

Hypoxia tolerance
D. rerio is more tolerant to hypoxic conditions relative 
to O. niloticus, O. aureus, and B. splendins. This can be 
associated with the presence of genes such as ATP-bind-
ing cassette transporter a1 (Abca1), B-cell lymphoma 2a 
(bcl2a), and (mylk3). Abca1 is also present in O. aureus 
and has been shown to increase hypoxia tolerance by 
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increasing cholesterol efflux from peripheral cells, par-
ticularly foam cells in atherosclerotic plaques (Bogo-
molova et al., 2019). Abca1 helps in clearing cholesterol 
in the atherosclerotic plaques and loading it to the ApoA-
1 which transports it to the liver. This clearance reduces 
the thickness of the arterial walls allowing for better 
oxygen diffusion (Linton et al 2019). Bcl2a prevents cell 
death by blocking oxidative stress-induced apoptosis 
(Susnow et al., 2009). On the other hand, mylk3 gene has 
been shown to be a key gene in the regulation of cardiac 
myocyte contraction. This enables the heart to contract 
faster and more intensely to deliver more blood and thus 
oxygen to the body cells (Tobita et  al., 2017). The evi-
dence of the beneficial traits conferred by these genes and 
their absence in O. aureus and O. niloticus provide a basis 
to aver that their introgression would improve hypoxia 
tolerance of O. niloticus. This will help in overcoming 
the challenge of hypoxia stress which is a limiting fac-
tor in tilapia aquaculture intensification. Taken together, 
hybridization of salinity and hypoxia tolerance genes 
into O. niloticus would benefit the aquaculture indus-
try by providing strains that would not only survive in 
these stressful conditions but also yield highly. Breeding 
for salinity tolerance and hypoxia tolerance would be a 
suitable area of interest that will enable aquaculturists to 
generate parental generations with these genes and thus 
can pass them down naturally to subsequent generations. 
Breeding for a specific trait would be a faster and more 
accurate method compared to pedigree-based methods 
(Vallejo et al., 2017; Yoshida et al., 2018). Pedigree-based 
breeding techniques are time-consuming, costly, and 
inaccurate in the transmission of a particular character-
istic. Pedigree techniques convey other genes in addition 
to the beneficial features, which might dilute the benefits 
of earlier breeding efforts on a particular strain. On the 
other hand, breeding for a particular characteristic offers 
the chance to expand on current efforts with little chance 
of losing other advantageous traits  currently present in 
the organism. While pedigree breeding has been used for 
a long time, it is time-consuming, laborious, and costly 
especially for the requirement of maintaining proper 
pedigree records. Where large numbers of progenies are 
involved, extra care is required and its success hinges on 
the skill of the breeder (Zenger et al., 2019). On the other 
hand trait-specific breeding enables early selection, which 
is economical and speeds up genetic progress by allowing 
animals to be utilized as parents sooner (García-Balles-
teros et al., 2021; Zenger et al., 2019). Whereas there are 
methods for the introgression of new alleles in to fish to 
improve productivity and stress tolerance, there are con-
troversies regarding the safety of consumption of geneti-
cally modified organisms, health, and environmental 
impact. The attendant effect is however not investigated 

conclusively though they are thought to have far-reaching 
ramifications such as the rise in cancer cases in human 
beings (Sitinjak et  al., 2023). Introduction of genetically 
modified fish in the natural ecosystem has been found to 
alter the population structure of the wild fishes (Devlin 
et al., 2004). This is associated with the genetically modi-
fied fish having advantageous phenotypes that enable 
them thrive better than the wild species. This is usually 
accompanied by shrinking of the gene pool which may be 
a threat to the species in question.

Conclusions
The experimental sample is predominantly of O. niloticus 
origin. Introgressions from blue tilapia and B. splendens 
have given the experimental sample advantage over Nile 
tilapia. The experimental sample has displayed supe-
rior phenotypes in growth performance, immunity, and 
stress tolerance. Therefore, in light of a growing global 
population and a constantly changing climate, the devel-
opment of variable genes and their associated SNPs can 
significantly aid in the improvement of fish breeds. These 
discoveries establish the groundwork for the creation 
of breeding programmes that would enhance the Nile 
tilapia and other related species’ capacity for growth, 
immunity, and stress tolerance. With the ever-changing 
weather patterns, it is prudent for breeders to come up 
with fish breeds that are climate ready and are able not 
only to weather the shocks of changing climate but also 
produce highly. This will allow aquaculture to contribute 
its rightful share in the attainment of food and nutrition 
security in line with SDG 2 as well as improve the eco-
nomic status of the fish-farming communities to address 
SDG 1 which are also highlighted in items 57 and 60 of 
the Agenda 64 of the United Nations.
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