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Nile tilapia is one of the most important aquaculture species globally, providing high-quality animal protein for
human nutrition and a source of income to sustain the livelihoods of many people in low- and middle-income
countries. This species is native to Africa and nowadays farmed throughout the world. However, the genetic

:lali);zulture makeup of its native populations remains poorly characterized. Additionally, there has been important intro-
Fi(ih gression and movement of farmed (as well as wild) strains connected to tilapia aquaculture in Africa, yet the

Africa relationship between wild and farmed populations is unknown in most of the continent. Genetic characterization
of the species in Africa has the potential to support the conservation of the species as well as supporting selective
breeding to improve the indigenous strains for sustainable and profitable aquaculture production. In the current
study, a total of 382 fish were used to investigate the genetic structure, diversity, and ancestry within and be-
tween Ugandan Nile tilapia populations from three major lakes including Lake Albert (L. Albert), Lake Kyoga (L.
Kyoga) and Lake Victoria (L. Victoria), and 10 hatchery farms located in the catchment regions of these lakes. Our
results showed clear genetic structure of the fish sourced from the lakes, with L. Kyoga and L. Albert populations
showing higher genetic similarity. We also observed noticeable genetic structure among farmed populations,
with most of them being genetically similar to L. Albert and L. Kyoga fish. Admixture results showed a higher
(2.55-52.75%) contribution of L. Albert / L. Kyoga stocks to Uganda’s farmed fish than the stock from L. Victoria
(2.12-28.02%). We observed relatively high genetic diversity across both wild and farmed populations, but some
farms had sizable numbers of highly inbred fish, raising concerns about management practices. In addition, we
identified a genomic region on chromosome 5, harbouring the key innate immune gene BPI and the key growth
gene GHRH, putatively under selection in the Ugandan Nile tilapia population. This region overlaps with the
genomic region previously identified to be associated with growth rate in farmed Nile tilapia.

1. Introduction

Fish is a major source of food for humans, providing to over 4.5
billion people a nutritious source of protein and high-quality nutrients
[1,2]. In addition to food and nutritional security, fish also serve as an
important source of livelihood by creating business and employment
opportunities for up to 59 million people involved in the fish value chain
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[3]. In Uganda, fish is an important resource contributing ~USD 900
million to the national economy annually [4]. This contribution is pro-
jected to increase due to the growing demand for fish within Uganda and
the East African region as a consequence of the rapidly growing popu-
lation [5,6]. Fish in Uganda is predominantly sourced from wild habitats
such as L. Albert, L. Kyoga, L. Victoria, L. Edward, L. Kyoga, and River
Nile [5]. Even under controlled fishing restrictions ongoing on these
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water bodies, the in the country and the region has resulted into the
depletion of certain fish species in multiple locations [6,7]. Aquaculture
offers a more sustainable and viable solution to alleviate the stress on
wild aquatic ecosystems and meet the current and future food demands
in the region [6,8]. As a result, the aquaculture industry in Uganda has
experienced significant growth in recent years and now accounts for
20% of the national annual fish production [6,8-10].

Globally, Nile tilapia (Oreochromis niloticus) is the third most
cultured freshwater species accounting for 9% of the total inland
aquaculture output [3]. Similarly, Nile tilapia is also an important
aquaculture species in Uganda, contributing approximately 49% of na-
tional annual aquaculture production output [8-10]. Unfortunately, the
productivity of the industry, especially of small and medium-sized
farms, remains constrained by the lack of improved Nile tilapia strains
with enhanced growth rates and feed assimilation [11,12]. Though there
are efforts by numerous private and public hatcheries to produce Nile
tilapia fry for commercial farmers, advances in production have been
minimal due to strong reliance on unimproved wild Nile tilapia as a
source of breeding stock for the aquaculture industry [13,14]. Addi-
tionally, like most aquaculture production systems in Africa, there is
little application of modern genomics and genetics tools in most of the
hatcheries in the country, further contributing to the slow improvement
of the indigenous strain for profitable aquaculture [13]. Genomic
characterization of farmed and wild populations has the potential to
support selective breeding for genetically enhanced tilapia strains for
aquaculture through monitoring the levels of inbreeding and genetic
diversity of the breeding populations as well as identifying and
recruiting suitable diverse founder broodstock [15,16]. With respect to
the wild populations, genomic characterization supports the sustainable
conservation of such populations through monitoring of their genetic
diversity and monitoring genetic admixture with escaping farmed
strains that could impact their fitness to survive in natural habitats
[15-17]. There have been efforts to pursue genetic characterization of
both wild [18-21] and farmed [18] Nile tilapia populations in Uganda.
Genetic structure analyses from these studies have revealed genetic re-
lationships between fish from the different major wild habitats in
Uganda. For example, close genetic similarities were observed between
fish from L. Albert and L. Kyoga, while L. Victoria fish was genetically
unique from fish from the former two lakes. These observations suggest
that the stocks used to introduce Nile tilapia into L. Kyoga were most
likely sourced from L.Albert [18,20,21]. With respect to farmed Nile
tilapia populations in Uganda, Tibihika et al. 2020 demonstrated genetic
overlap of these populations with the wild populations, with L. Albert, L.
Kyoga and River Nile, as well as L. Edward, L. George and Kazinga
Chanel populations showing predominant genetic contribution to the
farmed populations included in that study. However, L. Victoria had very
little contribution to the genetics of the farmed populations considered
in that study. Together, these studies provide knowledge has that has
potential application in the species conservation and development
programs. However, it is worth highlighting that these studies relied on
a few randomly amplified polymorphic DNA [20], and microsatellite
[19,21] genomic markers that are likely to provide minimal genome
coverage for overall genomic characterization of the studied
populations.

Therefore, the objective of the current study was to utilize genome-
wide SNP markers to genetically characterize farmed and wild Nile
tilapia from hatcheries across the country, and three major lakes (Albert,
Kyoga, and Victoria) in Uganda. We investigated the genomic
inbreeding, diversity, and admixture across 13 Ugandan populations, as
well as the genetic structure within and between these populations. We
also investigated the potential introgression of GIFT-derived strain into
Uganda’s Nile tilapia populations. In addition, we performed genome-
wide runs of homozygosity analysis to investigate potential genomic
regions that could be foci for important traits via natural or artificial
selection in the Ugandan Nile tilapia populations.
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2. Materials and methods
2.1. Ethical approval

All procedures and protocols used in this study were reviewed and
approved by the Institutional Animal Care and Use Committee of Mak-
erere University (SVARIACUC/133/2022) and registered by the
Uganda National Council for Science and Technology (A269ES).

2.2. Fish sampling and genotyping

A total of 382 Nile tilapia fish were sampled in March of 2023 from
open waters of the three major lakes in Uganda including L. Victoria (n =
37), L. Kyoga (n = 24), and L. Albert (n = 37) as well as Nile tilapia
hatchery farms (n = 286) in the catchment areas of these three lakes
(Fig. 1 and Table 1). Wild fish were sampled using a fishing net of 0.5 in.
mesh size, 2 m width and 40 m in length, while farmed fish were
sampled using a seine net of 0.5 in. mesh, 2 m width and 25 m length.
The fish were humanely anesthetized by immersing them in a Tricaine
Methane Sulphate (MS-222) solution of 100 mg/1 for one minute and
subsequently, fish were then weighed, and measured for heart girth,
standard length, and total length as summarized in Table 1. Then an anal
fin clip of 0.5cm? was collected from each fish using sharp scissors. The
collected tissue was immediately preserved in 1.5 ml of 97% ethanol and
thereafter stored in a fridge at 4 °C. The collected fin clip tissue was
divided into two halves, of which approximately 0.25cm? was trans-
ferred into cryo-vials containing fresh 97% ethanol and shipped to
Neogen Ltd.’s genotyping laboratory in Nebraska, USA. Briefly, genomic
DNA was extracted from each individual fin clip tissue using magnetic
bead DNA extraction method [22], and DNA concentration of 15-20 ng/
ul was considered sufficient for the genotyping process. DNA was also
evaluated for quality using the Thermo Scientific NanoDrop Spectro-
photometer (Thermo Fisher Scientific, Cleveland, OH, USA), and DNA
samples were considered acceptable for genotyping if they had A260/
A280 and A260/A280 absorbance ratios of 2.0-2.2 and 1.8-2.2
respectively. Subsequently, each fish was genotyped for 60,785 genome-
wide SNP markers on a custom-made Thermofisher Axiom Nile tilapia
array (Axiom_OreNil50), designed by Benchmark Genetics (Bergen,
Norway) and shared in-kind for this study. To promote the conservation
of Uganda’s indigenous Nile tilapia strains and stocks, the importation of
GIFT-derived strains is prohibited in the country, however, there are
speculations of the importation of GIFT strains into the country by some
hatcheries that could potentially jeopardize the conservation efforts. In
this regard, Benchmark Genetics (Bergen, Norway) shared the genotype
data of 30 Nile tilapia fish from their GIFT-like strain breeding program,
which were used as an outgroup population for independent compari-
sons, as well as estimation of potential GIFT introgressions into Ugandan
Nile Tilapia populations in the current study. These samples are referred
to as the BMK population in this study. These fish were genotyped on the
same array (Axiom_OreNil50) as the Ugandan populations.

2.3. Data analyses

2.3.1. Genotype data processing and cleaning

Plink software version 1.9 [23] was used to remove fish samples that
had low genotyping rates (< 90%; —-mind 0.1). In addition, SNP
markers that had high missing genotype rates (> 5%; —-geno 0.05), very
low minor allele frequencies (< 0.005; —-maf 0.005) or deviated from
Hardy-Weinberg equilibrium (P < 1E-4; —-hwe 1E-4) were also removed
from the final dataset.

2.3.2. Population genetic structure and admixture analysis

To investigate genetic structure within and between the Nile tilapia
populations in this study, we performed discriminant analysis of prin-
cipal components (DAPC) [24] in R v4.2.1 [25] using the adegenet
v2.1.1 package [26]. Firstly, a vcf file of the SNP genotypes was
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Fig. 1. Map showing sample collection sites including 10 hatchery farms and three lakes (Albert, Kyoga, and Victoria).

Table 1

Morphometric details of the fish samples from the 10 hatchery farms and 3 lakes; Weight = average total body weight at sampling, TL = average total length, SL =

average standard length, HG = average heart girth, SE = standard error.

Population District Source (Farmed/Wild) Sample size (n) Weight (g) + SE SL (cm) + SE TL (cm) =+ SE HG (cm) + SE Age (months)
L. Albert Buliisa wild 35 132.53 + 6.25 15.42 + 0.28 19.38 + 0.33 14.92 + 0.4 4
BUG1 Bugiri Farmed 28 93.71 + 2.35 13.55 + 0.14 17.02 +£ 0.21 12.66 + 0.16 -
BUG2 Bugiri Farmed 28 100.71 + 5.46 13.7 £ 0.27 17.23 + 0.34 13.16 + 0.26 14
BUG3 Bugiri Farmed 29 99.62 + 5.35 13.54 + 0.27 17.04 + 0.34 13.15 + 0.26 4
BUN1 Bunyangabu Farmed 28 112.68 + 6.10 14.96 £+ 0.26 18.73 +£ 0.29 14.11 + 0.27 4
HOM1 Hoima Farmed 28 126.42 + 31.5 14.09 + 0.42 17.66 + 0.48 12.96 + 0.38 7
KAM1 Kamuli Farmed 33 198.74 + 11.56 18.41 + 0.35 28.84 + 5.83 24.49 + 8.14 7
KAS1 Kasese Farmed 28 64.46 + 2.83 12.66 + 0.23 15.8 + 0.27 11.54 + 0.2 5
KUM1 Kumi Farmed 31 97.33 + 3.67 14.81 + 0.19 17.89 + 0.27 129 +£0.18 -
L. Kyoga Buyende wild 24 116.32 + 37.2 12.04 + 1.12 15.24 +1.43 12.29 +1.17 4
SER1 Serere Farmed 25 87.12 + 3.87 14.02 + 0.2 23.65 =+ 6.02 12.45 +£0.18 8
TOR1 Tororo Farmed 28 318.45 + 10.62 21.55 + 0.23 26.66 + 0.27 18.49 + 0.22 7
L. Victoria Bugiri wild 37 27.01 +1.48 9.82 + 0.16 11.79 + 0.18 9.71 £ 0.17 -

generated using Plink software version 1.9 (Purcell et al. 2007), the VCF
file then imported into R for analysis using vcfR v1.14.0 package [27].
To choose the optimal number of principal components (P-axes) to
retain for DAPC models, the ‘adegenet’ cross-validation function ‘xval-
Dapc’ was applied across 500 replicates. The maximum number of P-
axes was set to one less than the number of sampling sites, mitigating
potential overplotting and subsequent overestimation of spatial struc-
turing in the tested populations [28]. Visualization of DAPC model re-
sults was performed using the R package ggplot2 v3.4.2 [29]. The first
and second principal components from the discriminatory analysis were
used to visualize genetic structure and variation of within and between

the investigated populations using the R package ggplot2 version 3.4.2
[29]. To further assess genetic differentiation between pairs of the
studied populations, we computed the pairwise average fixation indexes
(Fst) using Weir and Cockerham’s method implemented in the R pack-
age dartR version 2.7.2 [30] using the gl.fst.pop() function with the
number of bootstraps (“nboots”) set at 100 and a confidence interval
(“percent”) of 95%. Corrected P-value for Fst estimate was calculated as
the proportion of bootstrapped FST values <0 from the bootstrapping
FST estimations. Subsequently visualized as a heatmap using the R
package ggplot2 version 3.4.2 [29]. Reynold’s genetic distances be-
tween the populations were estimated from the genotype data using
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dartR version 2.7.2 [30], these distances were then used to construct an
unrooted phylogenetic tree for the studied populations using Splitstree
version 4.19.0 [31]. To assess genetic ancestries of each of the studied
fish, we performed unsupervised admixture/ancestry in ADMIXTURE
software version 1.3.0 [32]. To identify the most likely number of
background ancestries in the sampled fish, we performed five-fold cross-
validation admixture analyses from two (K = 2) to 14 (K = 14) ancestral
populations, and the K value with the lowest cross-validation error was
selected as the optimal number of ancestral populations within our
studied fish.

2.3.3. Genetic diversity and inbreeding analysis

To investigate within-population genetic diversity in these Nile
tilapia populations, we estimated genomic inbreeding coefficient (Fis) of
each fish based on expected and observed genomic homozygosity as
implemented in Plink version 1.9 [23] using the —het flag. In addition,
we estimated individual fish’s expected and observed heterozygosity
using the gl.report.heterozygosity() function in the dartR version 2.7.2
package [30].

2.3.4. Runs of homogzygosity identification

Finally, to investigate genomic regions that could potentially be
undergoing natural or artificial selection in Ugandan Nile tilapia we
performed runs of homozygosity (ROH) analysis with Plink version 1.9
[23] using the ~homozyg flag. Following the recommendations from
Meyermans et al., 2020 [33] on the best practices of performing ROH
analysis in livestock species we considered the following parameters;
scanning window of 40 SNPs (—-homozyg-window-snp 40), 0.05 as the
threshold of the scanning window hit rate (—-homozyg-window-
threshold 0.05), maximum of one heterozygous SNP allowed in the
window (—-homozyg-window-het 1), and five SNPs were allowed as the
maximum of markers in the with missing genotype information
(—-homozyg-window-missing 5). We also considered 500 kb as the
maximum gap/ distance between two homozygous SNPs (—-homozyg-
gap 500), of one SNP per 60 kb as the minimum density in the homo-
zygous segment (—homozyg-density 60), minimum length of a ROH
was 1000 kb (—-homozyg-kb 1000) and 100 SNPs as the minimum
number of markers per the ROH (—-homozyg-snp 100). It is worth
highlighting that before performing ROH analysis, genotype data was
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subjected to the same filtration as in the genomic analyses, however we
did not filter genotypes for MAF in this stage as recommended by
Meyermans et al., 2020 [33]. Candidate genes harboured within the
most frequent ROH regions from the Nile tilapia genome
(GCA_001858045.3) using the Ensembl BioMart [34] tool from the
Ensembl genome browser (Ensembl genes 110).

3. Results
3.1. Marker genotype quality

We obtained high genotyping rates (average 97%), with only four
samples of the 382 genotyped showing low genotyping rate (< 90%). A
total of 47,288 out of 60,785 SNP markers were filtered from the anal-
ysis (10,136 missing in >5% of the samples, 2152 showed deviation
from Hardy-Weinberg equilibrium, 32,851 had a MAF below 0.05, and
2149 with duplicated genomic positions). Consequently, a total of
13,497 SNP markers were retained for genomic analyses. A sizable
number of markers had very low MAF across all sampled populations
(Fig. 2), which probably reflects that Ugandan populations were not
considered in the design of the SNP array used in this study (Fig. 2). The
populations L. Albert, BUN1, KAM1 and L. Kyoga had the lowest average
MAF (0.074), while HOM1 from Hoima district had the highest MAF
(0.134 + 0.146) (Fig. 2).

3.2. Population genetic structure and admixture

The DAPC results showed clear genetic substructure between the
Ugandan Nile tilapia populations investigated (Fig. 3a). The linear
discriminant axis 1 (LD1), which explained 44.7% of the total genomic
variation, strongly separated one farmed population (BUG1) of all the
other wild and farmed populations. The linear discriminant axis 2 (LD2),
that explained 20.5% of the total genomic variation, moderately sepa-
rated the populations into two main subgroups, with two (KAM1 and
BUN1) farms clustering nearer to L. Victoria than L. Albert or L. Kyoga,
and six farms (KUM1, KAS1, HOM1, SER1, BUG2, and BUG3) clustering
together with L. Kyoga. Interestingly, when we added GIFT-derived
strain samples (BMK) from Benchmark Genetics, LD1 explained 47.4%
of genomic variation and strongly separated the fish into two major
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Fig. 2. Density plot summarizing minor allele frequency distribution of SNP markers in the Nile tilapia populations considered in this study.
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groups, with BMK fish distinctively separated from Ugandan pop-
ulations (Fig. 3b). Moreover, LD2 explained 23.9% of the genomic
variation and separated one BUG1 from the rest of the Ugandan fish,
which clustered together. It is also worth noting that fish from the lakes
formed three distinct clusters, with the population of each lake clearly
separated from those of other lakes, and the fish within each lake
showing high genetic similarity (Fig. 3a). For farmed fish, the in-
dividuals from the six farms (KUM1, KAS1, SER1, BUG1, BUG2 and
BUG3) that clustered around L. Kyoga were genetically close to each
other, and genetically distant of the fish from BUG1, BUN1 and KAM1,
which were also divergent from each other.

Furthermore, genetic distance analysis results demonstrated closer
genetic relationship between fish from L. Kyoga and L. Albert, while fish
from L. Victoria were genetically very distinct from those of the other
two lakes (Fig. 4a). Fish sampled from four farms (TOR1, SER1, BUG2
and BUG3) showed close genetic relationship with those sampled from
both L. Albert and L. Kyoga. These results showed that fish from BUG1
and HOM1 are unique from the other studied populations with the later
showing some genetic relationship with BMK animals than any of the
other studied populations (Fig. 4b). Additionally, on average we ob-
tained low pairwise fixation index estimates (0.01 to 0.12), between the
Ugandan populations (Fig. 4c), although these estimates were signifi-
cantly greater than zero (Table S1 in Supplementary file 1). These results
demonstrate generally low genetic differentiation between the Ugandan
fish populations investigated in this study. Nonetheless, two hatcheries,
BUG1 and HOM1, showed moderate genetic differentiation from any of
the lake or farmed populations, with Fst values between 0.07 and 0.12
and 0.06-0.11, respectively (Fig. 4c). In agreement with the genetic
distance estimates, the Fst estimates showed strong genetic differentia-
tion between the Ugandan populations and the GIFT-derived
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population, with Fst values >0.20. Again, the exception was the farmed
population HOM1, which is genetically closer (Fst = 0.20) to GIFT
(Fig. 4¢).

From the admixture analysis, a K value of 11 had the lowest cross-
validation error (Fig. S1 in Supplementary file 2), indicating 11 as the
optimal number of ancestries among our studied populations. In general,
fish from the lakes were largely of one ancestral lineage with little or no
admixture with other ancestries (Fig. 5). L. Albert and L. Victoria Nile
tilapia populations are largely pure stocks of distinct ancestry, while fish
from Lake Kyoga showed some level of admixture and significant
ancestry overlap with the fish from L. Albert (64.5 + 5.4%). Fish from
most hatcheries were greatly admixed with the majority of the fish
showing genetic overlap with fish from L. Albert and L. Kyoga. For the
hatcheries, admixture analysis results indicated that the genetic
composition of fish from five (BUG2, BUG3, HOM1, KAS1 and TOR1) of
the studied farms were predominantly admixed from multiple ancestries
(Fig. 5). In addition to having admixed individuals, some of the hatchery
farms had single ancestry individuals but with different lineages such as
SER1, and BUN1 with individuals from two strains, and KAM1 which
had individuals from three pure strains. Interestingly, one farm fish from
BUG1 were predominantly of single ancestry which was distinct from all
the investigated populations in the current study. It is worth high-
lighting that L. Albert/ L. Kyoga showed higher (2.55-52.75%) genetic
contribution to farmed fish broodstocks in Uganda, compared to L.
Victoria (2.12-28.02%). Admixture analysis also further revealed a
strong genetic distinction between Ugandan Nile tilapia populations and
GIFT-derived strain (Fig. S2 in Supplementary file 2). We observed low
genetic composition of the GIFT strain ranging from 0.001 to 2.32% in
the Ugandan populations, with the highest proportion (2.32%) observed
in the HOM1 population.
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compared to the Gift-derived strain (b), and a summary of the genome-wide Fst value estimates between the studied Nile tilapia populations (c).
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3.3. Genetic diversity and inbreeding

Investigation of within-population genomic diversity of Ugandan
Nile tilapia populations revealed moderate observed and expected het-
erozygosity estimates ranging from 0.291 to 0.354, and 0.284 to 0.368,
respectively (Table 2). The fish from HOM1 had the highest observed
heterozygosity (0.354) and expected heterozygosity (0.368), while
BUN1 had the lowest observed heterozygosity (0.291) and expected
heterozygosity (0.284). In general, observed heterozygosity was slightly
higher than expected heterozygosity in most of the Ugandan studied
populations, except for HOM1 where the observed was lower than the
expected heterozygosity depicting some level of inbreeding in this
population. Genome-wide inbreeding estimations revealed low
inbreeding coefficient (Fis < 0.1) across all the Ugandan populations
investigated in the current study (Fig. 6), however, we observed
exceptionally high variability of inbreeding in the fish from HOM1, with
a sizable number of individuals from this hatchery showing relatively
high levels of inbreeding (Fis > 0.1).

3.4. Runs of homozygosity

We identified a total of 10,205 unique runs of homozygosity regions,
and the frequency of these ROH regions within the studied fish varied
between 0.265% and 37.3% (Fig. 5, and Table S2 in Supplementary file
3). The ROH regions were on average of 3585 + 2233.28 kbp, and they

Table 2

Average genomic heterozygosity estimates within the studied populations.
Population Number of individuals Ho (SD) He (SD)
Albert 35 0.299 (0.183) 0.295 (0.171)
BMK 30 0.23 (0.195) 0.231 (0.183)
BUG1 28 0.306 (0.191) 0.292 (0.167)
BUG2 28 0.317 (0.169) 0.315 (0.153)
BUG3 29 0.314 (0.176) 0.307 (0.159)
BUN1 28 0.291 (0.198) 0.284 (0.174)
HOM1 28 0.354 (0.139) 0.368 (0.126)
KAM1 33 0.303 (0.199) 0.284 (0.172)
KAS1 28 0.308 (0.177) 0.306 (0.158)
KUM1 31 0.311 (0.173) 0.309 (0.155)
Kyoga 23 0.294 (0.194) 0.287 (0.176)
SER1 25 0.324 (0.195) 0.303 (0.161)
TOR1 28 0.327 (0.168) 0.317 (0.150)
Victoria 34 0.302 (0.180) 0.298 (0.168)
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contained on average 185 + 117 SNPs with the proportion of homozy-
gous sites ranging from 86 to 100%. The strongest ROH signal was
observed on chromosome 5 and was detected in 141 Ugandan Nile
tilapia in the current study. The region was detected in all the 13 pop-
ulations in the current study, however, its frequency within the studied
populations varied being most frequent (64% of the individuals) in the
BUN1 farm, and least frequent (4% of the individuals) in BUG1 farm.
This region harbours a total of 125 genes (Table S3 in Supplementary file
4). One of the most interesting candidate genes located within this re-
gion is the BPI gene, which encodes for the bactericidal permeability-
increasing protein. Also, this region overlaps with previously identi-
fied quantitative trait loci for body weight gain with GHRH (growth
hormone releasing hormone) among the candidate genes in the over-
lapping region. We also identified two other less frequent ROH regions
on chromosome 2 and 12, which were present in 77 and 76 individuals,
respectively. Additionally, we detected weaker signals (10 to 16% of
samples) in chromosomes 1, 6, 13, 16, 19 and 22 (Fig. 7).

4. Discussion

In the current study we utilized genome-wide markers to perform
genetic characterization of wild and farmed Nile tilapia populations in
Uganda. We obtained high genotyping rates across the investigated fish
(97%), however, a significant number of the markers from the panel
(32,851, 54%) were not polymorphic or not segregating in the Ugandan
populations in the current study. The low number of polymorphic
markers encountered in this study could be attributed to the population
used in SNP discovery and selection during the panel designing process.
The SNP panel used in the current study was designed based on
Benchmark genetics’ GIFT-like strain population, thus explaining the
relatively higher average MAF (0.125) of the BMK population as
compared to the Ugandan populations, except HOM1. Similar results
were observed in a study that developed a publicly available Nile tilapia
genotyping platform based on WorldFish’s GIFT population, where a
significant number of markers on the panel were fixed in African Nile
Tilapia strain populations [35]. This highlights the need to develop
genomic resources adapted to the African indigenous tilapia strains to
support Nile tilapia breeding and conservation programs on the conti-
nent. The GIFT strain is a unique commercial tilapia strain developed
through an international collaborative project genetic improvement of
farmed tilapia at the International Center for Living Aquatic Resources
Management, Philippines, (currently WorldFish) that involved the
crossing of wild stocks (from Ghana, Kenya, Egypt, and Senegal) and
farmed strains (within The Philippines) followed by generations of se-
lective breeding [36,37]. Despite the low MAF realised in the Ugandan
populations in the current study, we retained a substantial number
(13,489) of polymorphic genome-wide distributed markers that we are
confident are sufficient the genetic characterization analyses of the
investigated Ugandan Nile tilapia populations. Interestingly, it has been
demonstrated that as low as 65 random SNP markers in the genome are
sufficient for genetic characterized populations, and increasing the SNP
markers to over 100 SNPs only increased the probability of assigning
individuals to the correct ancestry groups [38].

With respect to the three wild populations studied in the current
study, our results from population structure analysis demonstrated that
each of these populations was comparably distinct. However, fish from
L. Kyoga’s are genetically closer to those from L. Albert, while the fish
from L. Victoria are genetically distant from the fish from either L. Kyoga
or L. Albert. These results were concordant with the results from genetic
distance and population differentiation estimates, both showing closer
genetic relationship between L. Kyoga and L. Albert fish. Similarly,
admixture results showed that the L. Victoria population was predomi-
nantly a pure stock, while fish from L. Kyoga are admixed and share
significant genetic composition with the pure stock fish from L. Albert.
These results highly correlate with a recent study by Tibihika et al. 2020
using 40 microsatellite markers, which showed that fish sampled from L.
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Albert and L. Kyoga were genetically close, while fish from L. Victoria
were distant from fish from the two latter lakes [18]. Moreover, in the
same study, genetic composition results also demonstrated genetic
overlap between L. Kyoga and L. Albert populations, while L. Victoria
population was genetically distinctively unique from either of the two
lakes [18]. Interestingly, substantial genetic similarity between fish
from L. Albert and those of L. Kyoga and its basin has been reported by
earlier genetic characterization studies that utilized Randomly Ampli-
fied Polymorphic DNA (RAPD) [20] and microsatellite markers [21]. All
these results strongly suggest that L. Albert fish were among the stocks
that were used to introduce Nile tilapia in L. Kyoga. Indeed, Nile tilapia
is not native to either L. Kyoga or L. Victoria, but it was introduced into
these lakes from the 1950s and 1960s by deliberate human translocation
of fish from native habitats such as L. Albert, L. Edward, L. Turkana and
River Nile as a means of improving fisheries output of the two lakes
[39-41]. However, the origin of the stocks that were stocked into each of
the lakes was never recorded. The high genetic dissimilarity of L. Victoria
fish and fish from L. Albert or L. Kyoga, observed in the current study as
well as from Tibihika et al. 2020, suggests that L. Albert was not the
source of the stock that was used for introducing Nile tilapia into L.
Victoria.

Regarding the farmed Nile tilapia populations, clustering and genetic
distance analyses revealed some genetic structure between fish from the
hatcheries, with fish from the majority of these hatchery farms showing
close similarity with the fish from L. Kyoga and L. Albert, demonstrating
the importance of these two lakes as sources of broodstock for farmed
fish in Uganda. This was further supported by the results from our ge-
netic/genomic composition estimation results, which showed higher L.
Kyoga/Albert genetic proportions (2.55-52.75%) as compared to L.
Victoria composition proportions (2.12-28.02%). We observed weak
genetic differentiation between the hatchery populations, as well as
between the lakes’ populations and the hatchery populations. This
observed lack of structure is the result of genetic mixing, likely driven by
the management of hatchery broodstock in Uganda. Indeed, it has been
demonstrated by Mwanja et al. 2015 that many hatchery owners source
their broodstock from their fellow farmers, while the remaining farmers
source their animals from the Aquaculture Research and Development
Centre and or directly from the wild [14]. Similarly, weak differentia-
tion between farmed Nile tilapia populations, as well as between farmed
and wild populations, has been reported by a similar study in the
Democratic Republic of Congo (borders Uganda in the West), where the
methods of sourcing broodstock for farmed Nile tilapia are largely
similar to those in Uganda [17]. It is worth highlighting that the GIFT
strain included in the current was remarkably different from the Uganda
Nile tilapia populations with very traces of GIFT in these populations.
These results demonstrate that both wild and farmed Nile tilapia pop-
ulations are largely free of the GIFT introgression. However, fish from
one of the hatcheries investigated in the current study showed more
genetic similarity to GIFT than any of the other populations in the study,
indicating possiple introgression of the GIFT strain into Uganda farmed
populations. Although there is no documentation of importation of GIFT
into Uganda since use of such imported strains is restricted to protect the
native strains and stocks, this strain is largely used by Nile tilapia
farmers in the neighbouring countries such as the Democratic Republic
of Congo [17,42], Tanzania [43,44] and Kenya [45,46]. Therefore,
given the minimal restrictions on border crossings between these
countries and Uganda, it is not unexpected that this strain could be
circulating in Uganda’s Nile tilapia aquaculture industry.

Regarding genetic diversity, except HOMI, all investigated pop-
ulations had observed heterozygosity estimates higher than the expected
estimates, implying good genetic health of these populations. Indeed,
our inbreeding rate estimations revealed low rates of inbreeding in most
of the investigated populations. We speculate that, considering the un-
monitored mating at most of the hatchery farms in Uganda, the high
levels of genomic heterozygosity and low rates of inbreeding observed
are mainly a result of the constant introduction of new fish (either from
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the wild or other hatchery farms) into their broodstock as demonstrated
by our admixture results.

Our runs of homozygosity analysis detected an interesting genomic
region that is potentially under selection in the Uganda tilapia strains
and stocks on chromosome 5. This region harbours several genes of in-
terest, such as the BPI gene that encodes for bactericidal permeability-
increasing protein, an important component of the innate immune sys-
tem animals [47]. The bactericidal permeability-increasing protein is
mainly expressed by neutrophils and has strong anti-microbial activity
against gram negative bacteria through bacteria opsonization to pro-
mote intracellular and extracellular bacteria killing by phagocytes,
bacterial lipopolysaccharide neutralization and clearance [48-50]. Also,
the bactericidal permeability-increasing protein delivers gram negative
bacteria membrane antigens to dendritic cells, inducing both innate and
adaptive lymphocyte antimicrobial responses against the invading
bacteria [48]. In teleost fish, recombinant bactericidal permeability-
increasing protein from multiple species has been demonstrated to
have bactericidal effects against different gram-negative pathogenic
bacteria such as; Aeromonas hydrophila and Escherichia coli in blunt snout
bream (Megalobrama amblycephala) [51], Pseudomonas fluorescens and
Edwardsiella tarda in tongue sole (Cyanoglossus semilaevis) [52], as well
as Vibrio alginolyticus and Edwardsiella tarda in golden pompano (Tra-
chinotus ovatus) [53]. Therefore, given this demonstrated importance of
BPI in the host response against gram negative bacteria, the identified
region might be of significant importance to the aquaculture sector,
especially to breed for disease-resilient strains of Nile tilapia.

Furthermore, the ROH region identified on chromosome 5 over-
lapped with a growth rate QTL previously identified in the GIFT strain
by Barria et al. 2021 and was proximal (1.86 Mb downstream) to the
feed intake QTL identified in the same study [54]. This demonstrates
that this region might not only be limited to host pathogen resistance but
also could be important regarding feed efficiency traits, hence being of
great interest for Nile tilapia production efficiency. GHRH is one of the
candidate genes in the overlapping region between the growth rate QTL
from Barria et al. 2021 and the strongest ROH region identified in the
current study. GHRH encodes for the growth hormone-releasing hor-
mone, which is a neuroendocrine factor that stimulates growth hormone
(GH) synthesis and release from the anterior pituitary gland [55]. GH
regulates fish growth through modulation of processes such as feed
intake, nutrient absorption and assimilation processes including protein
deposition and lipid mobilization via the GH/IGF system [56-59], and is
a major determinant of fish growth.

5. Conclusions

In this study, we investigated the genetic structure, diversity and
putative regions under selection in wild and farmed Nile tilapia pop-
ulations in Uganda. A significant number of markers on the panel used in
the current study were not segregating in the Ugandan populations,
indicating the need to develop genomic tools adapted for these pop-
ulations that could be utilized to support improvement of local strains.
Our results demonstrated clear genetic substructure between wild pop-
ulations, with L. Kyoga fish showing high genetic similarity with fish
from L. Albert, suggesting L. Kyoga was originally stocked with fish from
L. Albert. We observed some genetically unique populations among the
studied that could be further studied for phenotypic characterization in
terms of production traits. We also observed high genetic linkage be-
tween most of the farmed populations and the stock from L. Albert / L.
Kyoga which might be related to some phenotypic differences or supe-
riority of the fish from these sources when compared to other wild stock
sources, however, this remains to be experimentally studied. On
average, we observed high genetic diversity and low inbreeding rate
across the studied populations in widely genetically healthy breeding
populations, although some of the farms had high numbers of highly
inbreed individuals, which could potentially have negative impacts on
the reproductive and survivability as well production efficiency of these
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population. Interestingly, we identified a genomic region putatively
under selection in Ugandan Nile tilapia that overlaps with a previously
identified growth rate QTL and harbours a key innate immune gene,
implying that this region could be exploited to support the development
of more production efficient strains that are also resilient to the pre-
vailing pathogens in the region. Indeed, this region could be harbouring
genetic markers that could support marker-assisted selection.
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