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Abstract: Despite the importance of Nile tilapia as a main aquaculture species in Uganda,
limited research has been conducted concerning its genetic diversity, particularly in farmed
populations. This gap has hindered the development of a systematic breeding program
for this species. Successful aquaculture development, especially for genetic improvement,
relies on the diversity and purity of wild and farmed populations as germplasm sources for
selective breeding. Using microsatellite markers, the current study evaluated the genetic
diversity of 480 samples collected from 20 populations of Nile tilapia (Oreochromis niloticus)
in Uganda. All the populations exhibited a higher expected heterozygosity (0.50 &= 0.01)
than observed heterozygosity (0.42 4= 0.01), although this was not significantly different.
Populations from ponds showed lower FST values (<0.001), an indication of lower genetic
differentiation. The populations formed four main clusters; the first comprising of mainly
cages (Pal and Busana), the second with cages: Katosi and SON in addition to Rocks
hatchery, the third comprised of Bawe cage fish farm and Tendo hatchery, and the fourth
were populations from ponds and beaches on Lake Victoria. Given the higher genetic
diversity and genetic differentiation of Tendo and Rocks populations, these farms would
provide potential candidates for the development of local strains in Uganda. These results
provide more insights into the management of local Nile tilapia strains towards reduction
of inbreeding levels.
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1. Introduction

Aquaculture is one of the world’s fastest-growing food production sectors [1]. In
2022, it recorded 130.9 million tonnes in live weight at a total farm gate sale value of USD
312.8 billion [2]. The increased global aquaculture production makes the sector a suitable
alternative for enhancing fish production to meet the demand-supply gap arising from
the continual decline in capture fisheries [2,3]. Despite the global growth of aquaculture,
African countries still contribute a relatively small share, estimated at 1.9% [2]. The FAO
fisheries and aquaculture report [2] indicates that Egypt (67.0%), Nigeria (11.2%), Ghana
(5.7%), and Uganda (4.4%) are the main contributors to aquaculture production in Africa.
For Uganda, aquaculture production started in 1941 as a subsistence activity to provide
cheap animal protein for rural households [4]. The transition to commercial aquaculture
in Uganda gained momentum between 2005 and 2006 with the establishment of cage fish
farming technology [4]. The increase in fish productivity, coupled with the vast surface
area of inland water bodies and the suitability of native Nile tilapia (Oreochromis niloticus)
species, offers significant potential for the success of aquaculture in Uganda, especially
utilizing cage production facilities [3,5]. With the increased investment in cage aquaculture,
Lake Victoria (L. Victoria) which is the main water body in Uganda has over 50 cage farm
installations on its Northern shores [3].

Nile tilapia (O. niloticus henceforth) and the African catfish (Clarias gariepinus) are the
main species farmed in Uganda [4]. With the recent growth of commercial cage aquacul-
ture [6], the Ugandan culture of O. niloticus has increased greatly in the last two decades [3].
Oreochromis niloticus is an important source of proteins for most Ugandans. According
to available statistics, fish in Uganda (especially O. niloticus and Lates niloticus) accounts
for over 63% of the locally consumed proteins, with an annual per capita consumption
of 12.5 kg [7]. Although O. niloticus is native to Uganda, there are differences in the
growth rates in its aquaculture compared to most of the improved strains elsewhere in
the continent [8-11]. This is partly attributed to seasonal procurement of O. niloticus fry
from different hatcheries based on recommendations from fellow farmers. However, the
inbreeding levels of such hatcheries are largely unknown. In addition, some aquaculturists
and hatcheries obtain their brood stock from wild populations with unknown genetic
backgrounds [12]. Such practices contribute to discrepancies in the lengths of production
cycles between fish stocks sourced from different hatcheries among farmers. In Uganda,
these hatchery practices arise from the absence of clear selective breeding programs among
farmers, resulting into reduced genetic diversity [13].

Genetic diversity is key in enhancing stock during selective breeding programs. Most
studies on genetic diversity among species in Uganda are usually to develop a good man-
agement strategy for the maintenance of the genetic quality of species, that is, genetically
productive stocks [12,13]. Thus, they often involve the analysis of wild populations from
various water bodies or comparisons between wild and farmed populations, using either
phenotypic [8,14] or molecular techniques or both [12,15]. Earlier studies employed tra-
ditional genetic markers like allozymes and restriction fragment length polymorphism
(RFLP) of mitochondrial DNA (mtDNA) to differentiate the genetic diversity of Oreochromis
species in East African freshwater bodies [16]. These traditional markers have low resolving
power and thus cannot characterize the variations within and between populations [17].
The application of microsatellite genotyping using next-generation sequencing has proven
to be the most effective approach, as it minimizes size homoplasy (i.e., when different DNA
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sequences result in the same fragment size during analysis, leading to misinterpretation of
genetic relationships). Size homoplasy is one of the limitations of traditional methods that
relies solely on measuring the fragment length of simple sequence repeats (SSRs) [18].

As Uganda strives towards having a streamlined selective breeding program for
O. niloticus, few studies have been done to provide essential baseline data [12-15]. While
characterizing farmed O. niloticus using morphometric traits, three main clusters were
observed, which could be attributed to the differences in the source of the fish seed [14].
The study by Tibihika et al. [12] revealed higher levels of admixture among the farmed
populations. In this study, only a few farms (three) were considered which could have not
captured the full range of genetic diversity present in the broader O. niloticus population
in Uganda. With the limitations of phenotypic techniques and the use of few fish farms
in the foregoing studies [12,14], there remain gaps related to the assessment of the genetic
diversity of cultured O. niloticus strains, especially those from Ugandan hatcheries, ponds
and cages. Since hatcheries often serve as the initial source of fish stocks for many farms,
including samples from them in the current study was sought to establish a genetic baseline
and provide insights into the original genetic diversity and differentiation of farmed
O. niloticus populations. Currently, there are many cage farms established on L. Victoria,
and it is important to characterize O. niloticus farmed in these cages in comparison with wild
stocks. This is further supported by the fact that fish escapes are unavoidable during farm
operations. The current study employed microsatellite markers based on next-generation
sequencing (NGS) to determine the genetic variation within the farmed O. niloticus strain.
Specifically, the study aimed to (1) characterize O. niloticus from hatcheries, ponds, and
cages; (2) compare the identified genetic profiles of these farmed populations with wild
populations; and (3) use the generated information as a tool to improve the management
of domesticated farmed strains in Uganda. The information from this study will help to
document and monitor cultured stocks for the possible emergence of other local strains or
the introduction of exotic strains.

2. Materials and Methods
2.1. Description of Sampling Sites

This study was conducted in 20 sites inclusive of five cage farms (Bawe, Pal, Katosi,
Busana, and SON), six pond farms (Lusalosalo, Mapema, Kabonera, KAF, Rural Aqua
Devt, Kambuga, and Rukikaire), and four hatcheries (KachVic and Kachkyo (located
at Kyanamira), Rocks, Tendo, and Kawuku) (Figure 1). The cage farms are among the
commercial farms located on L. Victoria while the pond farms are distributed in Western
and Central Uganda. Specifically, Rural Aqua Devt, Kambuga, and Rukikaire are located
in Southwestern Uganda, while Lusalosalo and Kabonera are located in Central Uganda.
For hatcheries, the Kyanamira aquaculture fish facility, located in the Kabale district, is a
government facility under Kachwekano Zonal Agricultural Research and Development
Institute (KaZARDI) of the National Agricultural Research Organization. Most pertinently,
the fish populations at the Kyanamira aquaculture facility were stocked and raised in
independent pond systems with the native broodstock originating from lakes; Victoria,
and Kyoga. The other hatcheries (Kawuku, Tendo, and Rocks) are among the commercial
hatcheries that are known to supply O. niloticus fry to the whole country. Additionally,
three populations from Gaba, Garuga, and Kashenyi beaches on L. Victoria were collected
and included in the study.
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Figure 1. Map showing the sampling sites in Uganda. KachVic and KachKyo are both located at

Kyanamira, while KKN and KAF are located at Kabonera. Details are provided in Table 1.

Table 1. Location, sample sizes and geographical positioning system of the sampling sites.

Collected  Analysed

Site Region Source Code Samples Samples Latitude Longitude
Rukikaire farm South Western RUK 29 29 0°48'01” S 29°54'57" E
Rural Aqua Devt  South Western RAD 25 21 0°47'38" S 29°55'03" E
Mapema South Western MKN 31 22 0°36'4"” S 30°38'5" E
Kambuga South Western ~ Ponds KZN 35 31 0°48'48" N 29°48'02" E
Central KKN 26 25 0°26'42"" S 31°40'53"" E

Kabonera Central KAF 28 28 0°26'42" S 31°40/53" E
Lusalosalo Central LN 37 35 0°40'28"S  31°28'28"" E
Kyanamira South Western KachVic 23 23 1°15'50” S 30°1'58" E
South Western KachKyo 23 19 1°15'50” S 30°1‘58" E

Kawuku Central Hatchery PN 35 31 0°8’47" N  32°31'36'" E
Rocks Eastern Rocks 20 19 0°65'81"" N 34°18'25"" E
Tendo Central TN 36 30 0°3/3” N 32°33'29"" E
GARUGA Central GN 30 30 0°2'54"" N 32°33/24" E
Kashenyi Central Wwild KSN 22 21 0°3'15” N 32°31'15" E
Gaba Central GBN 18 18 0°15'28" N 32°38'13"" E
BAWE Central BN 22 22 0°3’50" N 32°33'31" E
Pal Central Pal 20 19 0°05'50"" N 32°55/43"" E
Busana Central Cages Busana 20 19 0°35'53" S 32°27'03" E
Katosi Central Katosi 20 19 0°08'21” N 32°47'39" E
SON Eastern SON 20 19 0°40'44" N 32°20'37" E

Note: The total number of collected samples = 520 (i.e., the original number of fin clips collected from the field).
Those analysed samples were 480, after trimming and quality checks of the illumina sequence data.

2.2. Sample Collection

A total of 520 Oreochromis niloticus samples were collected from various sites, including

450 from farmed populations and 70 from wild populations (Table 1). All the samples

were obtained either directly from the farms, farm sales outlets, or from boats landed on

harvest days using a random sampling technique. For the wild populations, the samples
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were obtained from local fishermen when freshly killed. In cases where the fish was caught
alive, individuals were promptly euthanized in an overdose of clove oil and a fin clip
extracted. Sampling was done between March 2023 and June 2023, and each sample site
was geo-referenced using a handheld GPS receiver. From each fish, a fin clip was cut from
the caudal fin using a sterilized blade and capped into a collection tube filled with 95%
ethanol for subsequent genotyping at the Institute of Integrative Nature Conservation
Research (INF), BOKU University, Vienna, Austria. After quality check and trimming, the
data resulted into 480 samples that were subsequently used for data analysis.

2.3. Genotyping of Samples

The DNA extraction followed the protocol of Tibihika et al. [17] using magnetic beads
(MagSi-DNA beads-Magna Medics) and a magnetic separator SL-MagSep96 (Stein Brenner,
Germany). DNA quality was verified using 1.5% agarose gel and later visualized using a
trans-illuminator system before amplification. Polymerase Chain Reaction (PCR) amplifi-
cation was carried out using 43 previously developed microsatellites (SSR) for O. niloticus
populations from East Africa [17]. The selected primers were then divided into four multi-
plexes and used to prepare SSR genotyping by amplicon sequencing libraries (SSR-GBAS)
based on the procedures by Kariuki et al. [19] with slight modifications [14]. The PCR prod-
ucts were pooled sample-wise, cleaned using AMPure magnetic beads, and subsequent
indexing was performed as described by Tibihika et al. [17]. The individually indexed
samples were pooled and used for a paired-end 300 bp sequencing run on an Illumina
MiSeq at the Genomics Service Unit, Ludwig Maximilian Universitat, Miinchen, Germany.

The PCR per sample contained a total volume of 5.0 pL including 2.0 uL of the genomic
DNA, 0.25 uL of each primer (100 nM), 2.5 uL of Master mix (Qiagen Multiplex PCR Kit;
Qiagen; Netherlands), and 0.25 pL of autoclaved water. The PCR conditions were as follows:
initialization at 95 °C for 15 min, followed by denaturation for 30 cycles at 95 °C for 30 s,
annealing at 55 °C for 1 min, and elongation for 1 min at 72 °C and the last extension steps
at 72 °C for 10 min. The remaining amplicon library preparation and sequencing steps
followed the same protocol of SSR-GBAS described above.

2.4. Sequence Analysis, Genotyping, and Allele Calling

Illumina sequencing data were quality-checked using FastQC (version 0.11.9, Babra-
ham Bioinformatics, Cambridge, UK) and trimmed using Trimmomatic (version 0.39) [20]
to remove adapters and poor-quality regions as described in Curto et al. [21]. Further
steps, including merging, demultiplexing, and allele calling were done using Python scripts
described previously [21].

2.5. Population Genetics

The SSR codominant matrix was analyzed using GenAlEx v. 6.503 [22] to evaluate
genetic diversity and differentiation patterns at population levels. Genetic diversity was
assessed based on the average number of alleles per locus (Na), effective number of
alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and fixation
index (F). Genetic differentiation was primarily evaluated using paired-wise FST values
across all populations. Nei’s genetic distance calculated in GenAlEx v. 6.503 was used
to compute a principal coordinate analysis (PCoA) allowing the visualization of genetic
structure patterns. This was further explored in two approaches; Firstly, Nei’s genetic
distances among populations [23] were visualized using an unweighted pair group method
with an arithmetic mean (UPGMA) dendrogram generated by Populations v.1.2.32 [24].
Support values were obtained by executing 1000 bootstrap replicates over loci. Secondly,
using STRUCTURE v2.3.4 [25] program to analyze genetic clustering among samples. The
procedure involved 15 iterations with K set from 1 to 15 and 100,000 generations after a
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burn-in period of 10,000 using the admixture model and considering allele frequencies as
independent. This was done for datasets consisting of all populations. Optimal K values
were chosen based on the Evano method as implemented in Structure Selector [26].

3. Results
3.1. Genetic Diversity of the O. niloticus Populations

All the O. niloticus populations exhibited a higher expected heterozygosity than ob-
served (Table 2, Figure 2). Samples from hatcheries and cages showed moderately higher
values of heterozygosity measures while ponds and wild populations had the least values
(Figure 2). Populations from Tendo (Ho; 0.58 + 0.04, He; 0.67 + 0.03) and Bawe (Ho;
0.52 4+ 0.04, He; 0.65 £ 0.04) showed the highest value of heterozygosity measures (ex-
pected and observed) followed by Pal (Ho; 0.47 £ 0.05, He; 0.57 &£ 0.05) and KachVic
(Ho; 0.44 + 0.04, He; 0.57 + 0.04) while Katosi had the least value (Ho; 0.30 + 0.05, He;
0.36 & 0.06) (Table 2). Both populations from ponds and wild showed lower heterozygosity
measures (Table 2).

Table 2. Heterozygosity by population for codominant data for populations of O. niloticus

from Uganda.

Population Source N Na Ne Ho He F
Pal 1433+ 116 567+061 340+039 047+0.05 057+£0.05 018=+0.05
SON 1433 +£1.15 3.69+048 2224030 035+0.05 039+£0.05 0.08=+0.04
Busana Cages 1342+116 556+0.60 334+042 044+0.05 054+£0.05 0.19=£0.04
Katosi 13.64 +120 3.69+057 228+037 030+0.05 036=£006 0.12+0.04
BAWE 2039 £0.81 6.64+050 380£030 052+0.04 0.65+0.04 0.19+0.04
Rocks 1378 £ 112 425+058 2.66+041 036+0.05 041+£0.06 0.09+0.04
Kawuku 3017+ 046 622+063 3.04+£034 043+£005 049+005 0.10=+0.04
Tendo Hatchery 29.22+£033 7.17+053 394+028 058+004 067+003 0.14 +0.05
KachVic 2194 +040 6.61+064 337+£038 044+004 057+004 0.18+0.04
KachKyo 17.89 +£ 042 456+046 2.66+027 044+0.05 047=£0.05 0.05=+0.04
Garuga 2858 £0.62 508+049 275+£031 040+004 048+0.05 0.124+0.04
Kashenyi Wild 1975+ 054 481+045 263+026 039+0.05 047+£0.05 0.16=+0.05
Gaba 17.08 £ 044 522+050 275+027 044+0.05 049+£0.05 0.07+0.05
Mapema 21.00 £ 046 531+055 293+£037 040+£005 048+005 0.13+0.05
Kabonera 23.19+0.79 5174+057 282+£031 038+£005 047+005 0.15+0.06
KAF 2583 £099 439+048 259+£030 042+006 043+0.05 0.01=+0.05
Rukikaire Ponds 2847 +032 614+065 317+037 044+0.05 051+£0.05 012=+0.05
RAD 20.08+0.34 411+041 260£027 043+£005 046+005 0.07=+0.05
Kambuga 29.64+£074 628+066 298+034 041+£005 050+005 0.12+0.04
Lusalosalo 3236 +124 675+075 321+£043 041+£005 050+005 0.16 +0.04
Total average 21.76 £0.29 537+013 296£0.08 042+£001 050+0.01 0.12+0.01

Note: Results are presented as means + standard errors of replicates. N: Number of samples, Na: Number of
different alleles, Ne: Number of effective alleles, Ho: Observed heterozygosity, He: Expected heterozygosity,
F: Fixation index.

The number of effective alleles (Ne) was higher among the samples from Tendo
(3.94 £ 0.28) and Bawe (3.80 & 0.30) followed by Pal (3.40 £ 0.39) while SON (2.28 + 0.37)
and Katosi (2.22 £ 0.30) had the lowest values. Among the wild populations, the heterozy-
gosity measures were almost the same with populations from Gaba having the higher value
(Ho; 0.44 & 0.05 He; 0.49 £ 0.05) while Kashenyi had the lowest value (Ho; 0.39 & 0.05, He;
0.47 % 0.05).
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Figure 2. Boxplot showing the heterozygosity measures among the O. niloticus populations.

3.2. Population Differentiation and Hierarchical Clustering

Pairwise genetic differentiation (FST values) among the O. niloticus populations were
investigated (Table 3). Populations from cages (Pal, Katosi, SON, and Busana) were more
differentiated. For example, Katosi and Mapema (FST = 0.45), SON and KAF (FST = 0.46),
Katosi and KAF (FST = 0.47) (Table 3). Populations from ponds and the wild had the
lowest FST values. These included Kawuku and Rukikaire (FST = 0.01), Bawe and Tendo
(FST = 0.02), and Rukikaire and Kambuga (FST = 0.02). Comparisons between wild pop-
ulations showed the lowest FST values, specifically Garuga and Gaba (FST = 0.01) and
Kashenyi and Gaba (FST = 0.02). A comparison involving Garuga and KachVic showed a
lower genetic differentiation (FST = 0.03). The comparison between KachVic and KachKyo,
both collected from the same farm but stocked in different ponds, showed a lower FST
value of 0.04 (Table 3).

Analysis of molecular variance suggested that the highest variance within individuals
(55%) followed by among populations (27%) while the least was among individuals (18%)
(Figure 3). The UPGMA dendrogram showed four main clades under study (Figure 4).
Although, the first and second are closer to each other, the first clade contains mainly
samples from cage fish farms (Pal and Busana) both located on L. Victoria while the second
were samples from cages (SON and Katosi) and hatchery (Rocks). The third clade consists
of populations from BAWE cage fish and Tendo hatchery. All other populations form the
fourth clade. In this clade, the wild populations (Garuga, Kashenyi and Gaba) are clearly
closer to each other, Samples from the Kawuku hatchery located in Central Uganda are
closer to RAD pond farm found in South Western Uganda. A similar closeness is observed
between Lusalo and Mapema pond fish farms both located in Central Uganda (Figure 4).

The Neighbor-Joining tree topology revealed a major divergence between Katosi,
Pal, Busana, and SON and the remaining localities (Figure 5A). Among the samples from
the cages, the populations from Busana and Pal showed a longer divergence than their
counterparts. SON and Katosi cage fish farms are closer to the Rocks hatchery populations
(Figure 5A).
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Table 3. Pairwise population FST values of the different populations of O. niloticus from Uganda.
Pal SON Busana Rocks Katosi BN PN TN GN KSN GBN KachVic KachKyo MKN KKN KAF RUK RAD KZN LN

0.00 Pal

0.00 SON

. 2312 Busana

Rocks

Katosi
0.00 BN
0.16 0.00 PN
0.02 013 0.00 TN
0.18 0.03 0.14 0.00 GN

0.18 0.02 0.15 0.01 0.00 KSN

017 003 014 0.01 0.02 0.00 GBN

014 004 011 003 0.04 003 0.00 KachVic
018 002 015 003 0.03 003 0.04 0.00 KachKyo

017 002 014 003 0.03 002 0.04 0.03 0.00 MKN

018 0.03 0.15 003 003 0.03 0.05 0.05 0.03 0.00 KKN

020 003 016 004 0.04 004 0.05 0.05 0.03 0.05 0.00 KAF

016 001 013 001 0.02 002 0.03 0.03 0.02 0.03 0.04 0.00 RUK

019 0.02 015 004 004 004 0.05 0.04 0.03 0.04 0.04 0.03 0.00 RAD

017 002 014 003 0.03 003 0.04 0.04 0.03 0.04 0.05 0.02 0.03 0.00 KZN
018 003 014 005 0.04 004 0.05 0.05 0.03 0.04 006 0.03 004 0.04 0.00 LN
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Figure 3. Pie chart showing analysis of molecular variance within and among O. niloticus individuals
and populations.
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Figure 4. UPGMA dendrogram of the different populations of O. niloticus constructed using Nei’s
genetic distance. Support is given by bootstrap values. Red: Cages, Blue: Hatcheries, Green: Wild
and Black: Ponds.

Regarding the second group of populations, Tendo hatchery and Bawe cage fish farm
diverge from the remaining sampling sites that are mostly composed by ponds and beaches
on L. Victoria (Figure 5A). To clearly show the divergence between the wild and pond
populations, a separate analysis involving them was conducted. The wild populations
(Garuga, Kashenyi, and Gaba) are clearly closer to each other, as are KachVic and KachKyo.
Although KAF and KKN were collected from the same farm but different ponds, they are
unexpectedly very divergent from each other (Figure 5B).

The PCoA analysis showed a similar segregation pattern as depicted from the UP-
GMA and NJ among the populations where four main clusters are observed at both axes
(Figure 6A): 1st the populations from the Tendo hatchery and Bawe fish farm; 2nd the
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populations from Busana and Pal; 3rd, populations from Katosi, Rocks, and SON; and 4th
the remaining populations (Figure 6A). The wild populations from Gaba, Kashenyi, and
Garuga did not show any clear clustering at both axes (Figure 6B). Within the cage popula-
tions, the above mentioned three clusters are observed (Figure 6C). Among the populations
from ponds, Kabonera and Lusalosalo are clustered together and closer to a population of
KKN that forms a slightly differentiated cluster from the remaining populations (Figure 6D).

LN
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SON Rocks Katosi
KAFPN  GaNn
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KKN® KSN
MKN Kachkyo
KachVic
Pal
Busana ™
BN
KAF

Kambuga
Mapema
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Lusalo

KachKyo

Rukikaire

Kashenyi

Garuga

Gaba

KKN

Figure 5. Genetic structure based on unrooted network tree illustrating population relationships that
are depicted on genetic distance (A) All populations, and (B) Populations from the wild and ponds.
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3.3. Genetic Structure and Signs of Admixture Among the Farmed O. niloticus Populations

Based on delta K (AK) values, K = 2 was considered the best fit for the data for all popu-
lations. STRUCTURE SELECTOR results also suggested K = 4 and K = 12 as the second and
third-best fit for all populations’ data (Figure 7A). Generally, all the STRUCTURE outputs
for different populations are congruent with the UPGMA, neighbor-joining network, and
PCoA analyses in Figures 4-6. Further, K2 separates Busana, Pal Katosi, Rocks, and SON
from the remaining populations. At K4, the grouping of Bawe and Tendo (blue) becomes
evident. Although a substantial degree of admixture was observed at K12, individuals from
the wild (Garuga, Kashenyi, and Gaba) are assigned to an independent cluster (dark green)
to the remaining populations from ponds. Also, individuals from the Kawuku hatchery
are assigned together with pond populations from RAD, Kambuga, Kachvic, and Lusalo
(Figure 7A). The wild populations indicated K3 as the best fit for the data while K5 and K10
are the second and third respectively with no genetic structure among them (Figure 7B).
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K11

Pal SON Busana Katosi Bawe

Figure 7. Bayesian structure analysis showing the clustering of different populations (A) All popula-
tions, (B) Wild populations, (C) Cage populations, and (D) Pond populations.

Samples from the cages show K3 as the best fit for the data followed by K11 and
4 as second and third. It was observed that individuals from Pal and Busana are assigned
together as are SON and Katosi (Figure 6C). One individual from Pal showed a similar
assignment with SON and Katosi. Bawe is assigned independently (Figure 7C). Among
the pond populations, K10 was considered the best fit for data while K5 and K2 were the
second and third, respectively. Although with high degree of admixture, at K2 only Kachviv
population is mostly assigned to an independent cluster, and at K5 and K10 independent
cluster assignment patterns are found for the remaining populations (Figure 7D).

4. Discussion

Understanding genetic diversity within and among populations is crucial for ensuring
that the most genetically diverse populations are incorporated into selective breeding
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aquaculture programs. Most genetic studies on O. niloticus have been mainly focused on
estimating the variations among the wild populations [10,12,15] with less focus on farmed
populations. The current study used SSR based on NGS to investigate the genetic diversity
and population differentiation among cultured populations of O. niloticus in Uganda. This
is crucial for guiding the selection and conservation of O. niloticus in Uganda. Although
our study employed SSR markers, the results are consistent with trends reported in recent
SNP-based studies. For example, Robledo et al. [15] identified higher heterozygosity in
specific farmed populations in Uganda, with observed admixture among farmed and wild
populations. It is incontestable that SNP markers provide greater resolution for fine-scale
genetic differences, but SSR markers have demonstrated reliability in assessing broad
patterns of genetic diversity and structure, especially where access to SNP genotyping
technology is limited [27,28]. For instance, Mamoon et al. [29] recently utilized SSR markers
and observed that variations in body length and weight among O. niloticus populations in
an Egyptian fish farm correlated with differences in allele frequencies.

4.1. Genetic Diversity of the Farmed O. niloticus Populations

Heterozygosity (observed and expected heterozygosity) is a common measure for
comparing genetic diversity within different populations [30]. The current results obtained
a higher expected heterozygosity than observed among the different populations. Previous
studies observed similar higher expected heterozygosity than observed heterozygosity
among O. niloticus populations [15,27,31,32]. Robledo et al. [15], for example, in their charac-
terization of the genetic diversity and population structure of farmed and wild O. niloticus
in Uganda using SNPs obtained a higher expected heterozygosity for some hatchery popula-
tions. Elsewhere, Gu et al. [32] observed a higher expected heterozygosity (He = 0.709) than
observed heterozygosity (Ho = 0.448). Similarly, Hassanien and Gilbey [27] obtained higher
expected heterozygosity (He = 0.88) than observed heterozygosity (Ho = 0.82) in O. niloticus
populations. In another study, Geletu et al. [33] found that the genetic diversity metrics
of O. niloticus from Ethiopia (He = 0.24, Ho = 0.25) suggested a moderate level of genetic
diversity. The authors linked this to potential factors such as gene flow or hybridization in
the cultured O. niloticus populations. Recently, Ahmed et al. [34] reported that the expected
heterozygosity and observed heterozygosity for O. niloticus from Ethiopia varied between
0.10-0.50 and 0.115-0.265, respectively. Taken together, high levels of genetic diversity
are only to be expected in genetically improved strains developed through well-designed
breeding programs that incorporate individuals from diverse genetic backgrounds into the
founding population [33,35-37].

The observed heterozygosity (Ho) values were generally close to the expected het-
erozygosity (He) values, and these were not statistically different (Table 2, Figure 2). This
indicates that the population may not deviate significantly from Hardy-Weinberg equilib-
rium in most cases, and factors such as the Wahlund effect, inbreeding, or selection might
not strongly influence the genetic structure or their effects are not pronounced enough to
show statistically significant differences. In Uganda, the lack of clear selective breeding
programs makes farmers to source fry from multiple farms and hatcheries. Consequently,
the repeated use of the same broodstock across several breeding cycles reduces genetic di-
versity in ponds, particularly among subsistence farmers. Furthermore, some populations
in the current study had a lower number of samples and this might have contributed to
lower genetic diversity. Smaller sample sizes (<20) can increase the likelihood of inbreeding,
reducing heterozygosity and increasing the prevalence of homozygosity, which may lead to
inbreeding depression [38]. Similar low levels of observed heterozygosity as in the present
study were previously observed by Yoshida et al. [39] while estimating the population
structure and genetic differentiation of O. niloticus breeding populations in Latin America
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using SNPs. They attributed this to the founder effect or effective population size, both of
which are known to lower genetic diversity [40,41].

The moderate genetic diversity exhibited by KachVic populations suggests somehow
proper broodstock management of these strains at the Kyanamira fish facility. These sam-
ples were collected from the Kyanamira aquaculture facility where good farm management
practices are always followed since it is a research facility. This shows that the effective
number of individuals contributing to the population has not declined, thus a higher genetic
diversity [42]. A similar explanation applies to the Tendo which are commercial hatcheries
engaged in some breeding and fry production, and later supply to other farmers. Therefore,
as Uganda works toward establishing a robust breeding program, these populations require
special attention within the framework.

The sources of broodstocks for Kambuga, Lusalosalo, and Kabonera populations
were unknown at the time of sample collection. This uncertainty may influence estimates
of genetic variation, especially in cases where inbreeding is higher due to poor farm
management practices [43].

The wild populations from L. Victoria (Gaba, Garuga, and Kashenyi beaches) showed
more or less the same level of expected and observed heterozygosity, an indication that
there are chances of random mating among these populations. The close connectivity
between these beaches and the lack of physical barriers between them beaches is key
in enhancing the chances of admixtures among the populations. Also, the chances of
unregulated fish transfers as previously cited by Tibihika et al. [12] could contribute to the
heterozygosity measures.

4.2. Population Structure and Differentiation Patterns

Genetic differentiation is usually estimated using FST values, which conventionally
lies between 0 and 1 [44]. As a general rule, values ranging from 0 to 0.049 show lower
genetic differentiation, 0.05 to 0.25 show moderate differentiation, and above 0.25 show a
higher genetic differentiation [45]. In the current study, most of the population comparisons
especially for the ponds and the wild showed lower genetic differentiation, suggesting
higher gene flow. The lower genetic differentiation between O. niloticus populations from
the L. Victoria beaches (Gaba, Kashenyi, and Garuga) could be a result of the proximity
of these beaches (<20 km) and their connection to the same water body (L. Victoria).
Such short distances between sites increases the likelihood of fish transfer, which can
lead to greater genetic admixture. Similar lower levels of genetic differentiation were
previously documented [46]. Low-moderate levels of differentiation (FST = 0.074) have
been reported between wild O. niloticus from Lake Volta and the improved Akosombo
strains in Ghana [46].

Lower genetic differentiation was observed between wild populations and KachVic. It
is to be noted that the brood stock of KachVic was originally collected from L. Victoria, and
thus shares the same genetic background. Moreover, the assignment of wild populations
(Garuga, Kashenyi, and Gaba) and KachVic in the same cluster according to multivariate
analysis (PCoA and NJ) supports the hypothesis above. Similarly, the lower FST values
between Bawe and Tendo indicate lower genetic differentiation among these populations.
Since Tendo is a hatchery near Bawe fish farm (10 km), Bawe likely got its stock from Tendo
hatchery, thus sharing the same genetic background. This is also supported by PCoA and
NJ results where these populations are clustered together. Higher genetic differentiation
and genetic diversity among the KachKyo populations could result from genetic drift which
appears after breeding selections from a small number of founder individuals [31]. The
founder populations for KachVic and Kachkyo were sourced 8 years ago from L. Victoria
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and Lake Kyoga, respectively. This time is long enough to enhance the divergence, and
thus the observed genetic differentiation.

The current study used Multiple approaches (UPGMA, NJ, and PCoA) and Bayesian
clustering algorithms (STRUCTURE) to derive the underlying genetic structure patterns
among the sampled populations. These analyses observed four main clusters i.e., first;
Bawe and Tendo, second; Pal and Busana (cages), third; SON, Rocks and Katosi, and the
fourth encompassed all other populations, inclusive of pond and wild samples. The genetic
clustering of Katosi and SON cage fish farms with Rocks indicates that these populations
share the same genetic background. Rocks is a commercial hatchery that supplies fry to
fish farms, and it is possible that Katosi and SON cage fish farms might have obtained their
broodstock from Rocks. A similar explanation can be advanced for the close clustering
between BAWE and Tendo populations because the latter is a hatchery and former is a
grow-out fish farm.

The close clustering among the pond populations could result from factors such as gov-
ernment initiatives and farm management practices. Many farms source their broodstock
from the same hatchery or farms, often based on recommendations from fellow farmers
about the hatchery’s good quality seed [8]. The Ugandan government has taken many
initiatives, especially Operation Wealth Creation (OWC) aimed at boosting the livelihoods
of different farmers. The OWC was launched by the President of the Republic of Uganda in
2013 as an intervention to efficiently facilitate national socio-economic transformation, with
a focus on raising household incomes and wealth creation by transforming subsistence
farmers into commercial farmers [47]. The program involves supporting farmers by pro-
viding them with inputs like fry/fingerings to stock their respective farms. In this program,
many farmers are supplied by a single hatchery across an entire district or sometimes a
region, indicating that there is a high possibility of these populations originating from
the same source and, thus, having a similar genetic composition. Using morphometric
characteristics, Kwikiriza et al. [14] recently reported similar findings while characterizing
different strains of O. niloticus cultured in ponds.

In all the analyses, populations from the wild and ponds shared the same genetic
groupings. Because there is no clear selective breeding program in Uganda, these farms
might be collecting the broodstock directly from the wild (L. Victoria) [13]. The wild
populations from Gaba, Kashenyi, and Garuga did not show any clear clustering, an
indication of admixtures between these populations. This may be explained by the shorter
geographical distances between these beaches and lack of barriers coupled with chances
of fish transfers by fishermen. Similar results were obtained by Fagbémi et al. [48] while
characterizing the genetic structure of wild and farmed O. niloticus populations in Benin.

In addition to exhibiting a higher genetic differentiation, populations from cages
(Pal and Busana) showed higher divergence from other samples. Since these populations
did not show any clustering from L. Victoria, it is likely that they were either sourced
from other Ugandan lakes (such as Lake Albert and Lake Kyoga) or outside the country.
The speculated uncontrolled movement of fish between different locations in and outside
Uganda, maybe from Kenya, Thailand, Egypt, and Burundi could explain the observed
population divergence. Recent studies have shown that Genetically Improved Farmed
Tilapia (GIFT) strain introductions have occurred in neighboring countries, specifically
Tanzania [9]. Uganda may not be exempt from this trend, with the increase in the number of
commercial fish farms. Unfortunately, we have no precise information on the origin of the
Pal and Busana populations. Therefore, given the minimal restrictions on border crossings
between these countries and Uganda, it is expected that this strain could be circulating in
Uganda’s O. niloticus aquaculture industry.
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Populations from the fish ponds showed higher levels of admixtures, which could
be attributed to factors like management practices, weather conditions, and general farm
design [49]. Particularly, generations from KachVic and KachKyo had mixed assignments.
These samples were collected from the same farm but in different ponds. The brood stocks
of KachVic and KachKyo were initially sourced from L. Victoria and L. Kyoga, and later
stocked at the Kyanamira fish facility. In 2019, heavy flooding of the Rwabakazi stream
caused the ponds to overflow, leading to the mixing of fish from different ponds. Since
these ponds are close to each other, the likelihood of fish transferring from one pond to
another increased, leading to mating and eventual admixture. Additionally, escapees
during sampling and sorting are inevitable in such farms due to the closeness of the ponds.
For the case of KAF and Kabonera, the admixtures could have resulted from poor farm
management practices like inconsistencies in stockings where fish from different sources
are added to the pond without prior genetic compatibility. In this farm, it was clear that
good management practices were not followed and chances of fish mixing from one pond
to another were inevitable. Previous studies have indicated that poor farm management
practices promote fish escapism which results into random mating [12,31,50]. Therefore,
proper farm management is key to the success of a good selective breeding program.

5. Conclusions

The current study indicated that different groups had varied genetic diversity. Pop-
ulations from the cages and hatcheries had a higher genetic diversity than samples from
the ponds and L. Victoria beaches. Factors such as farm management practices including
sourcing seed from farm to farm or wild to farm, are the likely contributors to these vari-
ations. Samples from cages exhibited a higher genetic differentiation compared to those
from ponds and the wild. Lower genetic differentiation among the wild populations could
be attributed to the closeness of these beaches with no physical barriers. Government pro-
grams are key in contributing to the lower genetic differentiation and admixtures observed
among the pond populations. Based on the obtained results, this study characterized the
populations into four main groups: (1) Bawe and Tendo, (2) Pal and Busana, (3) SON, Rocks
and Katosi and (4) populations from ponds and the wild. Therefore, the results from this
study could be used as a guide for future breeding programs and genetic improvement of
local O. niloticus in Uganda.
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