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ABSTRACT

Despite the significant fishery contribution of the Victoria and Kyoga basins, the ecosystems have continuously
been threatened by overfishing and introduction of alien species, among others. These activities have contributed
to a significant decline of the native tilapiines, the Singida tilapia (Oreochromis esculentus) and Victoria tilapia
(Oreochromis variabilis). As a consequence, the native species have been relegated to smaller satellite lakes and
replaced by non-native species comprising Nile tilapia (O. niloticus) and blue spotted tilapia (O. leucostictus).
Therefore, to better understand the implications of these events, it is important to assess the status of both native
and non-native species in the Victoria and Kyoga basins for sustainable science-based informed management
options. Utilizing both microsatellite and mitochondrial (mt) DNA markers, we sequenced a total of 739 in-
dividuals from the Victoria and Kyoga basins comprising O. niloticus (333), O. esculentus (151), and O. leucostictus
(258). Generally, all the species and their respective populations exhibited lower genetic diversity as well as
genetic differentiation. The principal coordinate analysis showed three main distinct groups corresponding to the
three species studied highlighting their genetic differentiation. However, some evidence of introgressive hy-
bridization observed between O. niloticus and O. esculentus as well as O. esculentus and O. leucostictus suggests a
need for a tailored management strategy to preserve the genetic integrity of all three Oreochromis species while
minimizing the hybridization risks. The study recommends that the satellite waterbodies containing pure stocks
of O. esculentus should be conserved separately with higher priority.

1. Introduction

2003; Witte et al., 2013). The Victoria Basin covers the main Lake Vic-
toria and its satellite lakes (e.g., lakes Nabugabo, Mburo, Kachera, and

The Eastern African inland aquatic ecosystems are distinguished on a
global scale due to the species richness and endemism, particularly the
freshwater bodies in the Lake Victoria and Kyoga basins (Balirwa et al.,
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Kijanebalola) in Uganda, and the Kyoga basin includes Lake Kyoga and
its satellite lakes (e.g., Nawampasa, Nyaguo, and Kwania) (Mwanja
et al., 2010). These basins have immense natural resources including
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fisheries, and wetlands that act as important spots for freshwater
biodiversity and support the livelihoods of different communities
(Natugonza et al., 2021). Besides being the second-largest freshwater
body by surface area, Lake Victoria is described as ‘Darwin’s dream
pond’ because it houses hundreds of species of cichlids that have dis-
played significant adaptive speciation (Fryer, 2004). The increasing
pressures caused by the surging human population in the region
continue to pose threats to biodiversity (Natugonza et al., 2021). Over
the last 50 years, more than 200 haplochromines have gone extinct due
to the introduction of invasive species, habitat destruction, overfishing,
and increasing pollution levels (Outa et al., 2020; Witte et al., 2000).

Until the 1970 s, the native O. esculentus and O. variabilis were the
main species supporting fisheries in lakes Victoria, and Kyoga
(Goudswaard et al., 2002). For example, the catches of O. esculentus
contributed at least 70 % by weight of the total fish catches in Lake
Victoria, Uganda (Taabu-Munyaho et al., 2016). Beyond the 1970 s,
there was a gradual decline in the fishery of O. esculentus and subsequent
displacement and extinction in its native ranges, and the species is now
listed as critically endangered on the IUCN Red List (Tibihika et al.,
2022). The native O. esculentus and O. variabilis are now found in sat-
ellite lakes of Kyoga and Victoria where they survive as separate and
isolated stocks (Mwanja et al., 2010).

On the other hand, multiple and deliberate introductions of
O. niloticus and O. leucostictus into the Victoria and Kyoga basins have
taken place since the 1950 s (Tibihika et al., 2022), with these species
being native to lakes Albert, Edward, and George in Uganda. By the
1970 s, these species had flourished and dominated the main fishery in
the Victoria and Kyoga basins (Tibihika et al., 2022). For example, being
an aggressive and prolific breeder and its ability to withstand harsh
limnological changes allows O. niloticus to outcompete other species in
the same habitats (Barreto et al., 2011). All these factors have attracted a
lot of genetic studies on the same species (Angienda et al., 2011;
Robledo et al., 2024; Shechonge et al., 2018; Tibihika et al., 2020). For
example, different studies have documented cases of hybridization be-
tween O. niloticus and its congenic species including O. esculentus
(Angienda et al., 2011, Mwanja et al., 2010) and among them (Kwikiriza
et al., 2023). Most of the studies that have documented gene flow be-
tween Oreochromis species have taken place in the Victoria Basin, Kenya,
with only one in Uganda (Mwanja et al., 2010).

In Uganda, most of the genetic studies have focused on O. niloticus
(Robledo et al., 2024; Tibihika et al., 2020). Consequently, the occur-
rence of hybridization and introgression among the Oreochromis species
in the Victoria and Kyoga basins is understudied (Mwanja et al., 2010).
Also, the only study available characterizing O. niloticus and
O. esculentus population genetics (Mwanja et al., 2010) is based on a few
microsatellite markers (10); thus, statistical analyses may have lower
statistical power in describing more subtle patterns. Therefore, this
constitutes a knowledge gap in understanding the current diversity of
these species in the Victoria and Kyoga basins. This is especially critical
given the increasing fishing pressure that these species face, being
necessary to enhance the conservation of native O. esculentus while
preserving wild genetic resources of the remaining species for future
aquaculture purposes (Angienda et al., 2011; Lind et al., 2019).

In this study, we focus on the extent of gene flow between native
O. esculentus and introduced Oreochromis species (O. niloticus and
O. leucostictus) in the Lake Victoria and Kyoga basins of Uganda while
providing some additional information about their current genetic di-
versity patterns. This is done using microsatellite (single sequence re-
peats, SSR) and mitochondrial DNA (mtDNA) genotyping data.
Microsatellites are highly polymorphic and codominantly inherited
(Schlotterer, 2000). They also have the ability to recover multiple alleles
per locus, resulting in a high statistical power with a low number of
sequenced markers (Ellegren, 2004). On the other hand, mtDNA has
uniparental inheritance (maternal) and does not undergo recombination
(Ladoukakis and Zouros, 2017). Therefore, applying both methods in
this study provides more statistical power and comprehensive
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understanding of the population genetics among these species. While
there is existing research on the genetic structure, diversity, and dif-
ferentiation in East Africa, much of it focuses on tilapiines in the region
using either microsatellite markers or mtDNA markers. Microsatellite
genetic markers employed are recognized to exhibit notable weaknesses
or limitations, including size homoplasy (Tibihika et al., 2020). We
prevent this limitation by implementing a genotyping by amplicon
sequencing approach (SSR-GBAS), where microsatellite markers are
sequenced, and this information is used for genotype definition instead
of relying on amplicon size variation (Curto et al., 2019; Tibihika et al.,
2018). Amidst SSR-GBAS being a cheaper approach, it also provides for
the reproducibility of the data (Curto et al., 2019).

The study utilized mtDNA and SSR based on next-generation
sequencing (NGS) to quantify levels of genetic diversity and connec-
tivity among refugial populations of O. esculentus and to contrast this
with the invasive species O. niloticus, and O. leucostictus. Specifically, we
intended to identify populations of O. esculentus that have not received
genetic introgression from O. niloticus and O. leucostictus for future
conservation and management efforts. The study also profiled the pop-
ulation diversity and structure of O. esculentus, O. leucostictus, and
O. niloticus among the satellite lakes of Victoria and Kyoga basins. Lastly,
we determined the possibility of new hybrids resulting from recent in-
troductions of the Oreochromis species in the satellite lakes in Uganda.
The study hypothesized that refugial populations of O. esculentus, due to
their long-term isolation and adaptation in stable environments, pre-
serve their genetic integrity despite the contact with the invasive
O. niloticus and O. leucostictus. The results contribute to the knowledge of
the genetic variation found within both Oreochromis species in their
native range and help in defining future stocks for aquaculture.

2. Materials and methods
2.1. Description of the sampled water bodies

Kyoga basin is found in eastern Uganda downstream of Victoria Nile.
It is one of the largest basins in Uganda, stretching from the central part
of the country to most parts of the eastern region and extending up to the
northeastern part (Ojara et al., 2020). Extensive mats of Cyperus papyrus
dominate the basin in addition to the main Lake Kyoga and more than 10
satellite lakes (Mwanja et al., 2010). The catchment area is 59,680 kmz,
with more than 95 % of the catchment located in Uganda and the rest in
Kenya (Ojara et al., 2020). In this study, the sampled lakes in the Kyoga
basin included Bisina, Nawampasa, and Nyaguo in addition to the
following beaches: Kagwara, Dagala, Namasale, and Lwampanga,
located on the main Lake Kyoga (Fig. 1).

The Lake Victoria Basin (LVB) is situated in the upper reaches of the
Nile River basin and comprises various lakes, wetlands, and rivers with a
catchment area of approximately 194,200 km? traversing through five
East African Countries (Tanzania, Kenya, Uganda, Rwanda, and
Burundi) (Twesigye et al., 2011). Within Victoria basin, samples were
collected from the following beaches on Lake Victoria: Portbell, Ssenyi,
and Gaba. Additionally, samples were collected from the following
satellite lakes in the Victoria basin: Nakivale, Kachera, Mburo, and
Kijanebalola (Fig. 1).

2.2. Sample collection

A total of 739 individuals from 29 populations were collected across
10 natural water bodies in Uganda between January to May 2023
(Table 1, Fig. 1). Sampling comprised Oreochromis niloticus (333),
Oreochromis esculentus (151), and Oreochromis leucostictus (258). The
samples were obtained from local fishermen on landing their catches
following overnight fishing expeditions. Therefore, no special animal
rights were observed while collecting all the samples. However, in sit-
uations when the fish was caught alive, individuals were promptly
euthanized using an overdose of clove oil, and a fin clip was extracted.
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Fig. 1. Location of the sampling sites in different water bodies.

Table 1
Location of the sampling sites on different water bodies.
Basin Water Body  Sampling Species Code No.
site Samples

Kyoga Kyoga Dagala O. niloticus KDN 23
O. leucostictus KDL 13

Lwampanga O. leucostictus ~ LWL 30

Namasale O. niloticus KNN 25

O. leucostictus ~ KNL 19

Kagwara O. leucostictus ~ KKL 24

Nawampasa Nawampasa O. niloticus NNN 34

O. leucostictus ~ NNL 27

Nyaguo Nyaguo O. niloticus NYN 24

O. leucostictus ~ NYL 33

Bisina Bisina O. niloticus BSN 27

O. leucostictus ~ BSL 24

O. esculentus BSE 34

Victoria ~ Victoria Ssenyi O. niloticus VSN 33
O. leucostictus ~ VSL 12

Gaba O. leucostictus ~ GBL 18

O. niloticus GBN 18

PortBell O. leucostictus ~ PtL 34

O. niloticus PtN 21

Kijanebalola Mikoni O. leucostictus ~ KJL 21

O. niloticus KIN 17

O. esculentus KJE 21

Mburo Rubare O. niloticus MRN 34

O. esculentus MRE 30

Nabugabo Nabugabo O. niloticus NAN 32

Kachera Rwebiriba O. niloticus KRN 15

O. esculentus KRE 36

Nakivale Kahirimbi O. esculentus KAE 30

O. niloticus KAN 30

The samples were then preserved in absolute ethanol (95 %) for sub-
sequent genotyping at the Institute of Integrative Nature Conservation
Research (INF), BOKU University.

2.3. Microsatellite and mtDNA genotyping

DNA extraction followed the protocol of Tibihika et al. (2019) 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-illu-
minator system before amplification. Polymerase Chain Reaction (PCR)
amplification was carried out using 43 previously developed micro-
satellites (SSR) for O. niloticus populations from East Africa (Tibihika
et al., 2019). The selected primers were then divided into four multi-
plexes and used to prepare SSR genotyping by amplicon sequencing li-
braries (SSR-GBAS) based on the procedures by Kariuki et al. (2021)
with a few modifications as indicated in Kwikiriza et al. (2023). The PCR
products were pooled sample-wise, cleaned using AMPure magnetic
beads, and subsequent indexing was performed following Tibihika et al.
(2019). The individually indexed samples were pooled and used for a
paired-end 300 bp sequencing run on an [llumina MiSeq at the Genomics
Service Unit at Ludwig Maximilian Universitat, Miinchen, Germany.

For mtDNA genotyping, primers specific for tilapia species were
newly designed based on conserved regions among existing mitochon-
drial genomes of this group. One primer pair was constructed with
[lumina-compatible overhangs targeting the cytochrome oxidase sub-
unit I (COI) gene (Electronic Supplementary Material (ESM) Table S1).
PCR reactions per sample contained a total volume of 5.0 pl including
2.0 pl of the genomic DNA, 0.25 pl of each primer (100 nM), 2.5 pl of
Master mix (Qiagen Multiplex PCR Kit; Qiagen; Netherlands), and 0.25
pl of autoclaved water. The PCR conditions were as follows: initializa-
tion at 95 °C for 15 min, followed by denaturation for 30 cycles at 95 °C
for 30 s, annealing at 55 °C for one minute, and elongation for one
minute at 72 °C, and the last extension step at 72 °C for 10 min. The
remaining amplicon library preparation and sequencing steps followed
the same protocol of SSR-GBAS described above.
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2.4. Sequence analysis, genotyping, and allele calling of microsatellite and
mtDNA

Ilumina sequencing data were quality-checked using FastQC version
0.11.9 and trimmed using Trimmomatic version 0.39 (Bolger et al.,
2014) to remove adapters and poor-quality regions as described in Curto
et al. (2019). Further steps including merging, demultiplexing, and
allele calling were done using the Python scripts described in Curto et al.
(2019). Codominant genotypes were used for microsatellite data, while
mtDNA was further analyzed in a sequence form. Given the haploid
nature of mtDNA, if more than one allele was found per individual, the
one with the higher read count was kept. The sequences were then
aligned with MAFFT (Katoh and Standley, 2013) using the global
alignment option and primers were removed manually.

2.5. Population genetics analysis with the microsatellite dataset

The SSR codominant matrix was mostly analyzed using GenAlEx v.
6.503 (Peakall and Smouse, 2006) to evaluate genetic diversity and
differentiation patterns at both species and 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 F-statistics (F).

Genetic differentiation was primarily evaluated using pairwise FST
values across all populations and species. Nei 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 and species (Schneider et al., 2000) were
visualized using an unweighted pair group method with an arithmetic
mean (UPGMA) dendrogram generated by Populations v.1.2.32
(Langella, 1999). Support values were obtained by executing 1000
bootstrap replicates over 36 loci. Secondly, using STRUCTURE v. 2.3.4
(Hubisz et al., 2009), genetic clustering among samples was analyzed.
The procedure involved 15 iterations with K set from 1 to 15 and
100,000 generations after a burn-in period of 10,000 using the admix-
ture model and considering allele frequencies as independent. This was
done for datasets consisting of all the species and their respective pop-
ulations. Optimal K values were chosen based on the Evanno method as
implemented in Structure Selector (Li et al., 2018).

2.6. MtDNA data analysis

The 687 generated COI sequences were aligned with the software
BioEdit v.7.0 (Hall, 1999) and checked manually. To determine levels of
extant genetic diversity, the number of polymorphic sites, haplotypes,
haplotype diversity (Hd), and nucleotide diversity (r) were calculated
using DnaSP Version: 6.12 (Librado and Rozas, 2009) for each species
and population. The same program was used to test deviations from
neutrality through the calculation of Tajima’s D. PopArt was used to
construct a haplotype network to visualize the relationship among
Oreochromis species (Leigh and Bryant, 2015).

3. Results
3.1. Microsatellite markers and allele frequencies

In total, 279,662,004 paired reads were produced for genotyping,
from which 246,291,333 passed the quality control steps that were later
used for allele calling. Out of the 41 SSR loci used, five (TI29_TAAAA,
TI44_GAAAA, TI50_ATGG, TI60_ATCC, and TI61_TGGA) were excluded
since they showed more than 50 % missing data resulting in a final
dataset of 36 markers.
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3.2. Genetic diversity among Oreochromis species using microsatellite
markers

The heterozygosity of O. niloticus populations was generally low,
clustering in the lower quartile and indicating reduced genetic diversity,
with median heterozygosity values below 0.5 (Fig. 2). In contrast, higher
genetic diversity (> 0.5) was observed in the Victoria basin’s satellite
lakes, such as Lake Nakivale (0.56 + 0.03), while Lake Kyoga’s Dagala
landing site exhibited the lowest diversity (0.44 + 0.05) (Table 2). For
O. leucostictus, Kyoga basin populations displayed greater heterozygosity
(> 0.44), with Nawampasa having the highest value (0.46 + 0.06) and
Gaba the lowest (0.34 + 0.05) on Lake Victoria (Table 2). Among
O. esculentus, Bisina and Kijanebalola showed the highest diversity (>
0.6), while Lake Mburo had the lowest (0.29 + 0.05) (Table 2).

3.3. Population differentiation and hierarchical clustering

Pairwise genetic differentiation (FST values) among the populations
of the three Oreochromis species was investigated (Table 3).

Comparisons within the populations of O. niloticus showed the lowest
FST values between Nawampasa and Namasale (0.01) and Senyi and
PortBell (0.01), and the highest FST values were between Bisina and
Kijanebalola (0.1) and Namasale and Mburo (0.1) (Table 3A). Com-
parisons involving Nakivale showed the highest FST values. Lower ge-
netic differentiation levels were also observed among the populations of
O. esculentus, with the least differentiation between Nakivale and
Kachera (0.06) and the highest between Nakivale and Kijanebalola
(0.13) as well as between Bisina and Mburo (0.14) (Table 3B).

Among the populations of O. leucostictus, a higher FST value was
observed between Gaba and Kijanebalola (0.20) in Victoria basin, while
the lowest value shown was between Kagwara and Lwampaga (0.08) in
the Kyoga basin (ESM Table S2).

The UPGMA dendrogram showed three main clades corresponding to
the three species under study (Fig. 3). The clade highlighted in black
contains O. niloticus populations, while the purple and blue clades
represent O. leucostictus and O. esculentus populations, respectively
(Fig. 3). Among the O. niloticus populations, the UPGMA dendrogram
showed that all the samples from the Kyoga basin were more similar to
each other than to the Victoria basin. For example, populations from
Bisina and Nyaguo located in the Kyoga basin were close to each other as
were the populations of Kachera, Nakivale, Mburo, and Kijanebalola
within Victoria basin. Similar closeness was observed among O. niloticus
populations from Lake Victoria from Senyi, Gaba, and Portbell beaches
(Fig. 3).

Among the O. leucostictus populations, samples from Nyaguo were
divergent from other populations. Kagwara and Lwampaga were
genetically similar to Nile and Portbell populations (Fig. 3).

Within O. esculentus, two main clades were observed corresponding
to the Kyoga and Victoria basins. The first clade shows Nakivale, Mburo,
and Kachera which are genetically similar and both from Victoria basin.
Although the second one contains O. esculentus from Kijanebalola and
Bisina, the length of the clade indicates that they are genetically
different (Fig. 3). Kijanebalola is found in the Victoria basin while Bisina
is in the Kyoga basin.

The Neighbor-Joining tree topology revealed three major di-
vergences corresponding to the species (Fig. 4A). For example, in the
case of O. esculentus, populations within Victoria basin were closer to
each other and showed a higher divergence from populations in the
Kyoga basin (Fig. 4A). All the populations of O. leucostictus were also
divergent from other species (Fig. 4A). At the population level,
O. leucostictus from Bisina and Nyaguo showed a slightly longer distance
from other populations.

Samples of O. niloticus from Kachera, Kijanebalola, Mburo, and
Nakivale, all found in the Victoria basin, were closer to each other, as
were the Nyaguo and Bisina from Kyoga basin. A similar relationship
was observed among the O. niloticus populations from Senyi, PortBell,
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Table 2

Heterozygosity by population for codominant data for tilapiines (Mean + SE). N: Average number of samples, Na: Number of alleles, Ne: Number of effective pop-
ulation size, Ho: Observed heterozygosity, He: Expected heterozygosity, F: Fixation index.

Category Population N Na Ne Ho He F

Species O. niloticus 280.69 =+ 3.65 11.42 + 1.09 3.37 £ 0.41 0.43 + 0.04 0.54 + 0.05 0.18 + 0.03
O. leucostictus 190.92 + 12.75 9.11 +£1.23 3.51 + 0.48 0.36 + 0.05 0.49 + 0.06 0.18 + 0.04
O. esculentus 113.47 + 6.99 11.28 + 0.99 2.70 + 0.27 0.36 + 0.04 0.50 + 0.04 0.39 + 0.05
Total 195.03 + 8.25 10.60 + 0.64 3.19 + 0.23 0.38 + 0.03 0.51 + 0.03 0.25 + 0.03

O. niloticus Bisina ON 25.39 + 0.22 4.39 +0.43 2.67 +0.28 0.42 + 0.05 0.46 + 0.05 0.08 + 0.04
Nawampasa_ON 26.22 + 0.24 5.25 + 0.53 2.88 +0.32 0.43 + 0.05 0.47 + 0.05 0.07 + 0.03
Nyaguo_ON 24.58 + 0.24 4.78 + 0.53 2.89 £ 0.32 0.41 £ 0.05 0.48 £ 0.05 0.11 £+ 0.04
Dagala_ON 19.86 + 0.39 4.03 +0.43 2.56 + 0.26 0.40 + 0.05 0.44 + 0.05 0.06 + 0.04
Namasale_ON 19.56 + 0.43 4.17 £ 0.47 2.69 + 0.32 0.39 + 0.05 0.45 + 0.05 0.10 + 0.05
Gaba_ON 17.08 + 0.44 5.22 £+ 0.50 2.75 £ 0.27 0.44 £ 0.05 0.49 £ 0.05 0.07 £ 0.05
PortBell ON 20.36 + 0.33 4.64 +0.41 2.66 + 0.28 0.42 + 0.04 0.48 + 0.05 0.10 + 0.04
Senyi_ON 31.03 + 0.84 5.06 + 0.51 2.70 + 0.29 0.38 + 0.05 0.47 + 0.05 0.17 + 0.05
Nakivale ON 27.36 £ 0.27 5.67 + 0.47 2.82 +0.25 0.52 + 0.04 0.56 + 0.03 0.05 + 0.04
Kijanebalola_ ON 14.19 + 0.31 4.78 + 0.39 2.63 £ 0.22 0.47 £ 0.03 0.52 £+ 0.04 0.07 £ 0.04
Kachera_ ON 11.33 + 0.22 4.39 £ 0.31 2.72 +0.22 0.46 + 0.04 0.53 + 0.04 0.09 + 0.05
Mburo_ON 18.47 + 0.27 5.06 + 0.38 2.79 + 0.25 0.49 + 0.04 0.54 + 0.04 0.07 + 0.04
Nabugabo_ON 25.25 £+ 0.35 4.56 + 0.49 2.61 £ 0.28 0.37 £ 0.05 0.45 £ 0.05 0.14 £ 0.06

O. leucostictus Kagwara_LE 18.36 + 1.13 4.39 + 0.58 2.82 +0.36 0.41 + 0.06 0.45 + 0.06 0.07 + 0.05
Lwampanga_LE 20.36 +1.18 4.67 +0.62 3.04 +0.41 0.38 + 0.06 0.45 + 0.06 0.10 + 0.06
Bisina_LE 18.83 +£1.28 4.39 £ 0.61 2.69 + 0.34 0.39 + 0.05 0.45 + 0.05 0.08 + 0.05
Nawampasa_LE 24.06 + 1.64 5.42 +0.72 3.15 + 0.42 0.34 + 0.05 0.46 + 0.06 0.19 + 0.06
Nyaguo_LE 25.78 £ 1.86 4.31 +0.63 2.60 + 0.34 0.34 + 0.05 0.43 + 0.05 0.20 + 0.07
Gaba_LE 11.61 + 0.91 3.17 £ 0.44 2.07 +0.28 0.29 + 0.05 0.34 + 0.05 0.12 + 0.06
PortBell LE 21.39 + 1.58 4.28 + 0.52 2.69 + 0.32 0.38 + 0.05 0.44 + 0.05 0.08 + 0.07
Masese_LE 26.03 + 2.00 3.69 +0.48 2.23 +0.27 0.30 + 0.05 0.37 + 0.05 0.14 + 0.05
Kijanebalola_ LE 8.39 + 0.52 3.11 £ 0.41 2.28 +0.28 0.31 + 0.06 0.39 + 0.05 0.23 + 0.08

O. esculentus Bisina_ES 23.36 +£1.49 7.94 + 0.76 3.79 £ 0.51 0.34 + 0.04 0.61 + 0.04 0.49 + 0.04
Nakivale_ ES 24.97 + 1.47 3.39 +0.39 1.93 +0.18 0.38 + 0.06 0.36 + 0.05 0.05 + 0.06
Kijanebalola_ES 11.72 + 0.75 5.92 + 0.54 3.44 + 0.40 0.34 + 0.04 0.60 + 0.03 0.47 + 0.04
Kachera ES 30.08 + 1.94 3.86 + 0.28 2.04 £ 0.17 0.41 + 0.06 0.39 + 0.04 0.22 + 0.09
Mburo_ES 23.33 £ 1.57 2.42 + 0.26 1.72 +£ 0.16 0.27 + 0.05 0.29 + 0.05 0.14 + 0.07

Overall Total 20.90 + 0.27 4.53 + 0.10 2.66 + 0.06 0.39 + 0.01 0.46 + 0.01 0.14 + 0.01

and Gaba beaches on Lake Victoria (Fig. 4B).

The PCoA analysis showed a similar segregation pattern as depicted
from the UPGMA and NJ among the species where three main clusters
were observed, with each cluster representing a species at both axes
(Fig. 5A). A few samples from O. esculentus were observed in the cluster
containing O. leucostictus (Fig. 5A). When the plots are labeled per
population, it is possible to see that these individuals come from the
Bisina sampling site (Fig. 5B). Similarly, one individual from
O. esculentus Kachera clustered together with O. niloticus. Interestingly,
several O. esculentus individuals from Bisina and Kijanebalola, as well as
one O. niloticus individual from Nakivale, showed an intermediate

position among the three clusters.

Among the O. niloticus populations, samples clustered according to
the basin of origin (Fig. 5C). Victoria basin formed two clusters. The first
contained Nakivale, Kijanebalola, Kachera, and Mburo, and the second
contained Portbell, Senyi, and Gaba beaches on Lake Victoria. Although
Nabugabo populations showed an independent clustering, they were
closer to samples collected from Lake Victoria beaches than its satellite
lakes (Fig. 5C). The populations from Kyoga basin generally formed a
third cluster with a few samples from Namasale, Dagala, and Nawam-
pasa closer to Victoria populations (Fig. 5C).

Populations of O. leucostictus formed two main clusters, with samples
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The pairwise population FST values of the different populations A; O. niloticus, B; O. esculentus. NNN: Nawampasa, KNN: Namasale, KJN: Kijanebalola.

A
Bisina NNN Nyaguo Dagala KNN  Gaba Portbell Senyi Nakivale KIN Kachera Mburo Nabugabo
0.00 Bisina
0.04 0.00 NNN
0.02 0.03 0.00 Nyaguo
0.04 0.02 0.04 0.00 Dagala
0.05 0.01 0.04 0.02 0.00 KNN
0.05 0.03 0.05 0.04 0.04 0.00 Gaba
0.06 0.04 0.05 0.04 0.05 0.02 0.00 PortBell
0.06 0.04 0.06 0.04 0.04 0.02 0.01 0.00 Senyi
0.09 0.09 0.09 0.10 0.10 0.07 0.07 0.06 0.00 Nakivale
0.10 0.09 0.09 0.09 0.10 0.07 0.07 0.06 0.03 0.00 KIN
0.09 0.09 0.09 0.09 0.10 0.07 0.07 0.06 0.03 0.02 0.00 Kachera
0.08 0.06 0.07 0.07 0.07 0.04 0.04 0.04 0.02 0.04 0.04 0.00 Mburo
0.06 0.03 0.05 0.03 0.03 0.03 0.03 0.03 0.09 0.09 0.09 0.06 0.00 Nabugabo
0.10
B 0.075
Bisina  Nakivale Kijanebalola Kachera Mburo 0050
0.00 Bisina 0.025
0.11 0.00 Nakivale
0.06 0.14 0.00 Kijanebalola
0.10 0.06 0.11 0.00 Kachera
0.13 0.09 0.14 0.07 0.00 Mburo

from Nyaguo and a few individuals from Bisina clustering together. The
second cluster contained samples from Masese, Portbell, Gaba, and
Kijanebalola (Fig. 5D).

Natural populations of O. esculentus from Nakivale, Kachera, and
Mburo closely clustered together. Bisina and Kijanebalola formed
another cluster, with a few samples from Kachera forming a sub-cluster
(Fig. 5E).

3.4. Genetic structure and signs of admixture among the Oreochromis
species

Based on delta K (AK) values, K = 3 was considered the best fit for the
data for both species and populations. Structure Selector results also
suggested K = 6 and K = 8 as the second and third-best fit for the species’
data (Fig. 6A). Generally, all the STRUCTURE outputs for different
groups (Fig. 6) were congruent with the UPGMA (Fig. 3), Neighbor-
Joining network (Fig. 4), and PCoA (Fig. 5) analyses. Oreochromis

species were assigned into three independent clusters, and admixture
was observed for all K values (Fig. 6A). Intraspecific admixture was
found for one individual of O. niloticus that showed assignment to the
O. esculentus cluster and a few O. esculentus individuals partially assigned
to the O. leucostictus and O. niloticus cluster. Some individuals from
O. esculentus were completely assigned to the O. esculentus cluster.

Among the O. niloticus populations, K = 2 was considered the best fit
for the data while K = 7 and K = 10 came in second and third, respec-
tively (Fig. 6B). Samples from Bisina and Nyaguo were assigned
together, as were Nawampasa, Dagala, and Namasale, all located in the
Kyoga basin (Fig. 6B). Samples from the beaches of Lake Victoria (Gaba,
PortBell, and Senyi) showed mixed assignments. The satellite lakes in
the Victoria basin (Nakivale, Kijanebalola, Kachera, and Mburo) showed
similar assignments (Fig. 6B). Nabugabo populations showed some de-
gree of mixed assignment with Lake Mburo.

Within O. leucostictus populations, K = 2, K = 4, and K = 8 were
considered the first, second, and third best fit for the data (Fig. 6C). At K
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005

Fig. 3. UPGMA dendrogram of the different populations of Oreochromis species constructed using Nei’s genetic distance. Support is given by bootstrap values. Black:
O. niloticus, Purple: Oreochromis leucostictus, Blue: Oreochromis esculentus. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

= 2, two main assignments were observed, with populations from
Bisina, Nawampasa, and Nyaguo clustering together (Fig. 6C). AtK = 4
and K = 8, apart from Nyaguo and Masese which showed independent
assignments, the remaining populations demonstrated mixed genetic
clusters (Fig. 6C).

Among the O. esculentus populations, all K = 2, K = 4, and K = 8 were
considered the first, second, and third best, respectively, and showed
similar assignments among the O. esculentus populations (Fig. 6D).
Populations from Nakivale, Kachera, and Mburo were assigned to one
genetic cluster, while Bisina and Kijanebalola showed mixed genetic
clustering (Fig. 6D).

3.5. Genetic diversity and population differentiation using mtDNA
markers

The dataset comprised a total of 61 and 58 polymorphic and parsi-
mony informative sites, respectively. Invasive O. niloticus showed the
highest value of polymorphic and parsimony informative sites (S = 47
and PIS = 45, respectively), followed by O. esculentus; the lowest values
were observed in O. leucostictus (Table 4).

Generally, the dataset showed 26 total haplotypes with O. niloticus
showing the highest haplotype diversity values (number of haplotypes
= 14, Hd = 0.78), followed by O. esculentus (haplotypes = 11, Hd =
0.41) (Table 4). The lowest was found in O. leucostictus with only four
haplotypes observed. Additionally, both O. niloticus and O. esculentus
had a similar nucleotide diversity (z) of 0.01, while O. leucostictus had a
value of 0.00 (Table 4).

Among the O. niloticus populations, samples from Lake Nawampasa
(haplotypes = 7, Hd = 0.74) and Lake Nakivale (haplotypes = 7, Hd =
0.84) showed the highest number of haplotypes, followed by Kijaneba-
lola (haplotypes = 6, Hd = 0.66) and Mburo (haplotypes = 6, Hd =
0.72), both located in Victoria basin, and the least in Namasale (hap-
lotypes = 1, Hd = 0.00) (Fig. 7A). Generally, all the populations from the
Kyoga basin exhibited lower haplotypes than Victoria basin populations
(Fig. 7A). All the samples from beaches on Lake Victoria (Gaba, Portbell,
and Senyi) showed a positive Tajima’s D. Similar positive value was
observed in samples from the Kyoga basin (Dagala, Bisina, and Nyaguo).
Samples from the satellite lakes of the Victoria basin showed a negative
Tajima’s D indicating an excess of rare alleles compared to neutral ex-
pectations (Table 4).

With O. leucostictus populations, samples from Gaba (haplotypes = 4,
Hd = 0.63) had the highest haplotypes followed by Portbell (haplotypes
= 3, Hd = 0.39),while Lwampanga, Kagwara, Nile and Masese had the
lowest value (haplotypes = 1, Hd = 0.00) (Fig. 7B). Apart from Kija-
nebalola, all other populations had a negative Tajima’s D (ESM
Table S3B).

For O. esculentus, Bisina samples (haplotypes = 9, Hd = 0.77) showed
the highest number of haplotypes followed by Kijanebalola (haplotypes
= 8, Hd = 0.82), while Nakivale had the smallest (haplotypes = 1, Hd =
0.00) (Fig. 7C). All the O. esculentus populations had a negative Tajima’s
D, indicating an excess of rare alleles compared to neutral expectations
(ESM Table S3C).

3.6. Population differentiation of the Oreochromis species

Generally, 26 haplotypes were observed with O. niloticus having a
higher number of singleton (monomorphic) sites (12) followed by
O. esculentus (8), while O. leucostictus had the fewest sites (2) (Fig. 8A).
Within O. niloticus, six haplotypes (H14, H15, H19, H20, H22, and H23)
were more frequent than the others. Among O. esculentus and
O. leucostictus individuals, H2 and H26, respectively, were the most
abundant (Fig. 8A). Seven out of the eleven haplotypes for O. esculentus
were private or singleton haplotypes, which generally indicated the
different levels of genetic variability in the entire dataset. The most
widespread haplotypes were H22 and H15, with H22 being the most
widely distributed across the O. niloticus dataset (Fig. 8A).

Generally, three groups of haplotypes are found corresponding to the
three Oreochromis species. Nevertheless, some haplotypes were shared
among species. H2, the most abundant haplotype among O. esculentus
populations, was found in three individuals of O. niloticus. Similarly,
H22 was predominantly associated with O. niloticus and shared with
only six O. leucostictus (Fig. 6). Finally, H26, mostly found in
0. leucostictus, was found in seven O. esculentus (ESM Table S4).

Among the O. esculentus populations, H3 was the most abundant and
shared by all the populations (Fig. 8B). Within this haplotype, samples
from Nakivale, Kachera, and Mburo showed the highest contribution.
Populations from Kijanebalola and Bisina lakes shared some haplotypes
(H7, H12, and H4). Populations from Bisina showed the highest
contribution of individuals with H7 (Fig. 8B). Samples from Bisina
located in the Kyoga basin had five private or singleton haplotypes (H6,
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Fig. 4. Genetic structure based on unrooted network tree illustrating population relationships that are depicted on genetic distance. A: All populations, B: Oreo-
chromis niloticus populations. In Fig. 3B, the sites labeled blue are located in the Kyoga basin while black is in the Victoria basin. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

H9, H10, H13, and H15). Similarly, Kijanebalola had some private
haplotypes (H5, H11, H14, and H15) (Fig. 8B). Kachera and Mburo lakes
showed two haplotypes (H1 and H16), and Kooki Lakes showed one
haplotype (H2).

4. Discussion

Lake Victoria and Lake Kyoga basins are vital aquatic ecosystems,
playing important ecological and socioeconomic roles, including
providing a livelihood for surrounding communities through fisheries
production (Natugonza et al., 2021). Amidst the importance of these
basins, anthropogenic activities like overfishing, unregulated fish
transfers, and the introduction of non-native species have threatened the
genetic diversity of Oreochromis species (Balirwa et al., 2003). There-
fore, for the efficient management of these species, understanding the
patterns and extent of genetic divergence is essential within these
basins.

4.1. Genetic structure and diversity of endangered O. esculentus

The native critically endangered O. esculentus exhibited lower ge-
netic diversity but did not show substantial differences among the
populations, which aligns with previous studies (Kariuki et al., 2021;

Mwanja et al., 2010). However, genetic diversity was generally lower
than in the non-native species, which may reflect the bottleneck that this
species went through as a result of its extirpation from the main lakes.
The higher genetic diversity exhibited in Bisina could be attributed to
factors like the larger size of the lake as well as minimal levels of
exploitation of the fishery. Among the studied satellite lakes, Bisina is
the largest with a surface area of 192 km? (Barasa and Wanyama, 2020),
which could mean that the lake supports larger fish populations leading
to higher genetic diversity (Lind et al., 2019). Additionally, larger water
bodies provide different habitats and ecological niches leading to the
adaptation of different genetic lineages to specific environmental con-
ditions (Ndiwa et al., 2014). Contrary, lower genetic diversity observed
in populations of Nakivale, Kachera, and Mburo found in the Victoria
basin could be attributed to factors such as smaller size, inbreeding, and
over-exploitation. These smaller lakes—Nakivale (26 kmz), Kachera (42
kmz), and Mburo (11 kmz) (Adonia, 2013)—may contain lower carrying
capacity and consequently lower effective population sizes. Addition-
ally, overfishing can also contribute to lower genetic diversity through a
fast decrease of the effective population size (Angienda et al., 2010).
This is unlikely to be the case for Lake Mburo, since it is part of the Lake
Mburo National Park, being protected by both park and fisheries au-
thorities. However, this is not the case for some of the satellite lakes
where heavy fishing pressures coupled with habitat destruction,
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especially in the lakes of Kachera and Kijanebalola (Musinguzi et al.,
2020; Mwanja et al., 2010), may be contributing to a loss of genetic

diversity.

Different approaches including UPGMA-dendrogram, Neighbor-
Joining tree (NJ), Principal Coordinates Analysis (PCoA), and Bayesian
clustering algorithms (STRUCTURE) observed two main O. esculentus

population groups: Victoria basin and Kyoga
sults affirm that O. esculentus populations from

Fig. 5. (continued).

into two

stocks and therefore managed as such. Nevertheless, some

degree of admixture was observed among them, which could be a result

of uncontrolled movement/transfer of fish from one location to another

basin. Therefore, our re-

Uganda can be delimited the Koki 1

10

by fishermen. Additionally, the close connectivity of these water bodies
provided by the swamps and rivers could contribute to the observed
pattern (Angienda et al., 2010; Kwikiriza et al., 2023; Mwanja et al.,
2012). Studies by Mwanja et al. (2012) observed that populations from

akes showed a higher genetic similarity, and this aligns with
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Fig. 5. (continued).

the current results. Lakes Nakivale, Mburo, and Kachera are known as
Koki lakes and connected through an extensive wetland with one inflow,
River Rwizi (Mwanja et al., 2012). Among them, the river changes its
name to Kibale through a series of papyrus wetlands as it drains to Lake
Kijanebalola, with subsequent outflow into Sango Bay on Lake Victoria
(Kamukasa and Bintoora, 2014). This connectivity between these water
bodies suggests gene flow between the O. esculentus populations, as
indicated by the lower FST values between Mburo and Kachera showing
the importance of these types of habitats to the conservation of this
species. Therefore, populations from Kachera, Mburo, and Nakivale can
be considered the same, thus allowing for the development of similar
conservation measures. To further explore the dynamics of admixture
within these populations, all the haplotypes of O. esculentus from the
Victoria basin are close to each other with less than three mutational
changes, indicating the higher levels of admixtures. All these confirm
that there is gene flow between O. esculentus populations in the sampled
satellite lakes.

4.2. Genetic diversity and differentiation of translocated O. niloticus
populations

Populations of O. niloticus from satellite lakes Kachera and Mburo
had slightly lower genetic diversity than the main Lake Victoria landing
beaches, which aligns with previous studies (Angienda et al., 2011;
Kariuki et al., 2021; Robledo et al., 2024; Tibihika et al., 2020). Notably,
the population of Lake Nakivale exhibited the highest genetic diversity,
likely attributed to the various management strategies implemented on
the lake aimed at mitigating overfishing and promoting conservation
efforts. As Lake Nakivale is situated within a refugee settlement area,
various interventions have been implemented by both governmental
and international entities to bolster food security in the region
(Mwangu, 2022). Among them is the continuous restocking of the lake
with O. niloticus from major lakes like Victoria to boost capture fisheries
and support refuge communities (Mwangu, 2022). The continuous
restocking of this lake has introduced individuals that may carry genetic
variation not previously present in the lake’s population, thereby

11

increasing genetic diversity (Shechonge et al., 2018).

The moderately higher genetic diversity among the populations from
Lake Victoria and Kyoga beaches could be attributed to multiple in-
troductions, uncontrolled fish escapes from aquaculture farms, and the
larger size of the respective water bodies (Kwikiriza et al., 2023; Tibi-
hika et al., 2020). Similarly, the current mtDNA results show a relatively
higher haplotype diversity in O. niloticus compared to other Oreochromis
species, aligning to the previous studies (Angienda et al., 2011; Kwi-
kiriza et al., 2023). Given that the introduction of O. niloticus to Lake
Victoria occurred as far back as the 1950 s, this extended period has
allowed for the establishment of genetic divergence within the intro-
duced population, influenced by factors such as ecological tolerance and
biological fecundity (Angienda et al., 2011; Firmat et al., 2013; Tibihika
et al., 2020). Therefore, the higher haplotype and genetic diversity
of O. niloticus populations could be attributed to the widespread in-
troductions and distributions of O. niloticus to different geographical
areas within Ugandan water bodies. Moreover, this stoking through time
was likely sourced from multiple native stocks boosting the genetic di-
versity even further (Tibihika et al., 2020).

The UPGMA dendrogram categorized O. niloticus populations into
four distinct groups corresponding to the geographical source of the
samples. As observed in O. esculentus, the genetic structuring of the
introduced O. niloticus is most likely attributed to the chances/instances
of uncontrolled movement/transfer of fish from one location to another
since most of the sampled beaches are close to each other. The fact that
all the haplotypes of O. niloticus are close to each other with less than
five mutational changes is an indication of high levels of gene flow
among these populations. This can also be attributed to the use of
common source of stocking material when Nile tilapia was first intro-
duced to these lakes, especially since there is some level of isolation that
is barrier to gene flow (Firmat et al., 2013).

4.3. Translocated O. leucostictus populations from Victoria and Kyoga
basins

The genetic clustering observed between the O. leucostictus
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Fig. 6. Bayesian structure analysis showing the clustering of different populations. A: species, B: O.

O. esculentus populations.

populations from the main Lake Kyoga and Nawampasa is facilitated by
the shoreline vegetation, mainly Vossia cuspidata and some Cyperus
papyrus swamps, through which a water channel connects to the main
Lake Kyoga (Ogutu-Ohwayo et al., 2013). The lower genetic differenti-
ation between Lwampanga and Nawampasa as well as Gaba and Portbell
could be attributed to the geographical proximity and connectivity of
multiple stockings and unintentional fish transfers by fishermen
(Tibihika et al., 2020).
The UPGMA, NJ, and PCoA indicate that samples from Nyaguo are
divergent from other populations within Lake Kyoga basin. The diver-
gence of the Nyaguo population could be attributed to the physical
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K3

O. leucostictus 0. esculentus

Nakivale
Kijanebalola
Kachera
Nabugabo

niloticus populations, C: O. leucostictus populations, D:

barriers that prevent gene flow. Lake Nyaguo is mainly dominated by
open waters with lots of sudds (Ogutu-Ohwayo et al., 2013). The
shoreline vegetation is dominated by Cyperus papyrus and other swamp
vegetation (Ssegawa and Kalema, 2008). All these have isolated the lake

and kept its aquatic diversity intact.

4.4. Admixture, introgressive hybridization between the Oreochromis

species

In the current study, mitochondrial and microsatellite markers
indicated that the three Oreochromis species remain highly, though not
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Fig. 6. (continued).
completely, genetically distinct. This was revealed by admixed cluster O. niloticus exhibited independent clustering, with a small degree of
assignment in PCoA, STRUCTURE analysis, and mtDNA haplotype admixture between the species, which aligns with the findings of the

sharing. Studies by Angienda et al. (2011) showed that O. esculentus and current study. However, there was an indication of low-level
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Table 4

Genetic diversity measures as indicated by mtDNA control region for Oreo-

chromis species.
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asymmetric nuclear introgression from the invasive O. leucostictus to the
native O. esculentus as revealed by the assignment of individuals of this
species to O. leucostictus clusters but not the other way around. More-

Statistic All 0. esculentus  O. leucostictus  O. niloticus over, multiple individuals were completely assigned to O. leucostictus
No. sequences 87 139 252 296 clust.ers. T}.us is mostly observeq in Lake B1§1na where both spec1e:s
No. of sites 305 395 395 395 coexist. This suggests that even in the refugial lakes, O. esculentus is
Polymorphic sites, S 61 45 28 47 subject to low-level hybridization with O. leucostictus which might
Parsimony 58 43 4 45 eventually lower genetic integrity. This was additionally confirmed by
informative sites the presence of shared H26 which had a great dominance of
Total number of 65 46 28 48 . . .
mutations O. leucostictus with a few O. esculentus. Studies show
Number of 2 11 4 14 that O. leucostictus and O. esculentus prefer habitats near papyrus fringes
haplotypes in littoral, shallow muddy bays, and lake inlets (Kariuki et al., 2021).
Ha(l;;;;ype diversity ~ 0.809  0.414 0.127 0.782 Therefore, sharing similar habitats might enhance their ability to
Nucleotide diversity 0054 0.013 0.002 0.010 random}y mate. This p.attern of phylogenetically intermediate rglxed
@ populations observed in the study suggests the occurrence of intro-
Theta-W 0.024 0.021 0.012 0.020 gressive hybridization. Among the O. esculentus populations from Vic-
Tajima’s D 3.61 -1.19 -2.35 -1.38 toria basin, the current results did not show any levels of introgression
Slenifieantp <009 go<1 P o p<o0 P>0.10 with other Oreochromis species. This could mean that the satellite lakes
- of Victoria basin still harbor pure stocks of O. esculentus.
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The current study also indicates that H22 is shared between
O. niloticus and O. leucostictus with greater contribution by O. niloticus
suggesting mtDNA introgression (Angienda et al., 2011; Diedericks
et al., 2021; Kwikiriza et al., 2023; Mwanja et al., 2010; Ndiwa et al.,
2014; Shechonge et al., 2018). The study by Ndiwa et al. (2014) and
Kwikiriza et al. (2023) observed low hybridization levels
between O. niloticus and O. leucostictus in Lake Naivasha and Lakes Vic-
toria basin, respectively, and attributed this to shared haplotypes.
Recent study in the Lake Edward-George system indicates that hybrid-
ization between O. niloticus and O. leucostictus is happening, though
rarely (Diedericks et al., 2021).

The current study also revealed a very low degree of asymmetric
nuclear introgression from the native species O. esculentus to the inva-
sive species O. niloticus as these species shared H2. Similar studies were
documented by Mwanja et al. (2012), who found genetic signals of
asymmetric introgression in the Lake Victoria region, with more genetic
contribution from O. niloticus into O. esculentus using random amplified
polymorphic DNA (RAPD) markers. Contrary to the findings by
Angienda et al. (2011), who did not observe shared mtDNA haplotypes
between O. esculentus and O. niloticus, the current study revealed shared
haplotypes between the two species. Such differences could be attrib-
uted to the type of markers as well as the sample size (Tibihika et al.,
2019). The current study used 140 samples of O. esculentus and 292
samples of O. niloticus, a significant increase from the 90 samples of each
species used by Angienda et al. (2011). Additionally, our study incor-
porated a larger number of water bodies compared to the three exam-
ined in Angienda et al. (2011). In addition to using both mtDNA and 36
microsatellite markers, the current study employed a next-generation
sequencing technique that is highly accurate (Salk et al., 2018).

For all species comparison, some individuals showed both mtDNA
and SSR assignment to other species (e.g., some O. esculentus to
O. leucostictus), suggesting signs of backcrosses and introgression given
the fact that these species are morphologically distinct. Thus, all the
factors in the present study are key to providing robust information.
Therefore, the present results contribute further evidence to the hy-
pothesis that there is a low level of hybridization between non-native
Oreochromis species and the native O. esculentus. Although this hap-
pens in low prevalence, this introgression can have an impact, especially
in a scenario of continuously decreasing population sizes or even a
bottleneck where non-native alleles can rapidly increase in frequency in
the native species gene pool. This may have further compromised the
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survival of the native species if this results in maladaptive populations
decreasing the fitness of admixed O. esculentus populations.

5. Conclusion

We found differences in genetic diversity among Oreochromis species
and populations, with O. esculentus population being generally the least
diverse, which likely reflects the bottleneck that this species went
through. Nevertheless, conservation measures need to be put in place to
protect the remnant gene pool, which the results of this study can help
develop. Differences in genetic diversity and differentiation could be
attributed to the size of the water bodies, conservation measures, and
uncontrolled and multiple fish transfers. This is evidenced in Lake
Nakivale which had a higher genetic diversity as a result of multiple
restocking of the lake with O. niloticus, as well as the lakes of Kachera
and Kijanebalola for O. esculentus where habitat destruction and overf-
ishing may have led to lower levels of genetic diversity. Moreover, since
O. esculentus populations from Kyoga and Victoria basins are genetically
distinct, the study recommends management of these populations as
distinct conservation units given the species’ extremely limited
contemporary geographic distribution.

The study also recommends future genetic studies include wider
coverage of the Victoria basin to include those satellite lakes in Tanzania
and Kenya while applying whole genome sequencing. Lakes Nakivale,
Mburo, and Kachera may be important to maintain gene flow among the
O. esculentus populations of these water bodies. Much of the conserva-
tion of this species has focused on stock management; however, these
results also show that habitat preservation is also important.

The study confirms the probable existence of low levels of intro-
gressive hybridization among the three species of Oreochromis where
they co-exist, but that pure stocks of O. esculentus are still available in the
satellite lakes. Nevertheless, the populations where hybridization was
detected should be monitored to ensure that this does not become a
more prevalent phenomenon. This may be especially important for the
populations contacting O. leucostictus since it seems to hybridize more
frequently.
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