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Simple Summary: Aquaculture production in Uganda is dominated by Nile tilapia. With
the recent growth of commercial cage aquaculture, Nile tilapia currently contributes up to
70% of the total farmed fish in Uganda. It is, therefore, a major source of animal protein
and livelihood for at least 30% of the population. Although Nile tilapia is endemic to
Uganda, it attains slower growth rates than the improved strains in other countries. The
slow growth rate results in longer feeding periods, higher feed conversion ratios (FCRs),
slow turnover, longer payback periods, and a depressed rate of return. Due to poor growth
rates, a Ugandan farmer can only achieve one production cycle of 9 and 11 months in cages
and ponds, respectively, compared to two cycles with the improved tilapia strains. This
increases the cost of production, reduces profitability, and renders Ugandan tilapia farming
less competitive compared with other producing countries using improved strains. As
such, there is a need to establish a systematic selective breeding program focusing on strain
improvement to guarantee the supply of fast-growing quality seed. This will contribute to
the sustainable growth of Nile tilapia aquaculture in Uganda.

Abstract: Nile tilapia (Oreochromis niloticus) aquaculture continues to significantly contribute
to the growth of the aquaculture sector in Uganda. However, its production is beset by
erratic and unreliable seed supply. Also, most hatcheries practice inbreeding of broodstock,
resulting in inferior seed characterized by low growth rates. As such, a selective breeding
program is necessary to readily avail fast-growing seed that respond to farmers’ needs. The
present review consolidates available information on developing a Nile tilapia breeding
program in Uganda. The article discusses the significance of genetic improvement, drawing
lessons from successful Nile tilapia selective breeding programs in other countries. From
a literature review, no systematic Nile tilapia selective breeding program was traceable in
Uganda. Scanty information on the selective breeding efforts of the species was available,
with little evidence of selection for improved performance. Overall, the national capacity
for aquaculture research and development, including fish breeding and strain improvement,
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was weak and poorly funded. The review recommends purposive support for developing
a systematic strain improvement breeding program, which will be a source of improved
broodstock and seed for hatcheries and farmers, respectively. The program would guide
the formulation of standard operating procedures for quality seed production towards
ensuring sustainable aquaculture growth in Uganda.

Keywords: aquaculture; breeding program; fish seed; genetic improvement; GIFT; growth
rate; inbreeding

1. Introduction

Globally, aquaculture is regarded as one of the fastest-growing food-producing sub-
sectors. For instance, in 2020, aquaculture contributed up to 49.2% of the 178 million
tonnes of total aquatic animals produced globally [1]. Specifically, Asia has continued to
dominate aquaculture production worldwide, with a contribution of 88.43% of the global
production of aquatic animals in 2020, followed by the Americas (5.00%), Europe (3.74%),
Africa (2.57%), and finally Oceania (0.26%) [1]. Although there are disparities in the level
of production among the continents, the aquaculture industry has generally continued
to grow faster than other food production sectors [2]. Therefore, aquaculture presents a
viable option to meet the gap between the demand and supply of fish products arising
from the stagnation of capture fishery production [3,4]. Nile tilapia (Oreochromis niloticus)
is one of the major farmed fish species that contribute significantly to global aquaculture
production. In 2020, it was ranked the third largest farmed finfish in inland aquaculture,
after Grass carp (Ctenopharyngodon idellus) and Silver carp (Hypophthalmichthys molitrix) [1].
The fish is endemic to Africa, although it has been introduced into many countries globally,
mainly for aquaculture [5-9]. Currently, Nile tilapia is grown in over 80 countries, and
its global production has continued to grow, rising from 1.00 million tonnes in 2000 to
4.41 million tonnes in 2020 (Figure 1). As such, this fish species contributes significantly
to global livelihoods as one of the primary sources of income and proteins for human
consumption [1,4,10-12].

The rise in Nile tilapia aquaculture is attributed to the ease of breeding in captivity, the
fast growth rate, the acceptability of artificial feeds after yolk-sac absorption, tolerance to a
wide range of environmental conditions, and marketability [13,14]. Also, the high genetic
diversity in the natural germplasm and adoption of all-male populations in culture systems,
coupled with the development and dissemination of fast-growing strains through selective
breeding, has contributed to the expansion of Nile tilapia’s global production [7,15-18].
For instance, the Genetically Improved Farmed Tilapia (GIFT) strain, developed through
selective breeding of full sibling families and the selection of best-performing families as
parents of the next generation, grows 30%—-65% faster than non-improved strains and has
been developed and widely adopted in Asia [19-22]. As such, Asian countries, i.e., China,
Indonesia, Bangladesh, Thailand, and the Philippines, remain the major producers of Nile
tilapia globally [1,6,7,10]. However, Egypt, from the African continent, is the third largest
producer globally, only after China and Indonesia [6]. Egypt dominates the production
of the species in Africa and contributed 84% (1,081,202 metric tons [MT]) of farmed Nile
tilapia in 2019, distantly followed by Uganda (71,287 MT) and Ghana (45,760 MT) as the
second and third highest producers, respectively [4,6,7]. Like in Asia, the development
and adoption of the Genetically Improved Abbassa Nile tilapia (GIANT) strain has fueled
aquaculture development in Egypt. As such, Egypt significantly contributes to global
aquaculture output compared to other African countries [7,16,22,23]. Notably, the GIANT
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breeding program was initiated in 2002 by WorldFish Center, using local broodstock
sourced from the river Nile. The program adopted GIFT technology to selectively improve
the growth performance of the local strains. The resultant GIANT strain grew faster (28%
faster growth rate), with a lower feed conversion ratio (15.7%) and a higher survival rate
than the other commercial strains [24-26]. Overall, the improved Nile tilapia strains are
estimated to contribute to more than 50% of the globally produced tilapia [27-29].
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Figure 1. Global Nile tilapia aquaculture production from 2002 to 2020 [1].

While Egypt significantly contributes to global Nile tilapia production, the production
from other African countries has remained generally low, although with great potential due
to the existence of a significant wealth of tilapia genetic resources [1,30]. This is attributed
to the weak and poorly funded aquaculture research industry, with inadequate or no invest-
ment in genetic improvement, focusing on developing fast-growing strains. Besides, there
is low adoption of already existing genetically improved strains in many African countries,
driven by concerns that exotic strains will contaminate the native strains, consequently
compromising their conservation [4,22,30]. Therefore, poor quality fish seed, with inferior
growth performance, remains one of the major barriers to the development of aquacul-
ture in Africa [22,30,31]. In Uganda, the supply of quality Nile tilapia seed is erratic and
unreliable, with farmers unable to readily access the quality and quantity needed, hence
limiting aquaculture development [4,32,33]. Moreover, the available seed attains slower
growth rates than the improved strains [34]. Nonetheless, some interventions for Nile
tilapia strain improvement focusing on strain improvement have been initiated in Uganda.
Therefore, the present review article consolidates existing information on enhancing Nile
tilapia aquaculture in Uganda, focusing on genetic improvement through selective breeding
to produce superior seed and broodstock. The article draws on research carried out by
the Ministry of Agriculture, Animal Industry, and Fisheries (MAAIF), the National Agri-
cultural Research Organization (NARO), the National Animal Genetic Resources Centre
and Data Bank (NAGRC&DB), and farmers to provide information on the current state
of development of a selective breeding program for Nile tilapia. The significance of ge-
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netic improvement through selective breeding of the species, with reference to experiences
from other regions, is also presented. Finally, the review presents future perspectives for
developing a systematic breeding program in Uganda.

The literature search strategy involved desk reviews probing for information from Web
of Science, Science Direct, Google Scholar, and Scopus using key search terms “Breeding
programs”, “Selective breeding”, “Tilapia”, and “Nile tilapia” as keywords. Besides the
primary publications that fulfilled the search criteria, more articles were obtained by
scanning the relevant cross-references. Conference proceedings, academic theses, and
reports from the private sector and government entities, mainly MAAIF’s Directorate of
Fisheries Resources (DiFR) and their agencies, specifically NARO’s Zonal Agricultural
Research and Development institutes (ZARDIs) and the National Fisheries Resources
Research Institute (NaFIRRI)-Kajjansi, were utilized. The search results were screened and
selected based on title relevance to the present review regarding the selective breeding and
genetic improvement of Nile tilapia prior to inclusion in the article.

2. Nile tilapia Aquaculture in Uganda

Fish remains one of the significant sources of animal protein and livelihood for at least
30% of the population in Uganda [35,36]. For example, the per capita fish consumption
in 2019 (about 13.3 kg) was derived from 470,000 MT of capture fisheries harvest and
102,943 MT of production from aquaculture [37]. However, with declining capture fisheries,
aquaculture is seen as one of the feasible solutions for increasing the benefits derived from
fish. As such, in their National Fisheries and Aquaculture Policy (NFAP), Uganda aims to
produce at least 1,000,000 metric tons (MT) of farmed fish per annum by 2030. Uganda is
endowed with fresh water, including the five major lakes (Victoria, Kyoga, Albert, Edward,
and George), rivers, valley dams, and ponds, whose potential, if maximally harnessed, can
significantly contribute to the NFAP target [37,38]. The continued investment in aquaculture
has already yielded a considerable increase in farmed fish production, from 820 MT in
2000 to 138,558 MT in 2021 [37] (Figure 2). Two major fish species, i.e., Nile tilapia and the
African catfish (Clarias gariepinus), continue to dominate the aquaculture industry, with the
former species as the most farmed fish [35] (Figure 3), estimated to contribute up to 70% of
the total aquaculture output in Uganda. The increase in farmed Nile tilapia production is
attributed to the recent significant investments in cage aquaculture, with over 3000 cages
operating on various Ugandan water bodies, all rearing this species [39].

Even though aquaculture production has tremendously increased in Uganda, the
sector is still constrained by limited investment in fish farming, a high rate of abandoning
fish farms, limited access to quality fish seed and feed, and inadequate extension services
coupled with inadequate human, technological, and infrastructural capacity leading to low
production and productivity [32,36,40—-44]. Specifically for Nile tilapia, its crucial role in
Uganda’s aquaculture is still constrained by poor quality seed characterized by poor growth
rates, which has had a knock-on effect on aquaculture production volumes [34,45-47].
For example, most hatcheries produce seed from mismanaged broodstock, leading to
inbreeding and unviable, sometimes deformed offspring with low productivity. This is
worsened by the weak enforcement of standards. Also, the existing formal seed system
cannot supply quality seed to farmers in the required quantities and at the right time.
Farmers, therefore, rely on the informal sector, getting seed from the wild or smallholder
seed multipliers whose seed quality is highly compromised, mostly by mixed species and
of an unknown genetic makeup [47]. The utilization of poor-quality seed continues to
result in slower growth rates compared to the improved strains, resulting in more extended
production cycles, higher feed conversion ratios (FCRs), slow turnover, longer payback
periods, and a depressed rate of economic returns. Consequently, a Ugandan farmer can
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only achieve one production cycle of 8 and 12 months in cages and ponds, respectively, in a
year, compared to two cycles with the GIFT and other improved strains [23,27,48-50]. This
increases the cost of production, reduces profitability, and renders Uganda’s Nile tilapia
fish farming less competitive in comparison with other producing countries such as Egypt,
Ghana, China, and the Philippines [6,23,51,52].

Figure 2. Aquaculture production in Uganda from 2000 to 2021 [37].

140,000 -
120,000

100,000 -

=3 Total aquaculture

80,000 1
production

60,000 - African catfish

40,000 4 ===== Nile tilapia

Production (Metric tonnes)

20,000 -

¥ S VR, > AN
S S NS

Q o
A S S

v v v v v v

Year

Figure 3. The trend in the production of major farmed fish species in Uganda [53].

To solve the challenge of poor Nile tilapia seed in Uganda, a systematic selective
breeding program is needed to guarantee the supply of quality seed. A well-programmed
selective breeding program allows for the isolation of desirable traits, including superior
growth and survival rates [20,54-56]. The selective breeding approach is inadequately
deployed in Uganda’s Nile tilapia aquaculture. Common practice involves randomly ob-
taining tilapia broodstock from the wild (lakes and rivers) to hatcheries, with no deliberate
selection regimes and accurate strain separation, resulting in seed contamination with other
tilapia strains, which lowers growth performance. Also, the fish population histories of
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Ugandan lakes are awash with multifarious fish introductions, which greatly complicate
the identification of genetically productive broodstock for aquaculture [57]. As such, a
properly designed selective breeding program is urgently needed to provide a solution to
the inferior Nile tilapia seed and guarantee sustained aquaculture growth.

3. Selective Breeding in Aquaculture

Selective breeding involves harnessing the genetic variation in desirable traits within
a population to improve the production quality and efficiency of the next generation of the
target species [20,58-61]. In aquaculture, selective breeding is envisioned to result in genetic
improvement where a selection of desirable traits in the farmed fish is conducted for genetic
improvement and subsequently enhances commercial production [62,63]. As such, the
process results in the following: (1) increased productivity; (2) improved economic value;
and (3) improved utilization of resources, consequently increasing the production and sus-
tainability of aquaculture [58,64-66]. For example, a significant increase in the production
of Nile tilapia [67], carp, and salmon [68-70] has been reported due to genetic improvement.
Notably, selective breeding in aquaculture is preferred for genetic improvement compared
to hybridization, crossbreeding, chromosome manipulation, sex control, and transgenesis
since it allows for continued genetic gain from generation to generation [71-73]. However,
conventional selective breeding has some drawbacks, such as low efficiency and a long
breeding cycle. With advances in genome sequencing, marker-assisted selection (MAS), and
genomic selection (GS) that apply genomic information, limitations to traditional selective
breeding have been disentangled [56,74—77]. These approaches help to precisely estimate
the breeding values and accelerate the selection process for desired traits, shortening the
production cycle.

The establishment of a selective breeding program is a systematic process comprising
the assemblage of the required germplasm and establishment of a base population, the
development of breeding objectives, and selection strategies [23,78-80]. A breeding objec-
tive is crucial because it determines “where to go” with the genetic improvement program.
Also, the traits selected for the program should be of commercial importance in the actual
production system, i.e., traits that will impact upon income or expense in the production
system or those associated with benefits to the user of the improved fish. As such, a
sustainable breeding program must take into consideration the consumer preferences and
the aspirations of other stakeholders, including the government. Further, the current and
future demand of the species targeted for genetic improvement must be analyzed before
the initiation of the genetic improvement program. Consideration for the required funding
and the respective funding mechanisms, the necessary human resource capabilities and
research and production facilities, and the required policy direction is vital [23]

The breeding objective may include traits such as growth rate, survival rate, disease
resistance, tolerance to water temperature, and flesh quality [62,65,81,82]. Notably, the
growth rate remains the popular trait in most breeding programs in aquaculture because of
its paramount importance in the production system [58,62,82,83]. In a production cycle of
fixed duration, a higher growth rate results in larger fish with a shorter production period,
increased productivity, and, subsequently, shorter payback periods. During the growth rate
improvement program, the first-generation best-performing fish individuals are selected to
produce the progeny for the second generation [84,85]. The benchmark is that the resulting
population is genetically improved with a higher phenotypic mean of the desired traits
compared to the founder population. Usually, genetic improvement occurs in a very small
proportion of the population, with the upgrade achieved in the “elite” individuals, who are
multiplied and disseminated to the production systems (Figure 4).
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While establishing a breeding program, the quality of the initially used broodstock to
produce seed per production cycle is important. Notably, a sufficient number of broodstock
contributing to the next generation, i.e., at least 50 pairs of breeders as the effective breeding
size (Nb), helps reduce risks of inbreeding and its associated effects on the offspring [85-88].
Replacement of brood fish is vital due to the declining vigor with time and brood fish
mortality, and is also key in maintaining genetic diversity. Also, the starting size for
the broodstock is critical; for example, in Nile tilapia, fish ranging from 150 to 250 g are
appropriate since they can produce 500-1000 eggs per spawning. Notably, the number of
eggs decreases with the age and size of broodstock, hence requiring broodstock replacement
after 24 months [47,89,90].

’
4
4
’

2 Breeding nuclei
/“Selection
&4
% SR
N Multiplication
S 7/
Q/ (hatcheries)
Production
Z (farmers)

Number of farmers

Figure 4. Dissemination approach for improved Nile tilapia.

Selective Breeding of Nile tilapia

In Nile tilapia aquaculture, producing heavier fish in a shorter period of the preferred
flesh quality means more income for farmers and significant economic benefits. Selective
breeding can be utilized to achieve these attributes since it results in long-term genetic
gain and trait improvement [62,71,72,91]. With systematic selection, quality seed is pro-
duced and availed to farmers, which subsequently results in sustainable aquaculture
development. In Nile tilapia aquaculture, selective breeding started in the early 1990s and
has, over time, significantly contributed to making the species one of the most important
farmed fish globally. Numerous selective breeding programs of Nile tilapia have been
established (Table 1), with the GIFT strain as the major success story [23,48,55,68,92,93].
With these breeding programs, remarkable genetic improvement has been achieved over
the years [23,48,55,58,67,68,92]. The programs mostly utilize the classical selection ap-
proach using mass spawning or pedigree information, with growth as the main trait of
interest [21,23,24,54,55,84,91]. However, marker-assisted selection is gaining momentum in
routine selection programs as a more efficient and effective breeding approach compared
to conventional techniques [56,76].
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Notably, the selective programs in Nile tilapia aquaculture have mainly been imple-
mented and disseminated among Asian countries, resulting in increased aquaculture
growth. For example, the GIFT program was initiated in the Philippines, and the resultant
improved strains have been adopted mostly in Southeast Asia, resulting in improved pro-
ductivity ranging from 18% to 58% in China and Bangladesh, with each generation yielding
7-10% gains in productivity [6,22,48,68,92,94]. Consequently, Asia remains the leading pro-
ducer of the species [1,6,7,23,67]. In African countries, the national capacity for aquaculture
research and development, including fish breeding and strain improvement, is still weak,
with inadequate technical human resources and limited funding [22,23]. Subsequently, the
farmed fish strains continue to yield sub-optimally compared with improved strains in
other regions. The notable breeding programs in Africa are for the Genetically Improved
Abbassa Nile tilapia (GIANT) strain and the Akasombo strain in Egypt and Ghana, respec-
tively. The Abbassa and Akosombo strains reach their harvest weight faster compared to
non-improved strains, saving both time and money for farmers in terms of labor and fish
feed costs [23]. The GIANT strain is responsible for the trajectory growth of aquaculture
in Egypt, is presently the leading producer of Nile tilapia in Africa, and is among the top
ten global producers, justifying the need for systematic selective breeding programs in
the continent [1,6,25,26]. The other breeding programs in Africa are utilizing the GIANT
selective breeding protocol to produce fast-growing strains, especially in Malawi, Zambia,
Ghana, and Kenya [20,23,95]. However, the distribution of genetically improved strains for
the purpose of aquaculture in Africa is still limited by the concerns of contaminating native
genetic diversity [21,23].
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Table 1. Nile tilapia improved strains developed through selective breeding programs for different countries.
Country Strain Institution Year Started Germplasm Source Target Trait (s) Generation Benefits Reference
The 6th generation had
77% faster growth and
Bureau of Fisheries and . . 60% higher survival
. Four wild strains from
Aquatic Resources and Africa (E h rates than locally
Freshwater Aquaculture rica (Egypt, Ghana, Growth and farmed strains in the
GIFT 1988 Kenya, and Senegal) . 6th e [8,65,93,96-100]
Centre (BFAR) of . survival rates Philippines. An average
and four farmed strains S
Central in the Philippines genetic gain of 12-17%
Luzon State University PP per generation across
five generations of
selection was obtained
Nile tilapia strains were A genetic gain in body
Freshwater Aquaculture collected from Taiwan, weight of 12% per
FaST or Center Central Luzon Singapore, Thailand generation was
Philippines Fl;ﬁaC—iSaelected State University 1986 and Israel. These were Growth rate 12th observed after [13,97,101,102]
p (FAC-CLSU) referred to as the 12 generations of
Philippines strain selection
Strain crosses and .
. s . . The strain was more
National Freshwater within-family selection . . .
. . . R . . disease resistant, with
Fisheries Technology using four parent lines: ~ Disease resistance, hicher erowth and
GET EXCEL Center, Bureau of 2002 8th generation GIFT, growth, and 1st sher g [13,97,103,104]
. . . . . survival rates compared
Fisheries and Aquatic 13th generation FaST, survival rates .
o to the 8th generation
Resources and Nile tilapia from
of GIFT
Egypt and Kenya
Fast growth
GIFT TGA Farm Incorporated 2006 GIFT from WorldFish & 1/ ih rate 2nd performance, coupled g o1
Center with increased farm
revenues
6th generation from the f:; agrcllslens;lig;f/ in
Malaysia GIFT The WorldFish Center 2001 GIFT project in the Growth rate 10th P o [96]
Philippines growth rate, averaging

11.9% per generation
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Table 1. Cont.
Country Strain Institution Year Started Germplasm Source Target Trait (s) Generation Benefits Reference
Shanehai Ocean 3rd generation of the Higher growth rate
NEW GIFT Univgrsi t 1994 GIFT project in the Growth rate 8th (>30%) than the base [105-108]
y Philippines population
Freshwater Fisheries Superior growth
GIFT Res.earch Center (FFRC), 2006 Th.e .GIET project in the Growth rate 3rd performance than that [106,109]
Chinese Academy of Philippines of the existing strains
China Fishery Sciences (CAFS) 8
5th generation of Nile Genetic growth
s o e Ve impovcment 60900
Hainan Progift Aqua-Tech 2005 amng Growth rate 6th 8 y welg [63]
Cooperation Ltd Program, earlier harvest) after six
’ obtained from the GIFT generations of
of the Philippines multi-trait selection
Growth and The generation of the
Egypt GIANT The WorldFish Center, 2002 Squrced from the river survival 9th GIANT strain grew 28% [24,25,68,110]
Egypt Nile rates faster than the
commercial strain
The 10-year selection
11th generation of the Ki:éﬁiéns?:m with a
Ghana Akqsombo Water Research Institute 2002 GIFT strain 1mported Grov?/th and 10th 30% faster growth rate [68,95,111]
strain (WRI) from WorldFish Center  survival rates
in Malaysia than other farmed
tilapia strains in the
West African sub-region
o e Aol Foe o
Kenya 8 P 2010 hatcheries and lakes survival rates and 8th p [20,51]

(SAG-F8)

and Training Centre,
Sagana, Kenya

Victoria and Turkana

FCR

efficiency, and better
survival rates
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Table 1. Cont.

Country

Strain

Institution

Year Started

Germplasm Source

Target Trait (s)

Generation

Benefits

Reference

Norway

GenoMar
Supreme (GST)
Strain

GenoMar, a Norwegian
company based in Oslo

1999

10th GIFT generation

Growth and
survival rates

10th-13th

Increased genetic gain
(20% per generation).
An increase in the
survival rate of about
11% per generation was
also observed, resulting
in the survival of at
least 80% in the 13th
generation

[13,21,97,103]

Bangladesh

GIFT

Bangladesh Fisheries
Research Institute
(BFRI)

1998

The GIFT strain from
the Philippines

Growth rate

6th

F6 generation progeny
showed 32.66% higher
growth than that of the
average group of the
GIFT strain (base
population)

[112]

Vietnam

NOVIT 4

Research Institute for
Aquaculture No. 1
(RIA 1)

1997

5th generation of the
GIFT from the
Philippines and
Thailand tilapia

Growth rate

8th

Growth improvement,
well suited to
production systems,
with a 52% superior
growth rate than the
base population

[68,92,113]

GIFT

Research Institute for
Aquaculture No. 2
(RIA 2)

2006

10th generation of the
GIFT

strain developed in the
Philippines

Harvest weight

4th—-6th

Genetic gains in harvest
weight, ranging
between 7 and 11% per
generation over four to
six generations

[67,68]
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Table 1. Cont.
Country Strain Institution Year Started Germplasm Source Target Trait (s) Generation Benefits Reference
Achieved 112% greater
National Aquaculture Growth and g:g;:};r?clla:nﬂgg ZZ/C .
Sri Lanka GIFT Development Authority 2007 GIFT from Malaysia . 4th . e [68,114,115]
(NAQDA) of Sri Lanka survival rates survival rate compared
to 75.5% for the local
strain
A substantial increase in
GIFT Statg Ur}lversgy of 2005 8th generathn of GIFT Growth rate 1st-9th the daily :velght gain of [116,117]
Maringa, Brazil from Malaysia about 3.3% per
generation
Brazil .. The Chitralada strain Fast-growing strain
Aquabel strain 3232261 Pisciculture 1996 from the Asian Institute gl?\:;,\:gliz(tts N/S with the higher survival [118,119]
of Technology (AIT) rate (94.1%)
. . GIFT previously crossed .
Aqqumerlca AquaAmerica . 2012 with the Chitralada and  Growth rate 3rd Sup.erilor growth rate.s [120]
strain Company, Brazil . . exhibited by the strain
Bouaké strains
. * A fast growth rate of
Big Nin Nam Sai Farms Co. Ltd. N/S The GI.F.T s’Fram from Growth rate N/S 25g/dayinpondsand  [121]
the Philippines .
4.4 g/day in cages
. Thai stocks and from Growth and Enhanced harvest
Thailand Manit Farm 2008 GIFT survival rates oth weight and survival rate [68,91]
GIFT g::l :rrlrcll Fll;}ézrel;i;henes 9th generation GIFT Superior growth
. 2000 from the WorldFish Growth rate 5th p & [68,122]
Center (Pathum Thani . performance
Center, Malaysia

FTRC

GET EXCEL: genetically enhanced tilapia—an excellent strain; GIANT: Genetically Improved Abassa Nile tilapia; GIFT: Genetically Improved Farmed Tilapia; FCR: feed conversion ratio;
N/S: not specified; *: https:/ /www.tilapiathai.com/tilapia-strains/ (accessed on 19 April 2024).
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4. Existing Nile tilapia Genetic Resources, Seed Production, and Genetic
Improvement Efforts in Uganda

4.1. Existing Nile tilapia Genetic Resources in Uganda

While establishing a breeding program, the existing genetic resources are indispensable
building blocks. Uganda is endowed with vast Nile tilapia genetic resources across various
major water bodies (Figure 5), small water systems, and fish farms, which are potential
broodstock sources in a breeding program. Notably, the species is native to lakes Edward,
George, and Albert but was introduced to the Lake Victoria basin (lakes Victoria, Kyoga,
Nabugabo, and the Victoria Nile) as well as various satellite lakes [6,8,46,123]. However,
the diverse Nile tilapia genetic resources in Uganda have not yet been fully explored and
utilized in aquaculture. Although some efforts for the genetic improvement of Nile tilapia
are ongoing, the question is how the wealth of wild resources shall be sustainably used.
Besides, with the increase in cage fish farming investments in major Ugandan water bodies,
cases of intentional or unintentional fish escapees are inevitable and may pose threats
to the native species. The intentional release of fish, especially of unknown origin, or
the accidental escape of fish from farms have been linked with hybridization with native
species and admixture between stocks [124-126]. Hybridization can result in reduced
genetic adaptation arising from the break-up of co-adapted gene complexes, which is
detrimental to the sustainability of genetic resources [95,126,127]. Overall, the escapes
from fish farms interbreed with the native wild fish populations, compromising their
population structure, including reduced genetic diversity and fitness [95]. Consequently,
the farmers collect broodstock which is not pure stock, having poor performance on the
farms. Nonetheless, the genetic diversity of the Ugandan wild Nile tilapia populations is
generally high, with genetically healthy breeding populations. The wild stock remains
the main source of broodstock for seed producers, with lakes Albert, Kyoga, Edward, and
George, as well as the river Nile and the Kazinga channel, having a significant genetic
contribution to most farmed Nile tilapia populations in Uganda [128,129].
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Figure 5. Major water bodies (lakes and river systems) in Uganda where Nile tilapia is naturally
distributed.
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4.2. Nile tilapia Seed Production in Uganda

In Uganda, there are several isolated Nile tilapia hatcheries, with the majority located
in the central and eastern regions of the country [47] (Table 2). Seed production is mainly
private sector-led, with small-scale production in ponds of 100-500 m? and an annual
capacity of 200,000 to 300,000 fingerlings [31,47,130]. Farmers and hatchery operators
use rudimentary fish seed production technologies and hence cannot guarantee quality
seed. For example, a significant number of hatcheries source their parental stock from
the already genetically degenerated broodstock of other farms, which is evidenced by the
weak genetic differentiation between the Nile tilapia hatchery populations, which can be
attributed to genetic mixing [129]. Notably, a few hatchery operators get their germplasm
from natural water bodies such as lakes Victoria, Kyoga, Albert, George, and Edward
but never screen for their genetic makeup [47,128]. The cost of the breeders generally
influences the sourcing of broodstock by the fish hatcheries, in addition to the proximity
of the source and the availability of broodstock. Therefore, the hatchery operators do
not follow quality considerations like ancestry and performance for broodstock during
sourcing. Such practices, coupled with unregulated fish translocations and the prolific
breeding of Nile tilapia, result in a rapid reduction in the genetic quality of the farmed fish
due to inbreeding and genetic drift. Consequently, genetic variability is lost, resulting in
poor-quality populations with low growth and survival rates and, therefore, low yields [61].

Table 2. Nile tilapia hatcheries in Uganda.

District Sub County/Division Name Ownership

Ssisa Aquaculture Research and Development Centre-Kajjansi Public

Katabi Tende Innovation Farm Private

Wakiso Aquafarm Fish Farm Private

Katabi Victoria Treasures Private

Waki Mende Kakunyu Agricultural Farm Private

aKiso Nsangi Nsangi Fish Farm Private

Matugga Matugga Fish Farm Limited Private

Sissa Kaama Fish Farm Private

Kasanje Nina Fish Farm Private

Kira Kireka Fish Farm and Hatchery Private

Mukono municipality x;l:&rlz Zonal Aquaculture Research and Development Public

Mukono Goma Manjorie Fish Farm Private

Mpaata Lake Victoria Precious Fish Farm Ltd. Private

Buikwe Rural Ferdsult Fish Project Private

Buikwe Nyenga Yalelo fish farm Private

Ngogwe Agrofish Farm Private

Luwero Zirobwe Sanga Fish Farm Private

Masaka City Kingo Ssenya Fish Farm Private

Kyotera Kirumba Pokino Multipurpose Fish Project Private

Mbarara Kakiika Division Mbe}rara Zonal Aquaculture Research and Development Public

Institute

Rwampara Bugamba Dejafa Farm Private

P Bugamba Nyakasana Farm Private

. Central Division Ruhandagazi Regional Fry Centre Public
Bushenyi . .

Kyamuhunga Kabeihura Farmers Private

Kanuneu Kihihi Town Council Kihihi Fish Fry Centre Public

& Kirima Waako Fry Centre Private
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Table 2. Cont.
District Sub County/Division Name Ownership
Kabale Ndorwa Kachwekano Zonel Agricultural Research and Public
Development Institute
Rukungiri Rukungiri Municipality Rural Aquaculture Development Private
. Kyabigambire Buhpdl Zonal Aquaculture Research and Development Public
Hoima Institute
Kibanjwa AA Fisheries and Aquaculture Farm Private
K Maliba Nehemia Hatchery Private
asese Kisinga Blue Valley Fish Farm Private
. Rwebitaba Zonal Agricultural Research and .
Kabarole Rwengaju Model Development Institute Public
Mugusu Town council Adolf Fish Farm Private
Fort Portal City Western Division GEOB Hatchery Private
Kahungye Town Council, Rubumba Seed Production Research and Training .
Kamwenge Private
Rwenkuba Centre
Mbale city Northern Division Mbale Regional Fish Fry Centre Public
Bushenyi Kyamuhunga-Mushunga Kabehura Farm Limited Private
Busia Buteba Salama Integrated Fish Farm Limited Private
Sironko Bumalimba Nalugugu Fish Farm Private
Bugiri Buwuni Kange Integrated Fish Farm Private
Iganga Northern Division Muso4f Enterprises Private
Mayuge Wairasa MIG Fish Farm Private
Namutumba Nsinze Busoga Farmers Resource Private
Kumi Atutur Kumi Wetland Fish Farming Association Private
Western Division Bamukwasi Rock Valley Fish Farm Private
Tororo Eastern Division Rock Springs Fish Farm Limited Private
Morukatipe Geossy Fish Farm and Hatchery Private
Serere Olio Kikoota Integrated Fish Farm Private
Arua city Ayivu East Division Abl.Zonal Agricultural Research and Development Public
Institute
Koboko Nyangilia Manada Fish Farm Private
Marach Kijomoro Eyofia Memorial Farm Kochi Ltd. Private
aracha Abinyu cell Wole Mixed Farm Private
Maracha Kijomoro Neville Long Bottom Mixed Farm Private
Amuru Pabbo Town Council Lalar Fish Farm Private

Disclaimer: To the best of our knowledge, the list of hatcheries presented in this table is correct as of now, but the
status of hatcheries and farms changes at least annually.

Also, with a few exceptions, small-scale seed producers commonly use the single-pond
fingerling production system, where fish fingerlings are produced and nursed in one pond
with broodstock [47]. In this system, fingerlings’ production cycles overlap, causing them
to reach sexual maturity and consequently resulting in inbreeding. This leads to a loss of
genetic variability and, hence, poor-quality Nile tilapia seed, characterized by low growth
and survival rates [31,131]. Subsequently, the hatchery operators supply inferior seed to
farmers, resulting in low yields and depressed economic returns from the investments.

Given the above situation, establishing a systematic breeding program focused on the
genetic improvement of the species is vital for the country. Selective breeding has resulted
in genetically improved tilapia, which has been proven to have faster growth rates, better
survival rates, and better disease resistance [13,20,25-27,34,111]. With classical selection
techniques for growth traits, genetic gains in body weight of Nile tilapia by 20-90% have
been reported [21,34,54-56,63,84,91]. However, the aquaculture industry is now moving to
the use of robust molecular-based marker-assisted selection (MAS), and breeders can now
indirectly choose genetic traits of interest using linked markers. This approach hastens
the selection for fast growth in Nile tilapia, shortening the production cycle [56,74-76,132].
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Since aquaculture research and development is still at an early stage in Uganda, with no
systematic breeding efforts of Nile tilapia, the country can benefit from the already-generated
knowledge utilizing the two approaches.

4.3. Genetic Improvement Efforts of Nile tilapia in Uganda

With respect to research towards creating a Nile tilapia selective breeding program
in Uganda, most studies have been conducted to establish the genetic diversity of the
existing wild resources. Notably, most of these efforts have been implemented using donor-
funded projects, such as the Strengthening Regional Capacity in Research and Training in
Fisheries and Aquaculture for Improved Food Security and Livelihoods in Eastern Africa
(STRECA-FISH) project, the European Union’s Promotion of Environmentally Sustainable
Commercial Aquaculture (PESCA) project, and the GCRF AgriFood Africa Innovation
Awards round three grant via Innovate UK KTN [128,129]. From these projects, three
discrete Nile tilapia population structures were established: (1) lakes George and Edward,
as well as the Kazinga channel; (2) lake Albert, the river Nile, and Kyoga; and (3) the
Lake Victoria systems [128,133]. Genetic distance analysis demonstrated a closer genetic
relationship between fish from lakes Kyoga and Albert, while the fish from Lake Victoria
were genetically distinct from those of the other two lakes [128,129]. Also, admixture
analysis studies showed that the Lake Victoria population was predominantly pure stock,
while the lake Kyoga stock was admixed, sharing significant genetic composition with the
pure stockfish from lake Albert [129]. Taken together, the information from these studies
will support efforts to develop a selective breeding program, especially by providing
credible sources for germplasm and continuous monitoring of inbreeding and genetic
diversity levels of the selected populations for the breeding program.

Also, through the World Bank-funded “Agricultural Technology and Agribusiness
Advisory Services” (ATAAS) project, researchers in Uganda attempted to develop a fast-
growing Nile tilapia strain through selective breeding [134]. The NARO team sourced
the initial population comprising farmed strains from the Aquaculture Research and
Development Center (ARDC)-Kajjansi hatchery and wild populations from lakes Albert,
Edward, Kyoga, and Victoria. The trial was performed at ARDC-Kajjansi, aiming to develop
a strain that would attain higher harvest weight within a shorter time. The results indicated
that the Lake Victoria strain had a better daily growth rate of 2.47 g per day, which was
a significant improvement from the previously reported rate of 0.52 g per day [34,134].
However, there were no comprehensive studies from the controlled culture conditions to
field farms to determine the growth rates arising from genotype by environment interaction.
This would confirm whether the reported genetic gain would not be lost when selection is
not undertaken to address different categories of environments [135,136].

The above studies provide salient baseline information to the selective breeding
research group and hatchery operators. However, the results are still insufficient to guide
robust decisions in line with the development of a systematic Nile tilapia selective breeding
program in Uganda.

5. Policy and Legal Framework for Nile tilapia Breeding in Uganda

The management and development of sustainable commercial and small-scale aqua-
culture in Uganda is governed by the MAAIF through the DiFR. The directorate provides
technical guidance on the formulation, review, and implementation of policies, legislation,
standards, plans, and strategies in fish production, marketing, inspection, and certifica-
tion [137]. While supporting and promoting aquaculture production and management, the
operations of DiFR are guided by the Fisheries and Aquaculture Act (2022), the Fish (Aqua-
culture) Rules (2022, 2003) and the Ugandan NFAP (2017). Under Fish (Aquaculture) Rules
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2022 statutory instrument number 97, any person, institution, organization, or establish-
ment intending to engage in fish breeding must have a fish breeding permit [38,138-140].
The permit may be given or withheld depending on the requirements of the fish breeding
code and practices set forth by the DiFR. Also, under the same rules, all fish seed-producing
persons or establishments must be certified to ensure that they produce quality fish seed fol-
lowing guidelines and the code of aquaculture practices. Before undertaking fish breeding
operations, the farms should be assessed so that all activities align with policies. However,
due to limited resources, most hatcheries are not licensed, with the farms lacking knowl-
edge of policy rules and guidelines related to hatchery establishment and management [47].
As such, there is a significant unregistered supply of seed and inadequate quality checks
for the few registered supplies.

In addition, NARO, an agency under MAAIF, is mandated to oversee and guide all
aspects of agricultural research in Uganda, including fisheries and aquaculture. Through
their ZARDIs and the ARDC-Kajjansi under the National Fisheries Resources Research
Institute (NAFIRRI), NARO conducts research on fish breeding and genetic improvement.
However, the Animal Breeding Act of 2001 established the NAGRC&DB, also an agency
under the MAALIF, to establish sustainable national animal breeding programs, including
fish breeding and genetic improvement [141]. As such, the mandates of the two agencies
regarding fish breeding overlap, leading to the sharing of meager government resources
meant for breeding and genetic improvement research, which would otherwise be en-
tirely directed to establishing the country’s only fish breeding program. The two agencies
implement their activities following the same policy documents regulating the aquacul-
ture industry, including hatchery establishment and operations for various fish species
comprising Nile tilapia.

Notably, the Uganda’s NFAP identifies inadequate access to quality fish seed as a
significant challenge for aquaculture development in the country. The major issues high-
lighted by the policy include limited public and private investment in quality improvement
and seed production, poor quality /counterfeit seed on the market, and ineffective coordi-
nation among relevant authorities in the research and regulation of fish seed. It, therefore,
suggests the following strategies for overcoming the challenges related to limited access to
quality seed: (1) supporting public-private partnerships to ensure effective seed production;
(2) enhancing the capacity of NaFIRRI to execute its mandate effectively; (3) enhancing coor-
dination efforts of the DiFR, NaFIRRI, NaGRIC, academia, and other research organizations,
(4) strengthening the enforcement of existing laws and regulations to ensure compliance
amonyg critical actors in fish seed value chain; (5) supporting the private sector to produce
quality seed using set standards by incentivizing regulation abiders and penalizing those
who contravene the regulations; and (6) strengthening existing institutional systems for
fish seed inspection and quality control.

6. Future Perspectives

Despite the significance of Nile tilapia genetic improvement programs, investment
towards the conservation and selection of the Nile tilapia germplasm in Uganda has re-
mained insufficient. The country has made little effort to establish a well-planned Nile
tilapia selective breeding program for sustainable and cost-effective aquaculture produc-
tion. This is coupled with the lack of standardized hatchery practices and the poor en-
forcement of policies to regulate and monitor the operations of hatcheries in the country,
resulting in insufficient quality control for seed quality. Given the evidence of better
performance by improved Nile tilapia obtained from local strains in Asia, Egypt, and
Ghana [17,19,20,23,24,26,29,92,108,111], committing sufficient resources towards develop-
ing a systematic breeding program is critical.
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Various stakeholders continue to push for the transfer/introduction of already ex-
isting improved strains into Uganda. This, however, is not encouraged to avoid the risk
of potential adverse impacts on native germplasm, such as genetic integrity and the un-
known effects of gene—environment interactions. Developing a local breeding program
based on locally available strains of Nile tilapia in Uganda is highly recommended. This
necessitates long-term significant commitment of human, infrastructural, and financial
resources, including committing adequate resources to appropriate dissemination strategies
such as the establishment of broodstock multiplication centers (BMCs), hatcheries, and a
functional feedback mechanism. This requires competent staff with sufficient incentives, an
appropriate succession plan, and the availability of functional breeding facilities. Uganda
can, however, adapt the already developed selective breeding protocol in Asia, Egypt, or
Ghana for use in the genetic improvement of Nile tilapia in Uganda, including testing other
approaches for genetic improvement.

Although some government agencies and private commercial hatcheries are conduct-
ing Nile tilapia selective breeding activities [34,134], the interventions need to be coordinated
so that a sustainable national breeding program is established. The funding from the gov-
ernment continues to dwindle, coupled with dependence on donor funding, which runs for
a few years at a time. Without consistent funding, the establishment of the breeding pro-
grams and, later, the maintenance of the achieved genetic gains during the project’s lifetime
further hinder efforts to develop and maintain a systematic breeding program [23,31,71].
Notably, the genetic improvement programs require an initial significant investment, as
well as recurrent annual expenditure, to run them. Given the resources required for breed-
ing programs, government institutions may remain unconvinced about investing in them
unless they result in significant benefits [142]. Therefore, Uganda’s envisioned Nile tilapia
breeding program should adapt to what other breeding programs have already done and
also take advantage of advancements in genetics and breeding technologies to minimize
the cost and realize the promise of providing a fast-growing strain. This would be a break-
through in reducing the cost of production, contributing to a profitable aquaculture sector
in Uganda.

Also, although the current efforts to develop a selective breeding program for Nile
tilapia are based on developing fast-growing strains from local strains, targeting improving
the weight at harvest, isolated and small selection experiments are still practiced from
controlled environments at research stations. In most breeding programs, the realized
responses in farm environments are always poor, with reports that genetic gains from
selection carried out in good and environmentally controlled environments are often lost or
reduced when the improved fish are exposed to less favorable farm conditions [143-145].
Therefore, as Uganda embarks on developing a sustainable breeding program for Nile
tilapia, there is a need to incorporate well-planned studies in different culture conditions
across all agro-ecological areas, including low-input production systems, where farmers
grow Nile tilapia in ponds fertilized with organic material alone or feed the fish on a wide
variety of locally available farm resources.

Notably, as the Ugandan aquaculture sector continues to grow, the sustainable use
of Nile tilapia genetic resources requires the active involvement of multiple stakeholders.
As such, the formation of a diverse national fish breeding and genomics research group
to spearhead the formation of a national breeding program is vital. The group would
undertake molecular genetic diversity studies, genetic improvement of commercial fish
species, risk analysis, and recommend appropriate policy interventions. The research group
would comprise aquaculture researchers, private commercial hatcheries, and policymakers.
Also, the involvement of multinational organizations such as the Food and Agriculture
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Organization (FAO) and WorldFish Center to provide technical and financial assistance
is vital.

Establishing a sustainable breeding program requires having hatcheries as multipli-
cation centers, which ideally receive a new generation of improved broodstock from the
breeding nucleus every three years to sustain the production of improved seed. As such,
this review proposes a simple selective breeding model for Uganda, as described below
(Figure 6). The model proposes the government’s aquaculture research institutions as
sources for breeding nuclei for producing improved seed and broodstock. The genetically
improved seed is multiplied by certified private and government-owned hatcheries that ob-
tain improved broodstock from the breeding nucleus, and finally, the seed is disseminated
to farmers for grow-out production.

Multiplication Nursing Production

Figure 6. Proposed Nile tilapia breeding model for Uganda.

7. Conclusions Prioritized

This review showed that adopting improved strains has significantly contributed to an
accelerated increase in the production of Nile tilapia in Asian countries and Egypt (Africa).
Therefore, it is imperative that genetic improvement of local strains is prioritized to enable
sustainable growth of Nile tilapia aquaculture in Africa. Similarly, considering the growing
importance of Nile tilapia in Uganda, genetic improvement of the species must be given
more attention with a focus on streamlining research interventions towards developing
a well-planned Nile tilapia selective breeding program. This will guarantee the supply of
superior seed, which will significantly contribute to increased returns on investments by
fish farmers and, consequently, aquaculture growth in Uganda.
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