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Developing the basis of a breeding program
for sustainable Rufiji tilapia aquaculture in
Tanzania

Abstract

Tanzania has a rich natural fauna of tilapiine fish. However, a proper management
of tilapia farming is lacking. Use of inappropriate technology to produce seed and
inadequate extension efforts resulted in a poor production output from aquaculture.
This aquaculture gap has led the society to rely on wild captures which are depleting
and cannot be easily accessed by poor communities and hence increased the rate of
child and infant malnutrition. Developing a breeding program for Rufiji tilapia will
ensure the production of high-quality egg and larvae in culture systems and at the
same time preserve the natural biodiversity of these species in Tanzania. This thesis
aims to generate information that will be used for the development of a Rufiji tilapia
strain that will be used as the base for a selective breeding program in Tanzania. This
study was divided into two experiments. A pilot study survey was conducted
beforehand on the status of fish farming in Tanzania. The survey provided key
information that facilitated better understanding of the status and availability of
infrastructure for effective dissemination of a structured breeding program. Poor
infrastructure, poor fingerlings quality, and lack of health farming management
practices were found.

Thereafter, the genetic diversity and population structure of both wild and farmed
Rufiji tilapia populations and their relation with exotic and local Nile tilapia
(Oreochromis niloticus) were studied using high-throughput sequencing. Double-
digest restriction-site-associated DNA (ddRAD) libraries were constructed from 195
animals originating from 8 wild and 2 farmed populations. Genetic distance
estimates (Fst) were low among populations from neighbouring locations, with the
exception of Utete and Chemchem populations (Fsr = 0.34). Bayesian and
multivariate statistical approaches indicated the existence of three distinct genetic
clusters. The former analysis also revealed high admixture among Mindu and Wami
populations and low admixture in Mansi and Utete populations. When compared to
exotic and local Nile tilapia, Rufiji tilapia showed high genetic variation. High Fsr



values (0.6 - 0.8) were observed between Rufiji strains and the local or exotic Nile
tilapia strains. Interestingly, the aforementioned two highly admixed population
from Rufiji tilapia were closely related to Nile tilapia but genetically distant to other
Rufiji tilapia populations.

The second part of this thesis was based on a common garden experiment where
the existence of genotype by environment interaction was investigated by rearing
Rufiji tilapia populations in two sites (Pangani and Kunduchi) of differing salinity
and temperature levels. Nine populations were set-up for individual mating and 35
full-sib families were produced resulting in a pedigree that consisted of 1,392
animals. The best performing populations in terms of the recorded growth-related
traits were Wami and Mindu that were reared in Pangani, while the lowest growth
performance was recorded in the case of Ruaha population reared at Kunduchi.
Moderate to high heritabilities (0.39 — 0.74) and genetic correlations (0.73 - 0.74)
between these growth traits indicated the possibility of moderate reranking of the
best performing animals. Overall, the mean family estimated breeding value (EBV)
was higher in animals reared in Pangani compared to their full-sibs that were reared
at Kunduchi. Furthermore, selecting a Rufiji tilapia as a base population for a
selective breeding program needs to balance between best phenotypic performance
and broad genetic variation. Notably, if rearing is to take place on sites of varying
salinity and temperature levels selection should not only be based on using data from
the breeding nucleus.

Keywords: Aquaculture, ddRAD-seq, genetic diversity, common garden, selective
breeding, genotype by environment interaction
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Developing the basis of a breeding program
for sustainable Rufiji tilapia aquaculture in
Tanzania

Abstract

Tanzania har en rik naturlig fauna av tilapia-arter, men saknar tillfredstallande
forvaltning av odling av tilapia. Anvandning av undermadlig teknologi for att
producera &gg och larver for utsade och otillracklig radgivning till fiskodlare har
resulterat i lag produktion. Den laga vattenbruksproduktionen har lett till att
samhallet forlitar sig pa vilda fingster som haller p& att utarmas och som ar
svartillgangliga for fattiga samhallen, vilket har bidragit till okad grad av
undernéring hos barn och spadbarn. Att utveckla ett avelsprogram for rufijitilapia
(Oreochromis urolepis urolepis) kommer att sékerstdlla produktionen av
hdgkvalitativa dgg och larver for anvandning i fiskodling och samtidigt bevara den
naturliga biologiska mangfalden for dessa arter i Tanzania. Denna avhandling syftar
till att generera information som kan anvandas for utvecklingen av en rufijitilapia-
stam som i sin tur kan anvandas som bas for ett selektivt avelsprogram i Tanzania.
Studien som ligger till grund for avhandlingen ar uppdelad i tva forsok, vilka
foregicks av en bakgrundsstudie om fiskodlingens status i Tanzania.
Bakgrundsstudien gav nyckelinformation som okade forstaelsen for vilken
infrastruktur som finns tillganglig for effektiv spridning av ett strukturerat
avelsprogram. Délig infrastruktur, 1dg utsddeskvalitet och bristande rutiner for
fiskhalsovard noterades.

Darefter studerades den genetiska mangfalden och populationsstrukturen hos
béade vilda och odlade populationer av rufijitilapia och deras relation med exotiska
och lokala populationer av niltilapia (Oreochromis niloticus) med hjalp av sa kallade
Next Generation Sequencing (NGS). Med ddRAD-sekvensering (double digest
restrictionsite associated DNA sequencing) konstruerades DNA-bibliotek utifran
195 fiskar som harstammade fran 8 vilda och 2 odlade populationer. Den genetiska
skillnaden (Fst) var lag bland populationer fran narliggande platser, med undantag
for Utete- och Chemchem-populationerna (Fst= 0,34). Bayesianska och multivariata
statistiska metoder indikerade férekomsten av tre distinkta genetiska kluster. Den



forra analysen avslojade ocksé hog genetisk inblandning (admixture) bland Mindu-
och Wami-populationerna och lag inblandning i Mansi- och Utete-populationerna.
Jamfort med exotiska och lokala niltilapia visade rufijitilapia stor genetisk variation.
Hoga Fsr-varden (0,6 - 0,8) observerades mellan Rufiji-stammar och de lokala eller
exotiska Nile tilapia-stammarna. Intressant nog var de ovannamnda tva rufijitilapia-
populationerna med hog genetisk inblandning néra beslédktade med niltilapia men
genetiskt avlagsna fran andra rufijitilapia-populationer.

Den andra delen av avhandlingen baseras pa ett common-garden-forsok dar
forekomsten av genotyp-miljo-interaktion undersdktes genom att odla rufijitilapia-
populationer pad tva platser (Pangani och Kunduchi) med olika salthalt och
temperaturnivder. Nio populationer sattes upp for individuell parning och 35
helsyskonfamiljer producerades vilket resulterade i en stamtavla som bestod av 1
392 fiskar. De bast presterande populationerna nér det galler de registrerade
tillvaxtrelaterade egenskaperna var Wami och Mindu som hélls i Pangani, medan
den lagsta tillvéxtprestationen registrerades i fallet med Ruaha-populationen som
holls vid Kunduchi. Mattlig till hog arftlighet (0,39 — 0,74) och genetisk korrelation
(0,73 — 0,74) mellan dessa tillvaxtegenskaper indikerade méjligheten till mattlig
omrankning av de bést presterande individerna. Sammantaget var medelvardet for
familje-avelsvérdet hogre hos individer som hélls i Pangani jamfort med deras
helsyskon som hélls vid Kunduchi. Valet av en rufijitilapia som baspopulation for
ett selektivt avelsprogram maste balansera mellan bésta fenotypiska prestanda och
bred genetisk variation. Sarskilt om uppfodning ska &ga rum pa platser med
varierande salthalt och temperaturnivaer bor valet inte bara baseras pa data fran
avelspopulation.

Keywords: Akvakultur, ddRAD-sekvensering, genetisk variation, common garden,
selektiv avel, genotyp-miljé-interaktion
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1. Introduction

The global human population has grown tremendously from 1 billion in 1800
to 7.9 billion in 2020 with an annual increase of 1.1%. The population is
predicted to keep growing to reach 9.7 billion by 2050 (United Nations,
2022). As the global population continues to grow, demand for food is also
expected to increase. Africa has the fastest growth among all regions with an
expected population growth rate of 2.6% annually. It should be noted that
the highest population growth in Africa is reported in the least developed
countries (LDCs) making it more difficult for the governments to sustain the
basic needs of people and running the risk of famine and malnutrition. As
such, the increasing demand for food in these countries has inspired their
governments to develop livestock farms and fish farming sectors to sustain
the rising demand for animal protein. However, their policies to promote and
attract private and public investments in the industry are still uncertain (FAO,
2022).

Fish is one of the best sources of protein in developing countries. It
contains several unique and critical nutritional components such as essential
micronutrients — vitamins A, B, D and minerals i.e. calcium, iodine,
phosphorus and zinc, essential amino acids such as methionine, lysine and
long-chain, polyunsaturated fatty acids (LC-PUFA) that are of importance
for a healthy diet (Adeniyi et al., 2012; Islam et al., 2021; Karapanagiotidis,
2017). Fish provides about 17% of the average per capita intake of animal
protein and 6.5% of all protein consumed by more than 4.5 billion people
worldwide (Chenyambuga, 2018). Moreover, fish is a major source of
income, employing more than 158 million people in the world in different
fish-related activities like fishing, farming, processing and transportation
(FAO, 2022). In this regard, a significant increase in fish production all
around the globe has been observed in a few decades. Until four decades ago
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fish farming contributed about 5% of the total aquaculture production,
nowadays contributes about 47.4% (54.3 million tonnes) (FAO, 2020).
Tanzania, like many other developing countries, aims to develop the
aquaculture sector and improve fish protein consumption rate from its
current 8kg/person/year (URT, 2020) to at least 20kg consumption
/person/year as recommended by Food and Agriculture Organization (FAO,
2022). Despite both local and central governmental efforts, the country is far
behind in reaching the target goals.

Tanzania has over 630 freshwater fish species, most found in Lakes
Victoria, Malawi and Tanganyika. However, only a few species have shown
a significant potential for commercial aquaculture practices. In Tanzania,
especially Oreochromis species are farmed of which Nile tilapia
(Oreochromis niloticus) is the most farmed fish (Shechonge et al., 2018).
Additionally, the country has been experiencing a decline of wild fisheries
catches due to overfishing and illegal fishing practices (URT, 2020).
Meanwhile, the demand for fish and fishery products is expected to increase
even the coming years due to population growth. In order to boost the
national production, introduction of fish species in non-native water bodies
has taken place (Kajungiro et al., 2019a; Moses et al., 2019; Shechonge et
al., 2018). Despite the advantages of introducing Nile tilapia in non-native
habitat to boost fish production, its negative impact to the tilapia biodiversity
should be considered as well as Nile tilapia can cross breed with other closely
related endemic Oreochromis species (Nyinondi et al., 2020; Shechonge et
al., 2018).

Rufiji tilapia (O. urolepis urolepis) is a cichlid with potential for
aquaculture. This species is endemic to Tanzania and distributed mainly in
the Rufiji river basin (Nyinondi et al., 2020). Like most cichlids, Rufiji
tilapia have the ability to grow fast, tolerate environmental changes and are
easy to raise. Unlike most Oreochromis species, it has the capacity to tolerate
high water salinities that could be of advantage for costal aquaculture due to
the scarcity of fresh water.

In general, male tilapias are preferred for aquaculture due to their ability
to invest all their energy into growth and hence achieve a larger size
compared to females that start to reproduce at small body sizes before the
animals reach the harvest size. Male Rufiji tilapia have the ability to cross
breed with female Nile tilapia and produce all-male hybrids, which is
economically important (Mapenzi & Mmochi, 2016). Since Rufiji tilapia is
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native to Tanzania, its promotion in aquaculture could reduce the impact of
introducing non-native species that could jeopardize the cichlid biodiversity
(Kajungiro et al., 2019a; Nyinondi et al., 2020).

In order to improve fish production, investigating the molecular genetic
diversity of wild and farmed Rufiji tilapia is important. Understanding the
genetic structure and diversity of these species can assist in the conservation
of genetic resources of wild populations and set the basis for the
establishment of a breeding program, which requires background
information about the genetic status of the founder population in order to
minimize inbreeding accumulation (Kajungiro et al., 2019a). Through the
establishment of a breeding program the sustainability of fish seed can be
achieved resulting in a more efficient and sustainable production.
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2. Background

2.1 Global aquaculture production

Agquaculture is currently the fastest growing food-producing sector with an
average growth rate of 5.3% per year over the last two decades. Global
aquaculture production is mainly dominated by aquatic animals where in the
year 2020 a total of 122.6 million tonnes in live weight was attained with a
total value of USD 281.5 hillion. Aquatic production in 2020 consisted of
87.5 million tonnes of aquatic animals and 35.1 million tonnes of aquatic
algae (Figure 1) (FAO, 2022).

140
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Figure 1. World aquaculture production of aquatic animals and algae (Data expressed in
live weight equivalent from 1991 - 2020). source: FAO, 2022
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World aquaculture fish production has grown progressively over
continents accounting 46% of the total fishery production, and supplying
over 52% of the world’s fish for human consumption. Asia has remained the
leading producer contributing more than 88% of the total aquaculture
production over the past two decades, with China as the largest producer with
a significant share of over 57% in 2018. However, there is an increase on
aquaculture production in other regions even though their contribution is still
low. The Americas contribute around 5%, Europe contributes around 4% and
lastly Africa contributing less than 3% of the total aquaculture production for
the past two decades (FAO, 2020). This large uneven distribution pattern of
aquaculture production across the continents and countries has remained
unchanged over decades despite high aspirations for strong aquaculture
development around the globe to sustain their fast-growing populations,
especially in developing countries (FAQO, 2022). Similar to global food fish
production, its consumption has increased tremendously at an average annual
rate of 3.1% from 1961 to 2017, a rate higher than that of all other animal
protein foods such as meat, dairy, milk, etc. which increased by 2.1% per
year for the same period (FAO, 2022).

African aquaculture production still has a long way to go to surpass that
of capture fisheries. At region level Africa’s share is still low about 2.7% of
the total world aquaculture production. Within the region, aquaculture
accounted for 16 —18% of total fish production. Although the contribution of
aquaculture production in Africa is still very low, a notably fast growth rate
of 2.5% has been observed (FAO, 2020). Aquaculture in Africa is dominated
by Egypt accounting for 1.9% of the total word fish production and about
71% of African aquaculture fish production. In addition to Egypt, Nigeria
has also shown a remarkable increase in its aquaculture production to
become the second major producer in Africa and leading in sub-Saharan
Africa (Figure 2).
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Figure 2. Main seven aquaculture producers in Sub-Sahara Africa in 2018 (quantity in
Percentages). Source: FAO, 2020.

2.2 Tanzanian aquaculture

Tanzania is a coastal state on the Western Indian Ocean situated in the
Eastern part of Africa. It is well endowed with natural resources in terms of
fisheries and aquaculture potential such as Ocean, lakes, dams, and rivers.
The total water coverage is 346,337 Km? which is equivalent to 36.7% of the
total land area. Tanzania has varying climatic condition from the temperature
ranging from 10°C in the North-western and southwest highlands to 30°C in
the coastal regions where the weather is hot and humid. This enables the
country to culture both temperate and tropical aquatic animals (URT, 2020).

In Tanzania fish farming is thought to have started in 1927 when rainbow
trout (Onchorynchus mykiss) was released into water streams in the northern
and southern highland regions of Kilimanjaro and Mbeya by Scottish
missionaries (Balarin, 1984; Shoko et al., 2011). However, aquaculture
property started by the earthen pond experimental culture of Tilapia in
1950’s at Korogwe in Tanga and Malya in Mwanza regions (Shoko et al.,
2011). The government and Non-Government Organizations (NGOs) helped
the fish farming communities by providing fingerlings, financial and
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technical support in the "Eat more fish campaign" (Rukanda &
Sigurgeirsson, 2016). By 1960, the country had about 10,000 earthen ponds
stocked with tilapia fingerings introduced from Lake Victoria, river Pangani
and river Congo (Shoko et al., 2011).

Other species that were cultured for food after the first introduction of
Nile tilapia (Oreochromis niloticus) were Singida tilapia (O. esculentus),
longfin tilapia (O. Macrochir), Victoria tilapia (O. Variabilis), Three spotted
tilapia (O. Andersonii), Mozambique tilapia (O. Mossambicus), redbreast
tilapia (Coptodon rendalli & Coptodon zillii), Nile perch (Lates niloticus),
African catfish (Clarias gariepinus), Bagrus docmac, Ningu (Labeo
victorianus), Citharinus spp, Rabbitfish (Siganus canaliculatus) (Dadzie,
1992). In recent years other tilapia species like Rufiji/Wami/Zanzibar tilapia
(Oreochromis urolepis urolepis), Shile tilapia (Oreochromis shiranus) and
Karonga tilapia (Oreochromis Karongae) native of lake Malawi are also
getting attention for their use in aquaculture (Genner et al., 2018). By1990’s,
many aquaculture projects in this country failed to reach their full potential
due to lack of suitable technology and withdrawal of financial support from
donor (Shoko et al., 2011).

Inland aquaculture is currently picking up in the country with the annual
production of 18,081.6 tonnes in 2018. Nile tilapia and catfish (Clarius
gariepinus) contribute a major share of national finfish production with the
contribution of 16,288 tonnes in 2018. Overall, inland aquaculture
contributes less than 5% of the total fish production of which Nile tilapia
accounts about 95% of the total production (URT-MLF, 2019). On the other
hand, marine aquaculture is dominated by seaweeds (Eucheuma
denticulatum and Kappaphycus cottonii), milkfish (Chanos chanos) and
prawns (URT-MLF, 2019). Tanzania is among the top ten major producers
of seaweed where in 2018, its production was 103.2 thousand tonnes, live
weight contributing about 3.2% of global aquaculture production of aquatic
algae (FAO, 2020). Despite immense potential for fish aquaculture
development, this sector still mainly relies in small earthen ponds. Tanzania
has about 26400 earthen ponds, 408 cages and 1 recirculating aquaculture
system (RAS) for shrimps (Figure 3). Overall, the aquaculture sector
contribution to the national economy in gross domestic products (GDP) is
still below 2% with the growth rate of 9.2% by 2018 (URT, 2020).
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Figure 3. Aquaculture Production in Tanzania by type of water, farming method and
main farmed aquatic species. Source: URT-MLF, 2019

2.3 Tilapia farming

The genus Tilapia (Smith, 1940) comprises of mainly four sub-genera
(Alcolapia, Coptodon, Oreochromis and Tilapia) which are taxonomically
classified by both feeding and reproductive characteristics. Oreochromis and
Alcolapia are mouth brooders where the female mouth brood fertilized eggs
for several weeks before releasing the fry. Tilapia and Coptodon are
substrate spawners where both males and females guard the eggs and fry
until they are old enough to leave the nest. They are primarily herbivores,
feeding mainly on phytoplankton (Genner et al., 2018).

Fish farming started in China with the farming of common carp (Cyprinus
carpio) in earthen ponds about 4-5000 years ago (Gjedrem & Baranski,
2009). Tilapia farming have been ongoing for more than 1000 years and Nile
tilapia is among the earliest aquatic animals to be farmed under captivity
(Houston et al., 2020). At present, tilapias of family Cichlidae are cultured
in more than 140 countries worldwide in both tropical and temperate regions
with the production volume exceeding 5 million tonnes (FAO, 2022;
Shechonge et al., 2019). This family is very diverse, with over 100 species
and sub species (Ansah et al., 2014). However, few species are commercially
cultured, with Nile tilapia being the most cultured species (FAO, 2022).
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Tilapias are preferred for aquaculture purposes due to their fast growth
capacity on both manufactured and natural feeds, easy propagation, high
fecundity, tolerance to handling in different farming systems, and resistance
to stress and diseases (Ansah et al., 2014). Globally, tilapias are the second
most cultured species contributing more than 10% of total finfish aquaculture
production whereas carp species lead by contributing above 70% of total
finfish aquaculture production (FAO, 2022).

In order to increase fisheries production, economically important species
were introduced in different natural water bodies such as lakes, rivers dams
outside their geographical range. For instance, in the 20" century more than
90 countries reported the introduction of tilapias for various economical
purposes (Ansah et al., 2014; Shechonge et al., 2018). Tilapia introduction
has been reported to have adverse impact in the ecosystem in case of
escapees since tilapias have invasive tendencies and can interbreed with
other cichlids when introduced to natural water bodies (Bradbeer et al., 2018;
Shechonge et al., 2018; Shechonge et al., 2019). Presence of hybrids and
reduction of native species have been observed in local waters and hence
disturb natural genetic diversity (Champneys et al., 2021; Shechonge et al.,
2018). Apart from hybridizing and compensation with native species, the
introduced species may carry disease which can have adverse consequences
for native species especially virus caused diseases (Shechonge et al., 2018).
Alternatively, breeding programs for tilapia have the potential to increase
production and conserve the wild genetic diversity.

2.4 Rufiji tilapia

Oreochromis urolepis is a species of tilapia, cichlid fish, endemic to
Tanzania that has a broad distribution inhabiting from River Rufiji basin,
Wami and Ruvu rivers, Kilombero river, Mindu dam, Lake Mansi and
Zanzibar. Rufiji tilapia can be found primarily in freshwater habitats, such
as rivers, streams, lakes and Oxbow lakes, swamps, dams, and ponds and
estuaries. The species is herbivore with some omnivorous traits. They feed
on phytoplankton and algae and sometimes zooplanktons. However, in
farming systems they can feed on manufactured feed. Like other tilapias,
males of Rufiji tilapia are bigger and grow faster than females. Similar to
other Oreochromis, Rufiji tilapia are also maternal mouthbrooders and the
care of the fry is carried out by a female. Rufiji tilapia has two sub-species
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namely O. urolepis urolepis and O. urolepis hornorum. These species are
sometime referred as the same one species (Genner et al., 2018; Shechonge
et al., 2018) despite their differences. Based on the pigmentation of mature
fish, the males of O.u.urolepis are dark olive grey with pinkish upper lips
and red fin margins (Figure 4) while males of O.u. hornorum are entirely
black even in non-stressful environment, their lips are pale or black.
Breeding female of O.u.urolepis are silvery grey with the narrow pinks edge
on the dorsal fins (figure 5) but females of O.u. hornorum have no pink edges
(Trewavas, 1983). Rufiji tilapia is not only an endemic species; it is also the
second largest species in size after Nile tilapia with potential for aquaculture
in Tanzania (Genner et al., 2018). This species has high potential for both
aquaculture and simultaneous conservation of native species due to their fast
growth and high tolerance of water salinity making it the best candidate for
coastal aquaculture.

Figure 4. Male Rufiji tilapia (O. urolepis urolepis). Source: Nyinondi
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Figure 5. Female Rufiji tilapia (O. urolepis urolepis). Source: Nyinondi

2.5 Tilapia breeding program

Selective breeding for genetic improvement has been done for years in
livestock farming and agriculture and has increased the sustainability of both
animal and plant production systems. Unlike plants and farm animals,
selection for genetic improvement of aquatic animals in breeding programs
started a few decades ago (Gjerde & Rye, 1998; Houston et al., 2020).
Historically, fish were selected for farming depending on their observed
traits (i.e. fast growth, fillet, high fecundity, disease resistance etc.). Today,
even with traditional selective breeding of some fish species, fish farming
still depends mainly on wild counterparts for seed supply, making them
genetically closer to wild state. Therefore, there is a great gap between
increasing aquaculture production and sustainably maintaining genetic
quality of the farmed species.

Several approaches have been used to genetically improve fish
production in farming systems. These include sex control, cross breeding,
hybridization, transgenesis, chromosome manipulation and selective
breeding. However, for sustainable genetic gain through generation only
selective breeding approaches have reported to offer continuous gain in the
production sector (Ponzoni et al., 2011). Selective breeding through breeding
program have been reported to sustainably increase fish production while
maintaining the genetic quality by improving phenotypes at the same time
conserving the genetic biodiversity of native species (FAO, 2018). This

34



improvement in aquaculture sector has led to the development of several
finfish breeding programs for commercially important species like salmon
(Symonds et al., 2019; Thodesen & Gjedrem, 2006), trout (Lhorente et al.,
2019; Sae-Lim et al., 2013), carps (Bakos et al., 2006; Dong et al., 2015) and
tilapia (Ansah et al., 2014; Hong Nguyen et al., 2014; Ponzoni et al., 2011).

Tilapia breeding program started with Nile tilapia in 1988 with Genetic
Improvement of Farmed Tilapias (GIFT) project. This was a collaborative
research project between the International Center for Living Aquatic
Resources Management (ICLARM, currently called WorldFish) and
AKVAFORSK in Norway which was later co-financed by the Asian
Development Bank (ADB) (Eknath et al., 1993). The significant success of
GIFT project led to development of other Nile tilapia breeding programs
using GIFT technology such as GenoMar Supreme Tilapia (GST),
Genetically Enhanced Tilapias for Excellence (GET-EXCEL), FAC Selected
Tilapia (FaST), Abassa, and Akosombo (Ponzoni et al. 2008, Ansah et al.
2014). Tilapia that has been genetically improved from these breeding
programs grow about 18 to 58% faster per generation compared to unselected
lines when reared in ponds (Ansah et al., 2014; Gjedrem & Robinson, 2014).
Most of these tilapia breeding programs are located in Asia except for
Abassa, and Akosombo that are located in Egypt and Ghana, respectively.
The countries where these successful breeding programs are located became
the major producers of tilapia globally.

The use of selective breeding programs in aquaculture varies with
continents, with European aquaculture production deriving more than 80%
from selective breeding programs while Africa derives less than two percent
(FAO, 2022; Houston et al., 2020). Naturally, tilapia populations are
primarily restricted to Africa, but Asia is the main global producer. To
improve tilapia production, several selective breeding trials have been done
in Africa using GIFT technology. Still, only the Abassa tilapia breeding
program has shown a significant achievement over years (Ansah et al., 2014;
FAO, 2022). Therefore, there is a pressing opportunity to use these genetic
diverse tilapias in Africa to harness the untapped genetic potential and
improve desirable traits in selective breeding programs.
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2.6 Towards a structured breeding program for Rufiji
tilapia.

In this thesis we want to study the building blocks for a successful breeding
program for Rufiji tilapia. In order to establish a brood stock that is the
starting point for a structured breeding program we need to 1. identify the
genetic variation within and between different wild and farmed populations
of Rufiji tilapia, 2. compare the performance of these populations in different
environments and 3. estimate genetic parameters for the traits we want to
improve as well as any gene by environment interaction (G x E).

2.6.1 Genetic diversity

Genetic diversity refers to the range of different inherited traits within a
species. This explains the ability of a species to adopt to the surrounding
environmental conditions in terms of phenotypic changes induced by
environment over organism’s lifetime, behaviour and phenotype plasticity,
and canalized phenotype (Houston et al., 2020; Svanback & Ekldv, 2006).
In many aquaculture systems, breeding candidates are selected based on their
phenotypic performance through either individual or mass selection. This
type of fish selection is mainly applied for live-fish recorded traits such as
body weight and fecundity. However, this method has negative impact on
fish such as high inbreeding rates (Houston et al., 2020). Inbreeding in
aquaculture has been reported to result in poor survival rates and growth of
farmed fish. It’s important to note that the population size influences the
genetic diversity of that population (Gjedrem, 2005). Meaning that if the
population is big there is the large chance that that population has high
variation in genetic traits hence high chance for containing alleles that
contribute to new environment adaptation (Keller & Waller, 2002). Also,
high genetic diversity of a population provides broad range of trait
improvement in selective breeding without losing genetic diversity
(Gjedrem, 2005).

A key factor in successful selective breeding program is determining the
genetic diversity of the base population, that is whether the trait of interest
has sufficient genetic variation for sustainable breeding (Gjerde & Rye,
1998). This will give valuable information for understanding the potential of
certain traits in fish adaptability to various environmental changes in
aquaculture system. Therefore, to avoid genetic bottle-necks and preserve
fish genetic variation in fish production, obtaining information on the genetic
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diversity of the candidate selected fish is crucial. Some existing fish breeding
programs developed approaches to secure the genetic diversity of the base
population. For instance, salmon, rainbow trout and Nile tilapia breeding
programs secure base population genetic diversity by forming a synthetic
population that is composed of several genetically diverse populations or
stocks (Gjedrem, 2005; Gjerde & Rye, 1998).

2.6.2 Genetic markers

Understanding fish genetic diversity is very crucial for the establishment of
a selective breeding program. There are several genomic tools that provide
information on fish diversity for sustainable genetic improvement. These
tools provide valuable information on how to minimize inbreeding and
maximize genetic gain in a selective breeding. DNA genomic markers is one
of the tools that measures genetic diversity directly across the entire genome.
DNA markers that can be applied to investigate the genetic variation of fish
for the improvement of the interested trait includes; allozymes,
mitochondrial DNA (mtDNA) that were popular in the past aquaculture
genetic researches, but recent most used DNA molecular markers are
restriction fragment length polymorphisms (RFLP), random amplified
polymorphic DNA (RAPD, amplified fragment length polymorphism
(AFLP), expressed sequence tags (EST), microsatellite and single-
nucleotide polymorphism arrays (SNP) markers, (Liu & Cordes, 2004).

Direct genotype by sequencing (GBS) techniques have reinforced
advances in aquaculture genetic development. This is due to the fact that
these GBS techniques do not necessarily require a reference genome for
detecting genetic markers (Robledo et al., 2018). For instance, restriction-
site associated DNA sequencing (RAD-Seq) have been used to generate SNP
data of fish populations, and its beneficial for fish species that received less
research interest. RAD-Seq techniques have been applied in generating
linkage maps, improvement of reference genome and selection for traits of
interests in aquaculture (Houston et al., 2020; Nyinondi et al., 2020;
Palaiokostas et al., 2021; Robledo et al., 2018).

2.6.3 Common garden experiments in tilapia

Common garden experiments aim to determine the relationship between
different fish genotypes and phenotype with their surrounding environment.
In fish, common garden experiments can be indoors or outdoors where fish
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are reared in a shared water condition. Common garden experiments can be
conducted in multiple distinct geographical locations to explore gene by
environment interactions (Nguyen et al., 2017; Sae-Lim et al., 2013, 2016).
Fish adaptation to changing environments depend on their genetic
disposition (Gjerde & Rye, 1998). Therefore, studying these genetic
adaptation traits and controlling to a certain extent their effect in fish
phenotypic performance and genotype-by-environment interaction is
through a well-designed common garden (de Villemereuil et al., 2016).
Environmental location of wild fish can create isolation within fish species
due to their adaptation ability, this in turn can divide species into subspecies.
Therefore, common garden experiments have been used to unravel species
genetic source on complex phenotypic traits, traits of interests, adaptation
traits for both aquaculture and conservation purposes (de Villemereuil et al.,
2016).

In aquaculture, genetically improved species are preferred by
phenotypically performing better in wide range of geographical location,
meaning that an aquatic species that has low phenotypic plasticity is
preferred (Ansah et al.,, 2014). Therefore, designed common garden
experiments have been used to study several farmed fish to evaluate the
relationship between genetic variations and phenotypic performance in
different geographical locations or environment. Areas of interest in
aquaculture for these experiments include; growth-related traits
performance, diseases resistance, fecundity, genotype-by-environment
interaction and heritability (Abou et al., 2007; Megahed, 2019; Mengistu et
al., 2021; Sae-Lim et al., 2013).

38



3. Aim of the thesis

3.1 General Objective

The overall aim of this thesis is to generate information that can be used for
the development of a Rufiji tilapia population that will be the base of a
selective breeding program in Tanzania.

The specific objectives of the study (papers | — V) were to:

Determine the status of tilapia farming in Tanzania

Assess the genetic diversity and population structure of different
wild and farmed Rufiji tilapia populations in Tanzania

Determine the genetic diversity and population structure of
native, exotic, and wild populations of tilapia in Tanzania.

Compare growth performance of Rufiji tilapia in two
environments through a common garden experiment.

Evaluate the effect of Genotype —by — Environment interaction
on phenotypic performance of Rufiji tilapia (i.e. growth
performance and survival) and estimate the heritability for
relevant traits.
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3.2 Structure of the thesis

This thesis is based on paper I-1V (Figure 6). Paper | analyses the status of
tilapia farming in Tanzania. Paper Il and 11l examine the genetic diversity
and population structure of native, exotic, and wild populations of Tilapia in
Tanzania. Paper 1V evaluates the growth performance of Rufiji tilapia in two
environments through common garden experiment and the effect of
Genotype —by — Environment interaction on phenotypic performance and the
heritability estimate for relevant traits.

The status of tilapia farming in Tanzania

Paper |
Genetic diversity and population Phenotypic performance of
structure Tilapia in Tanzania Rufiji tilapia and genetic
Paper II parameters
Paper 111 | Paper IV

Figure 6. Structure of the research on Rufiji tilapia (O.u. urolepis) for the development
of a breeding program involving the status of tilapia in Tanzania (paper I), genetic
diversity and structure (paper Il and 111) and phenotypic performance as well as estimate
for genetic parameters (paper 1V).
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4. Material and Methods

4.1 Tilapia farming field survey for Paper |

A pilot study of this thesis was conducted to identify and determine the status
of tilapia farming in mainland Tanzania. Stakeholders interviews and field
observations were carried out in mainland Tanzania. The field sites were
chosen in a systematic manner trying to include all areas with fish farming
activities, private and government hatcheries, and policy makers. Areas with
multiple aquaculture activities were preferred. Ten tilapia fish farming sites
were selected from Coast (Pwani), Dar es Salaam, Kagera, Kilimanjaro,
Mbeya and Mwanza region. Also, seven hatcheries owners, five aquaculture
experts from research and training institutions and three policy makers from
the ministry of Livestock and Fisheries development were interviewed. The
data were collected using a semi-structured interview with both close and
open-ended Swahili questionnaire and later translated to English. Questions
regarding the sources of fingerlings, farming system (pond, cage or other),
stocking densities, growth performance, market and challenges they are
facing were given to farmers. Government and private hatcheries were also
asked the source of their broodstock, broodstock reproduction period, price
of fingerlings, market, growth performance of their fingerling, challenges
and government intervention. While government officials were asked the
government strategies for improving fish farming in the country.
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4.2 Genetic diversity studies for paper Il and Ill

4.2.1 Sample collection

Rufiji tilapia used in this study were collected from both farmed and wild
environments in mainland Tanzania. For Nile tilapia (paper I11), sample were
collected from the wild, fish farms and hatcheries. The sample locations
were selected based on the available information of their distribution around
the country (Figure 7). Identification of the species was based on their
morphological characteristics as detailed in paper 1l and Ill. Fish weighing

30 g and above were carefully chosen for the experiment.
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Figure 7. Sampling sites for Rufiji tilapia (O.u. urolepis) collected from both farm and

wild in mainland Tanzania.
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4.2.2 DNA extraction, ddRAD library preparation and sequencing

A total of 550 fish were used with 15 - 20 animals from each population.
From each fish, 0.05g of fin clips were collected and preserved in 95%
ethanol for the extraction of genomic DNA. DNA extracted from the
collected fin clips was used for the construction of Double-digest restriction-
site-associated DNA (ddRAD) libraries. ddRAD libraries were prepared
according to Peterson et al. (2012), with minor modifications described in
Palaiokostas et al. (2015). The sequencing of ddRAD libraries was done at
Edinburgh Genomics Facility, University of Edinburgh using an Illumina
HiSeq 4000 instrument.

4.2.3 Sequence Data Analysis and SNP Genotyping

Reads of low quality (Q < 20) and missing the expected restriction sites were
discarded. The retained reads were aligned along Nile tilapia reference
genome assembly [GenBank accession number GCA_001858045.1 (Conte,
Gammerdinger, Bartie, Penman, & Kocher, 2017)] using bowtie2
(Langmead & Salzberg, 2012) in paper Il and assembled de novo using the
denovo pipeline (denovo_map.pl) of Stacks v2.5 (Catchen et al., 2011;
Rochette et al., 2019) in paper Ill. Stacks of loci were formed for each
individual sample supported by at least three reads. Thereafter, a catalogue
of putative loci across all samples was formed allowing a maximum number
of three mismatches amongst the individual sample loci. Finally, SNPs were
identified using gstacks (settings: --var-alpha 0.001 —gt-alpha 0.001 —min-
mapg 40). Only a single SNP from each locus was considered for
downstream analysis in order to minimize the possibility of genotypic errors
and reduce computation time. SNPs with minor allele frequency (MAF) <
0.05 across all tested samples were discarded. Finally, only SNPs found in at
least 75% of the samples in each population were retained for downstream
analysis. The aligned reads in the format of bam files were deposited in the
National Centre for Biotechnology Information (NCBI) Bioproject
repository under project ID PRINAS518067
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA518067).

4.2.4 Population Structure and Relationships

To determine genetic clusters among the tilapia populations we used both
multivariate and Bayesian methods. Bayesian clustering methods
implemented in the program Structure v2.3.4 (Pritchard et al., 2000) were
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applied with 100,000 burn-in and 200,000 Markov chain Monte Carlo
repetitions for each K-value. Three replicates were performed for each
number of underlying populations (k) from 2 to 20. The most probable K-
value was determined using Evanno method (Evanno et al., 2005)
implemented in Structure Harvester (Earl & vonHoldt, 2012). Furthermore,
Q-matrices of three replicates from STRUCTURE were used in CLUMPAK
(Kopelman et al., 2015) to visualize the population structure.

Multivariate approach Discriminant Analysis of Principal Components
(DAPC) (Jombart et al., 2010), was further used to identify genetically
distinct clusters of tilapia species. DAPC was performed using the R
package ADEGENET version 2.1.1 (Jombart et al.,, 2018). DAPC
transformed the SNP data using a prior PCA step and subsequently applied
a discriminant analysis step (Jombart & Collins, 2015). DAPC uses
find.clusters() function of adegenet to implement a clustering algorithm k-
means and Bayesian Information Criterion (BIC) for each value of K to
identify the optimal value of k (Jombart et al., 2010). To determine genetic
similarities and relationships among tilapia populations, Principal
component analysis (PCA) was carried out using the R package
ADEGENET version 2.1.1 (Jombart et al., 2018).

4.2.5 Population differentiation and Genetic diversity

Genetic diversity indices; mean observed (Ho), expected (He) heterozygosity
and inbreeding coefficients (Fis) among tilapia populations in Tanzania were
estimated using Stacks v2 (Rochette et al., 2019). For population genetic
differentiation, pairwise Fst values were obtained using the stamppFst
function (Pembleton et al., 2013) according to Cockerham and Weir (1984).

4.3 Common garden study (Paper 1V)

A common garden experiment was performed with the aim to compare the
growth performance of Rufiji tilapia in terms of body weight, length and
girth in two environments based on water salinity, and evaluate their
Genotype —by — Environment interaction and estimate heritability for related
traits in those environments. The common garden experiment for Rufiji
Tilapia was performed jointly with Nile tilapia native and exotic lines but
those results are presented elsewhere.
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4.3.1 Study area

The common garden experiment was conducted in two different locations.
First, the Institute of Marine Sciences Mariculture Centre (IMS-MC) at
Bweni village, Pangani, Tanga (05° 26" 0” South, 38° 58" 0" East). This place
is characterized by precipitation ranging from 33 mm to 278 mm during the
wettest month. It receives about 99 mm (3.91 inches) of precipitation and has
about 178 rainy days annually. The district temperature varying between 25
and 33 °C. Second, the School of Aquatic Science and Fisheries Technology,
University of Dar es Salaam at Kunduchi in Kinondoni, Dar es Salaam (06°
66" 0" South, 39° 21” 0” East). The Kinondoni district is characterized by
precipitation ranging from 27 mm to 269 mm during the wettest month.
Kinondoni typically receives about 146 mm (5.76 inches) of precipitation
and has about 230 rainy days annually. The temperature varies between 25
°C and 31 °C. Both districts are allocated along the coastline of the Indian
ocean and have small variations of climatic conditions throughout the year.
The choice of the study locations was based on the climatic conditions that
favors tilapia farming and the limited environmental difference between two
stations. Water used in this study had different salinities with brackish water
(>2%o) at Pangani and freshwater (< 0.05%o) at Kunduchi.

4.3.2 Broodstock population

Rufiji tilapia broodstock used in this study were collected from nine different
geographical locations as described in paper Il. Brooders with an average
weight between 200g to 300g were selected for natural spawning. Thirty-six
hapas measuring Im x 1m x 1.5m were used for spawning. From each
population, four males and four females were stocked at a sex ratio of one
male: one female per hapa. All selected female brooders were inspected for
eggs before stocking to ensure that all eggs were spawned after pairing.
Broodstock synchronization to stimulate spawning was done by starving
brooders for one day after providing them enough food for nine days
simultaneously. To ensure good quality of eggs and hence quality of
fingerlings, brooders were fed twice per day with formulated diet from
Koudijs Animal Nutrition-Netherlands containing 35% crude protein. After
a period of two to three weeks, eggs were collected from the mouth of the
female brooder and placed into separate labelled incubation jars for hatching.
Newly hatched fry were collected into a 10 L incubation basin with a flow-
through system and were kept there until the absorption of the egg yolk.

45



4.3.3 Production of mono-sex fingerling by hormone treatment

All fingerlings were transferred into separate 80 L labelled aerated plastic
basins after the absorption of egg yolk. 17-alpha methyl testosterone
hormone (17a-MT, Sigma Aldrich, China) hormone was administered
through hormone treated feed prepared as described by Killian and Kohler
(1991) to produce all male fingerlings. Hatchlings were fed the diet twice
daily with a formulated starter feed from Koudijs Animal Nutrition-
Netherlands containing 45% crude protein for 30 days at a rate of 15% to
20% by body weight. Water drainage, siphoning and refill was done daily
to ensure overall good water quality. Moreover, water was aerated
throughout the experiment to ensure consistent supply of oxygen using
aquarium bubblers connected to an air compressor electric motor (Single
phase, volts 220 V-50 Hz/60 Hz, model YL90L-2, Zhejiang, China).

4.3.4 Rearing of hormone treated fingerlings

After 28 days of hormone treatment, fingerlings from each female were
divided into two equal groups. One group of fingerlings stayed at Pangani
while the other group was transported to Kunduchi. Since all fingerling were
hatched in Pangani (brackish water), the group of fingerlings that was
transported to Kunduchi (fresh water) was acclimatized before stocking into
the ponds. Acclimatization was done by gradually adding small amount of
fresh water into the plastic bags that were used to transport fingerlings and
removing saline water for about 45 minutes. Dead fingerlings were counted
and discarded. At both locations, fingerlings from each female were stocked
randomly into labelled separate hapas (Im x 1m x 1.5m) within a 20m? pond
for further growth before tagging.

4.3.5 Tagging and grow out stocking

Fingerling from 35 families of 9 populations weighing 20g and above were
tagged using passive integrated transponders (PIT) at both Kunduchi and
Pangani. Before tagging fish were anesthetized in a mixture of 0.1ml clove
oil per litter of water. Anesthetized fish were tagged with a R5M-pro PIT
microchip (12mm long and 2.1mm in diameter), in the muscle tissue between
the pelvic fins. Tagged fish were scanned by R5M-Pro PIT tag reader and
then their tag numbers were recorded. Fish were then stocked into seven
different grow-out hapas each measuring 12m x 8.5m x 2m aligned into a
20m? pond. At Kunduchi two hapas were placed into each of the two
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concreate tanks, while at Pangani two ponds were also used where two hapas
were placed in one pond and the remaining hapa was placed in another pond.
Approximately equal number of fishes from each family were distributed in
each grow-out hapa in a completely randomized block design. The individual
fish growth data were collected by scanning the tag number throughout the
experiment period.

4.3.6 Water quality monitoring and feeding regime

Water quality parameters (Temperature, pH and Dissolved oxygen) were
monitored and recoded on daily basis using a portable oxygen meter (Hanna,
model HI 98193, Hanna Instruments Inc, Woonsocket, Rhode Island, USA).
The water exchange was done on a biweekly basis by 20% of the water in
the pond to maintain the quality.

The experimental fish were fed to satiation twice daily with pellet
formulated diet from Koudijs Animal Nutrition-Netherlands containing 35%
crude protein content. Feeding regime was split into morning session
between 0900 and 1000 hrs. and evening session between 1500 and 1700 hrs.
The grow-out duration for each population of experimental fish is provided
in table 2.

4.3.7 Traits recordings

Growth performance of fish including body weight and length were
measured using a sensitive weighing balance (Boeco, model 43, Germany)
and a flat ruler, respectively. Fish were initially anesthetized with clove oil
(Zanzibar, Tanzania) 0.1m/L to reduce handling stress before taking growth
parameter measurements. Moreover, fish mortalities were recorded on a
daily basis.
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5. Main results

Below is a brief description of the main findings of papers | — IV. For detailed
description of the findings, please refer to the individual papers.

5.1 Status of Tilapia farming in Tanzania (Paper I)

This study showed that fingerlings were collected from either government or
private hatcheries depending primarily on the location of the hatchery. The
stocking densities ranged from 5-10 fingerling/m? with minimum water
exchange for earthen ponds and 20 fingerling/m? in cages. Fish were
harvested from 8-12 months with weight ranging from 30 - 500g during
harvest with the vast majority of fish sold locally. The main challenges fish
farmers faces were lack of seed quality and feed, high price of fingerling
from private hatcheries, poor performance fingerling from government
hatcheries. For government hatcheries tilapia broodstock were collected
from Lake Victoria and were used for several generations until they showed
poor performance. The main challenges for government hatcheries were poor
infrastructure and low financial support. Broodstock in 4 out of 5 interviewed
private hatcheries were imported in the country. The challenge private
hatcheries were facing is the production expenses especially high electricity
costs and strict government importation policies. Both government and
private hatcheries sell fingerling to local farmers.
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5.2 Genetic diversity (Paper Il —11I)

5.2.1 Genetic diversity within and amongst populations

The expected heterozygosity (Heg) and observed heterozygosity (Ho)
estimates were indistinguishable with values ranging from 0.08 to 0.32 and
0.08 to 0.22 respectively. The highest values were observed in samples from
Mindu (He = 0.23; Ho = 0.23) Wami (He = 0.33; Ho = 0.19) and Mansi
populations (He = 0.17; Ho = 0.17). Lower values were observed in samples
from Bwawani and Kibasira (He = 0.08; Ho = 0.08). On the other hand,
Chemchem and Mansi populations showed negative Fis of -0.001 + 0.033
and -0.012 + 0.028 respectively while Wami had the Fs values (0.337 +
0.033) (Table 1).

Table 1. Genetic diversity parameters for local Rufiji tilapia (O. urolepis urolepis) local
and exotic Nile tilapia (O. niloticus). Ho, observed heterozygosity; He, expected
heterozygosity; Fis, inbreeding coefficient

Species Ho (mean * SE) He (mean * SE) Fis (mean = SE
Rufiji tilapia populations

Mindu 0.228 + 0.004 0.233 £ 0.004 0.034 +0.028
Wami 0.188 + 0.004 0.326 + 0.005 0.337 £ 0.033
Bwawani 0.084 + 0.004 0.084 + 0.004 0.010 + 0.030
Kibasira 0.075 + 0.004 0.080 + 0.004 0.017 £ 0.035
Chemchem 0.092 + 0.005 0.090 + 0.004 -0.001 + 0.033
Kilola 0.078 £ 0.004 0.083 +£ 0.004 0.028 + 0.022
Mansi 0.174 £ 0.004 0.169 + 0.003 -0.012 + 0.028
Nyamisati 0.095 + 0.005 0.096 + 0.004 0.010 + 0.027
Ruaha 0.091 + 0.004 0.093 + 0.004 0.010 + 0.028
Utete 0.117 £ 0.004 0.115 + 0.004 0.006 + 0.026
Pangani_Rufiji 0.080 £ 0.004 0.078 £ 0.004 0.002 £ 0.043
Exotic Nile tilapia populations

Silver-YY 0.125 £ 0.007 0.088 £ 0.004 -0.074 £ 0.029
Big-Nin 0.132 £ 0.005 0.141 £ 0.005 0.044 +0.038
Chitralada-N 0.137 £ 0.004 0.149 + 0.004 0.047 £ 0.033
Chitralada-E 0.140 + 0.005 0.145 + 0.004 0.029 + 0.033
Ruvu Farm-R 0.086 + 0.004 0.086 + 0.004 0.006 + 0.022
GIFT 0.135 £ 0.005 0.137 £ 0.005 0.018 £ 0.044
Chifive-C 0.073 £ 0.005 0.068 + 0.004 -0.003 + 0.037
Muleba-M 0.082 + 0.005 0.086 + 0.004 0.034 + 0.046
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Local Nile tilapia populations

Pangani_Nile
TAFIRI
Ruhila

FETA

Lake Victoria
Karanga
Igunga
Kunduchi

0.190 + 0.007
0.106 + 0.005
0.130 + 0.004
0.067 = 0.004
0.075 = 0.004
0.111 +0.003
0.079 = 0.004
0.083 + 0.004

0.153 + 0.005
0.108 + 0.004
0.216 £ 0.005
0.067 £ 0.004
0.075 +0.004
0.218 + 0.006
0.079 £ 0.004
0.215+0.004

-0.077 +0.039
0.015+0.035
0.242 £ 0.037
0.005 £ 0.032
0.004 +0.035
0.259 +0.038
0.005 £ 0.026
0.505 + 0.026

The estimated genetic distances among the tested Rufiji tilapia
populations varied extensively according to the Fsr metric. The highest
genetic distance was observed between Mindu and the populations from
Bwawani and Kibasira. While, the lowest genetic distance was observed
between the Kibasira and Kilola populations and Bwawani and Nyamisati
populations (Figure 8). Rufiji populations showed higher genetic distance
when compared to both exotic and native Nile tilapia except for Mindu and
Wami populations. The highest differentiation was observed between the
Kibasira and FETA, Pangani Rufiji and FETA and Chifive-C (Fsr > 0.8)

(Figure 8).

Kunduchi-
lgunga -
Karanga-
Victona-

FETA-
Ruhila -

TAFIRI-
LPangani_Nile-
 Muleba-M-
Chifive-C-
GIFT-
Ruvu_Farm-R-
Chitralada-E -
Chitralada-N-
Big_Nin-

= Siker_YY-
Pangani_Rufiji -
Utete-

pia Local Nife tilapia

I

Exotic Nile tila

Ruaha-
MNyamisati -
Mansi-

Kilola
Chemchem-
Kibasila~
Bwawani -
Wami-

L Mindu-

Local Rufiji tilapia

kot» {\né‘ ré‘

,§ ef
é\@

Q@

w\\o@ O\a ,ﬁ e&‘ v\
.0‘ 8 'db \
A x
Fo® .s‘
Pcpulatlon

> & A
6“ w\“ Q\‘} S
s
\-‘“ Qcé\
>

&
‘*". \@‘\@‘

Fst
08

L1
04
02

00

é‘

Figure 8. Genetic diversity among populations based on estimated Fsr values of 27
population from three tilapia strains
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5.2.2 Population structure and admixture

A principal component analysis (PCA) and further discriminant analysis of
principal components (DAPC) were used to study individual relationships
within and between populations. DAPC indicated the existence of three
clusters among populations. The first genetic cluster included Mindu and
Wami populations, the second cluster was comprised of Utete population and
the third cluster comprised of the Kibasira, Kilola, Mansi, Bwawani, Ruaha,
Nyamisati, and Chemchem populations (Figure 9).

In comparison to exotic and native Nile tilapia, PCA revealed a clear
distinction between Rufiji tilapia species and Nile tilapia with some overlaps
between with native Nile tilapia populations. No overlaps were observed
between Rufiji tilapia and the exotic Nile tilapia populations (Figure 10).
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Figure 9. Discriminant analysis of principal component (DAPC) for Rufiji tilapia
populations

Moreover, DAPC demonstrated the existence of two separate groups
corresponding to Nile and Rufiji tilapia (Figure 11)

52



04 & .

ioo ase L]
0.2- ®
. N 4 A s * L L ] -
Populations

®e - | I ® @ exotic_Nile_tilapia
-
L ]
&

L] ® local_Nile_tilapia
0.0- .0. - o : & * ¢ i @ local_Rufiji_tilapia
: b ., . . ® oo _Rufji_tilap
* . Q *

PC2

-0.5 0.0 05 1.0
PC1
Figure 10. Principal component analysis (PCA) showing genetic relationships among

exotic Nile tilapia, local Nile tilapia and Rufiji tilapia species. Individual fish are
represented by one dot, with its symbol colour corresponding to the assigned population

© ) A
= & NlIeTtll_apla_
E  Rufiji_tilapia
wo_]
=]
= _|
(=]
=z
< @
D o
(=]
o~ ]
o
S
= |
<

I I I
-5 0] 5

Discriminant function 1

Figure 11. Discrimination between Rufiji tilapia and local Nile tilapia found in Tanzania
using Discriminant analysis of principal component (DAPC)
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The STRUCTURE analysis provided further evidence regarding the
existence of clusters and admixture potential among tested populations.
Evidence for admixture was found for the Mindu, Wami and Utete
populations. Mindu and Wami show evidence of hybridization with Nile
tilapia while Utete shows admixture with a line not represented in any of the
other populations. Comparing with Nile tilapia, most Rufiji tilapia
populations were quite distinct and more homogeneous than the Nile tilapia
(Figure 12).
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Figure 12. STRUCTURE admixture plots for K =4, 5 and 9 showing population structure
of different tilapia strains

5.3 Common garden experiment (Paper 1V)

5.3.1 Growth performance

Growth-related traits were recorded including harvest weight, weight gain,
AGR and TGC. The results showed that all recorded growth traits had higher
mean values in the fish reared in Pangani. The best performing population in
terms of the recorded growth traits was the Wami that was reared in Pangani,
while the lowest growth performance was observed in Ruaha population
reared in Kunduchi (Table 2).
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Table 2. Mean harvest weight, weight gain, absolute growth rate (AGR) and thermal-unit
growth coefficient (TGC) for each strain of Rufiji tilapia after 8 weeks of rearing in a
freshwater (Kunduchi) and brackish water (Pangani) environment

Age WESE)

Location  Strain N (weeks) wgee AGREY TGCE

Bwawani 78 28 42.74%  86.65%  0.75%%  (0.008%008
Chemchem 88 29 63.2%  116.74% 1.17%%  (0.010%0%
Kibasira 45 29 51.3%%  93.6°%0  (0.91%%  (.010%00%

Kilola 84 27 58.640  101.0%% 0.94%%5  (0.010%0004
Kunduchi  Mindu 87 28 76.13%  134.5%% 1.30%0%  0.010%000
Nyamisati 85 27 56.93%  102.9%% (.94%%5  (0.010%000¢
Ruaha 87 28 31.2%% 54263 (53008 (.006%03
Utete 91 30 42,240 g0.g>4  (0.85%%*  (0.009%004
Wami 52 27 86.2%82  147.4%% 155007 (0170007
Bwawani 91 28 63.3%77  107.748% 1.14%0"  ,010%00%7

Chemchem 85 29 84.4%%1  120.4%02 153008 (,(015%008
Kibasira 41 29 54.5%%  96.25°  0.96°®°  (0.010%0%

Kilola 82 27 70.9412 1205710 1.16%%  (0.010%0%7
Pangani Mindu 43 28 108.1%4 163.65%8 1.87%%5  0.019%%2
Nyamisati 96 27 85.6%72 142,147 1.46%%°  (.011%008
Ruaha 93 28 41,441 7315 (.71%%6 00700008
Utete 89 30 57.74%  106.1%19 1.13%%%  (.010%00%7
Wami 62 28 119.937  177.747% 214010 (.02100

Note: N= number of fish, WF=final weight, WG= weight gain, AGR= absolute growth rate, TGC= thermal-unit
growth coefficient

5.3.2 Heritability estimates - Genetic correlations among rearing
environments

Heritability estimates for the growth-related traits ranged between 0.39 —
0.74. The results showed that the highest heritability in Kunduchi was
obtained for weight gain (0.42), while in Pangani the corresponding
heritability was 0.74. In case of AGR and TGC the estimated heritabilities
for Kunduchi and Pangani were 0.39 (0.11) and 0.69 (0.14) respectively.
Furthermore, the genetic correlations regarding fish reared in the two
environments were 0.74 for estimated growth-related traits.

5.3.3 Family ranking based on estimated breeding values (EBVs)

Generally, fish reared in Pangani showed higher mean family EBV compared
to their full-sibs that were reared at Kunduchi (Figure 13). However, 10 out
of 35 full-sib families reared in Kunduchi clearly outperformed their full-
sibs in Pangani (Figure 14). These families originated from Chemchem
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Figure 13. Mean estimated breeding value for 35 families of Rufiji tilapia population
reared in two locations (Kunduchi and Pangani)
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Figure 14. Mean estimated breeding value for 35 families of the nine Rufiji tilapia
population reared in two locations (Kunduchi and Pangani).
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6. General discussion

Rufiji tilapia is an endemic cichlid in Tanzania with the potential for
diversifying the countries’ aquaculture industry. The inherent ability to grow
fast under rearing conditions, produce of all-males when crossed with Nile
tilapia and tolerate salinities up to 35ppt make this species appealing for
farming, especially in coastal areas with high saline water (Mapenzi &
Mochi, 2016). Moreover, the potentially negative effect on the wild stock in
case of escapees is considerably lower compared to Nile tilapia since Rufiji
tilapia is endemic to Tanzania. However, to increase its production and
ensure the quality of seed for better performance, a selective breeding
program is essential.

Developing a selective breeding program requires knowledge on the
genetic diversity of the founding population and its inherent genetic potential
for improving traits important for production (Gjerde & Rye, 1998). In this
thesis, we initially performed a preliminary survey around the country to
obtain basic information on the status of tilapia farming in Tanzania. This
survey provided key information that facilitated a better understanding of the
status and availability of infrastructure for setting up a structured breeding
program. Secondly, we analysed the genetic diversity of Rufiji tilapia
populations of both farm and wild origin. Furthermore, we compared their
genetic diversity status to that of Nile tilapia strains. Finally, we conducted
a common garden experiment in two different water environments (fresh
water and brackish water) to test growth performance and estimate genetic
parameters for growth related traits. The overall study highlighted the basic
information required to establish a Rufiji tilapia selective breeding program.
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6.1 The status of tilapia farming in Tanzania

Tanzania’s contribution to global fish aquaculture production is currently
very minimal (URT, 2020; URT-MLF, 2019). Despite harbouring more than
30 different species of tilapia and having about 30% land potential for fish
farming. In comparison with some African counties like Egypt where the
only source of water for fish farming is river Nile but contribute more than
70% of fish farmed in African (FAO, 2022; URT, 2020), developing this
sector in Tanzania could solve the problem of malnutrition in a country.
This pilot study revealed that fish farming industry in Tanzania at farmer
and government level is underprivileged. The major reason behind the poor
performance of farmed fish is lack of quality feed, expensive quality seed
and feeds which the majority of farmers cannot afford. This study also found
that out of 17 existing hatcheries in the country only 12 are active but not
performing well. Financial limitation and lack of good aquaculture policies
or poor implementation of existing aquaculture policies lead to poor
performance of most government hatcheries and some private hatcheries.

6.2 Genetic diversity

Genetic diversity and structure amongst Rufiji tilapia populations in
Tanzania were analysed using ddRAD-seq aiming to gaining insights about
the availability-distribution of Rufiji tilapia genetic resources upon which a
tilapia breeding program could be established (Kajungiro et al., 2019a), to
boost fish production. The estimated genetic diversity metrics of the studied
populations differed widely. More specifically, the observed heterozygosity
ranged from 0.10 to 0.21, the expected heterozygosity ranged from 0.01 to
0.36, nucleotide diversity ranged from 0.10 to 0.37 and ranged from -0.03 to
0.05 with the exception of the Wami population where of 0.42 was obtained.
High inbreeding is usually associated with population subdivision and lack
of random mating due to small size due or migration (Neaves et al., 2015;
Nichols, 2017; Nyinondi et al., 2020). Since the Wami population is from
the wild, high Fis values could be due sampling fish subset that do not
represent the whole population or due to strain subdivision (Holsinger &
Weir, 2009; Neaves et al., 2015; Shechonge et al., 2018). Notably, in
comparison to Nile populations, the Rufiji tilapia ones showed higher genetic
variation.
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The estimated genetic distances according to the Fst metric varied widely
between 0.001 — 0.75 amongst the tested populations (Figure 8). The highest
genetic distance was observed between Mindu and the populations from
Bwawani and Kibasira (Fst = 0.73) and the lowest genetic distance was
observed between Kibasira and Kilola populations (Fst = 0.001). The
geographical location possibly contributed to the low genetic distance among
the tested populations. For instance, Kibasira and Kilola populations are
from neighbouring location and may share water during rainy season.
However, Utete and Chemchem populations that are from neighbouring sites
had a moderate high genetic distance (Fst = 0.34). Overall, the genetic
distances obtained in our study were within the range reported by Lind et al.
(2019) in their genetic diversity study of West African Nile tilapia
populations, but in contrast with studies reported by Hassanien and Gilbey
(2005), Simbine et al. (2014), Mireku et al. (2017) and Sherman et al. (2020),
which reported higher genetic distances. Sample size and methods used for
analyses could be the reason for the differences with aforementioned studies.
Additionally, the use of the Nile tilapia reference genome and de novo
approach for detecting SNPs showed slight genetic variation for Rufiji
tilapia.

Multivariate and Bayesian approaches were applied to test genetic
differentiation among different populations of Rufiji tilapia. Both approaches
showed the existence of three major genetic clusters. When compared to
exotic and native Nile tilapia some of Rufiji tilapia fish overlapped with
native Nile tilapia. This overlap could be due to hybridization reported by
Shechonge et al. (2018) on sampled sites. Furthermore, the presence of
admixture among studied populations was suggested, with higher levels of
admixture found in the case of the Wami and Mindu populations. The
presence of hybrids from these sites has been previously reported by
Shechonge et al. (2018). Nevertheless, in comparison to the Nile tilapia
populations, the Rufiji tilapia populations were more homogenous.

6.3 Growth performance of Rufiji tilapia in two
environments

The main aim of selective breeding programs is to identify the individuals
with the highest genetic potential for improving desirable traits. The growth
performance of Rufiji tilapia used in this study varied within and between
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the tested environments. In general, fish reared in at Pangani performed
better than the ones at Kunduchi. As aforementioned the water salinity and
temperature in these locations differed where Kunduchi had average
temperature of 30°C and salinity of <0.05%. while Pangani had average
temperature of 32°C and salinity of >5%o. Previous studies showed that
Rufiji tilapia performed better in medium levels of salinity (Mapenzi &
Mochi, 2016; Ulotu et al., 2016). Similar finding was reported in the study
of blue tilapia (O. aureus) reared in different water salinities (Kuguk et al.,
2013). Even though low levels of salinity were used in our study compare to
previous studies on tilapia, the ability of Rufiji tilapia to tolerate wide range
of salinities could be the reason behind better growth performance in
brackish water (Genner et al., 2018; Nehemia et al., 2013). In other hand,
Rufiji tilapia fingerlings were initially reared at Pangani for 30 days before
being transferred to Kunduchi where rearing water conditions were different.
Temperature variation is diversely reported to affect fish growth rate,
survival and other physiological traits by triggering physiological
mechanism changes (Boltafia et al., 2017). Therefore, poor performance of
animals reared at Kunduchi could also be associated with transportation
stress and changing of rearing environment.

6.4 Genetic parameters of growth-related traits

Growth is one of the most economically important traits in aquaculture.
Heritability estimates of growth-related traits can provide significant insights
about the potential improvement of these traits through selective breeding.
Heritability indicates the proportion of total phenotypic variation that can be
attributed to genomic variation. Therefore, a high heritability shows that a
large part of phenotypic variance is due to additive genetic variance
(Gjedrem, 2005). In this study, we observed moderate to high heritability for
growth-related traits (h% 0.39 — 0.74). Even though no previous study has
been performed in Rufiji tilapia, several studies documented heritability
estimates in other tilapia strains. In Nile tilapia, heritability for growth-
related traits seem to range from 0.10 to 0.68 (Charo-Karisa, 2006; Khaw et
al., 2009; Mengistu et al., 2021; Nguyen et al., 2017). This indicate that
Rufiji tilapia has the potential for further genetic improvement. Apart from
harvesting weight (HW), other growth traits like weight gain (WG), average
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growth rate (AGR) and thermal growth coefficient (TGC) are noteworthy
analysing for fish selection for a breeding program.

6.5 Genotype by environment (G x E) interaction

The performance of a farmed population to different rearing environments
can be described by the genotype by environment (G x E) interaction
(Nguyen et al., 2017). It is of paramount importance to obtain information of
G x E interaction, since fish rearing conditions are usually diverse from that
on the breeding nucleus. Breeding nucleus conditions are commonly
monitored and/or controlled to ensure best performance of reared fish
(Mengistu et al., 2020; Sae-Lim et al., 2013). The distribution of fish from
these breeding nuclei to the diverse rearing conditions can led to lower than
expected performance if G x E exists (Sae-Lim et al., 2013). Moreover,
Tanzania is located in area with different altitudes, photoperiod,
temperatures and feed sources which can result in stronger G x E interaction.
Therefore, understanding this interaction between fish genotype and the
environment will assist in the selection of rearing conditions and predict
beforehand the phenotypic performance of farmed fish.

The genetic correlations for the growth-related traits in our study ranged
between 0.73 - 0.74 indicating that a moderate re-ranking of the tested
strains/families is possible amongst the two environments that were studied
in this thesis. Since there are no prior studies on Rufiji tilapia regarding G x
E interaction, Nile tilapia as a closely related species could be used for
comparison. Studies on Nile tilapia indicate that genetic correlation can
range from -0.19 to above 0.80 (Mengistu et al., 2020, 2021; Nguyen et al.,
2017). The genetic correlation of less than 0.8 is reported to have a biological
importance for G x E interactions for farmed Nile tilapia. However, genetic
correlation between 0.8 and above for G x E interactions is not considered
strong (Mengistu, 2022). Meaning that the genetic gain of more than 80%
can be achieved in the rearing environment similar to the breeding nucleus.

Furthermore, water salinity was below 6%e in both environments in our
study, but Rufiji tilapia tolerates wide ranges of salinity level (Mapenzi &
Mochi, 2016; Nehemia et al., 2013; Ulotu et al., 2016). Hence, it is expected
for this species to be farmed in different salinities, which can result in
different G x E interactions from one in this study. Therefore, in case of high
G x E interaction, having two separate breeding programs would probably
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not be economically viable. Additionally, for the development of a Rufiji
tilapia structured breeding program in Tanzania, it is necessary to consider
trait recordings from related individuals such as full-sibs and/or half-sibs for
rearing in both brackish and freshwater.

6.6 Limitation of the Rufiji tilapia study for genetic
improvement

Our study had a shallow pedigree spanning only one generation, while the
cross design included only unique mating pairs. The latter resulted in fully
confounding the common environmental effect with the animal effect.
Nevertheless, the aforementioned breeding design allowed us to set up a
more diverse panel of families that could be of interest in future breeding
schemes. Also, we performed only one common garden experiment in two
locations. Multiple replicates of the experiment are required to better
understand what contributes to the G x E besides salinity. Rearing condition
in our study is relatively similar to ones for other fish species e.g. feeding to
satiation, use of monosex and weekly water exchange. However, these
conditions probably do not represent the typical rearing conditions
encountered in local fish farms in Tanzania. Since fish feed costs more than
50% of the production costs (lversen et al., 2020), feeding to satiation for
small scale fish farmers is not practical. Therefore, future studies could
concentrate on both low and high input environments. For instance, the use
of aerated and non-aerated ponds, feeding in limited amount, several salinity
levels and monosex versus mixed sex.

6.7 Towards a selective breeding program

Developing a structured selective breeding program requires as a first step
setting up a breeding goal, then study the genetic variance of target traits in
desirable species, determine their heritability and genetic correlations among
traits or amongst rearing environments (Gjedrem, 2005). From the derived
information of this study the best Rufiji tilapia populations were Wami and
Mindu populations. These populations outperformed other Rufiji
populations in growth related traits in both rearing environments. They also
had higher genetic diversity required for a breeding program founder
population. However, these two populations are highly admixed and hence
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not preferred for a pure strain breeding program for conservation purpose.
However, if the pure strain of Rufiji tilapia were to be used as the base of a
breeding program, Nyamisati, Chemchem and Bwawani populations would
have been better choice. Unfortunately, these populations have low genetic
diversity (Ho, He and Fst < 0.11), even though their growth rate was higher
than the rest of the tested non-admixed populations. Pure breeding is the
mating of initially unrelated individuals within a population or a strain
(Gjedrem, 2005). Application of selective breeding in purebred provide good
possibilities for success especially when one strain performs better than the
alternative strain. However, it’s impossible to keep crossing pure unrelated
individuals for several number generations especially with low genetic
diversity (Gjedrem, 2005). Consequently, purebred breeding in a closed
population increases inbreeding levels every generation. To keep inbreeding
levels down in pure breeding system, mating of close relative (full, half-sibs
and parents) should be avoided (Gjedrem, 2005). Breeding pure strain from
the wild conserves the natural biodiversity. In case of escapees, no new
alleles from purebred will be introduced to the wild stock, instead the
escapees can gain genes that were eliminated during selection. However,
escapees of selectively purebred fish into the wild may introduce weak allele
to their offspring in case of interbreeding with wild population. Interbreeding
may also homogenize wild population resulting in to outbreeding depression
and low wild population fitness (Ansah et al., 2014).

Crossbreeding is an alternative of keeping inbreeding levels down and
increasing genetic variation in a closed production system. In fish
crossbreeding involve the mating of different strains, inbred lines and
different species, henceforth increasing levels of heterozygosity (Gjedrem,
2005). This method in fish breeding aims to produce offspring with superior
phenotypic performance compared to their parents (Gjedrem & Robinson,
2014). Through crossbreeding non-additive genes genetic variance is
exploited leading to heterosis where hybrid surpass their parent average
performance (Gjedrem, 2005). Therefore, this is another area of interest for
a potential Rufiji tilapia and Nile tilapia crossbreeding program. Rufiji tilapia
is reported to produce all male offspring when a Rufiji tilapia male is
crossbred with a female Nile tilapia (Mapenzi & Mochi, 2016). In tilapia
males are preferred due to their fast growth compare to females (Abo-Al-Ela,
2018). Hybrids of Nile and Rufiji tilapia have the advantage of caring
favourable traits from both species, they grow faster than Rufiji tilapia and
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tolerate a wider range of salinity than Nile tilapia (Mapenzi & Mochi, 2016).
However, these hybrids are fertile and can backcross and produce mixed-sex
offspring. Notably, the admixed populations in our study could in fact be
hybrids between Nile and Rufiji tilapia. Farming such populations in net pens
could have a negative effect to the native biodiversity in case of escapees.

6.8 Possibilities and constraints of using admixed tilapia
populations in a structured breeding program

Through tilapia selective breeding program, we will be able to lessen the gap
between fish production and the quality of needed stock to sustain the fish
demand. This can be achieved by selecting a base population with most
desirable economically important traits and meet aforementioned genetic
parameters required for selection. In this study, Wami and Mindu
populations met most of the requirements for a base population of a selective
breeding program. However, these populations are highly admixed and
therefore both possibilities and constraints of using them should be analysed.
Since the main focus of establishing tilapia breeding program is to boost
tilapia production in a sustainable manner, the use of Wami and Mindu
population in a selective breeding program is very appealing. Arguably,
these populations showed admixture because they are Nile and Rufiji tilapia
hybrids due to the introduction of Nile tilapia in their catchments (Bradbeer
et al., 2018; Shechonge et al., 2018; Shechonge et al., 2019). Therefore, If
Mindu and Wami population are to be used as the base of the breeding
program, the breeding program should be allocated in areas with existing
mixed population to avoid introduction of new allele into areas with reported
pure strains of tilapias.

In contrast, although it is appealing to use the Wami and Mindu
population for the development of a breeding program, preventing escapees
from farms could be challenging. Non-native species and hybrids existence
in natural water bodies is the results of intentional introduction and poor fish
farming management (Shechonge et al., 2019). Escapees can also have
adverse impact to the wild biodiversity such as carrying new diseases and
introduction of weak new allele through hybridization (Kajungiro, et al.,
2019a). Therefore, we need to evaluate impacts of using these populations
as a base of a breeding program beforehand.
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7. Conclusion

This research has generated basic information for the establishment of a
Rufiji tilapia breeding program. A future breeding program would benefit
from background knowledge regarding the genetic diversity and phenotypic
performance information of the various Rufiji tilapia populations in
Tanzania.

The genetic diversity analysis revealed a wide range of genetic variation
among the studied Rufiji tilapia populations. Mindu and Wami population
showed the highest genetic variation which was associated with mixing with
another tilapia strain as reflected in admixture analysis. Understanding the
genetic structure of this species, will enhance effective conservation
practices of wild fish, while the genetic diversity will assist in the most
suitable aquaculture management and future planning of Rufiji tilapia
aquaculture breeding practices especially towards establishing the base
population.

In addition, the phenotypic performance of the Rufiji tilapia populations
at the two environments, provided fundamental information their growth
potential for aquaculture purposes. Tilapia is farmed in different
geographical location mostly in tropical and subtropical environment. Apart
from different environments, tilapia is farmed in different culture systems
both controlled and uncontrolled for instance pond, cages, RAS and others.
Therefore, the population that perform better in different water condition and
culture systems is the most desirable for sustainable aquaculture. Our study
revealed moderate to high G x E interaction of Rufiji tilapia reared in two
environments. Based on our results, substantial benefits in terms of
improving both harvest weight and growth rate are to be expected through
selective breeding. A moderate reranking of the best performing families was
observed among the two rearing sites that differed in salinity. Therefore,
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future breeding practices, selection of Rufiji tilapia should take into
consideration both data from the breeding nucleus and rearing environment
especially if it is to take place on sites of varying salinity levels.
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Popular science summary

Fish farming has come a long way, since 475 BC when Fan Lai wrote a book
teaching how to grow fish for food called The Classic of Fish Culture. Over
time, various advancements were made resulting in increasing the
sustainability of fish farming. Tilapia is one of the most preferred fish for
farming due to their ease of propagation, tolerance to handling, fast growth
on both natural and manufactured feeds, tolerance of a wide range of
environmental conditions, high palatability, marketability and nutritional
content. Fish farming, especially tilapia, is important in Tanzania where it is
expected to contribute towards both monetary and food requirements of the
poor communities. However, production from fish farming is very low
despite the abundance of more than 30 different types of tilapia. The lack of
high-quality fingerlings and unclear origin of broodstock is presumed to be
the main reason behind the poor production of farmed fishes in the country.
This problem has led to many fish farmers to import fish from outside the
country which endanger native tilapia populations due to disease
transmission and pollution of the unique genetic diversity of the endemic
populations. This project aimed to generate information that will be used for
the development of a tilapia selective breeding program in Tanzania. The
project was divided into two main studies, the genetic diversity and common
garden studies. Moreover, a prerequisite study on the status of fish farming
in Tanzania was performed beforehand. This survey provided key
information that led towards a better understanding of the status and
availability of infrastructure for effective dissemination of a structured
breeding program.

Thereafter, the genetic diversity and structure of Rufiji tilapia was
analysed for both wild and farm populations using modern sequencing
technologies. Overall, 195 animals originating from eight wild (Nyamisati,
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Utete, Mansi, Mindu, Wami, Ruaha, Kibasira, and Kilola) and two farmed
(Bwawani and Chemchem) populations were used in this study. The genetic
diversity results showed low genetic variations among populations from
neighbouring locations, with the exception of Utete and Chemchem
populations. Moreover, our study, revealed the presence of four admixed
populations namely; Wami, Mindu, Mansi and Utete. The shared ancestry
between the remaining six populations was in agreement with the low genetic
distance between them, hence believed to be pure Rufiji tilapia. Additionally,
the genetic diversity of Rufiji tilapia was compared with that of local and
exotic Nile tilapia. Interestingly, two of the Rufiji populations that were
admixed (Mindu and Wami) were closely related to Nile tilapia suggesting
the presence of hybrids amongst the two species. The presence of Nile tilapia
in Mindu reservoir and Wami river could explain the admixture since tilapia
has the tendencies of crosshreeding.

A common garden experiment was conducted to investigate the growth
performance of Rufiji tilapia in two environments (fresh and brackish water).
The results showed that the fish from Mindu and Wami performed best in
both freshwater and brackish water environment. Overall results showed that
Rufiji tilapia performed better in brackish water than in fresh water. Growth-
related traits were measured on 1392 animals from 35 families followed by
estimation of genetic parameters. The results showed moderate to high
heritability and genetic correlations. Therefore, a moderate re-ranking of the
best performing animals is to be expected amongst the two environments.
To meet the increasing demand for aquatic food, tilapia is farmed in diverse
rearing environments and culture systems. The selection of fish strain or
population that would perform best in all conditions is very difficult.
However, fish improvement through a structured breeding program can
improve fish production. Therefore, if Rufiji tilapia rearing is to take place
on sites of varying salinity and temperature levels, a breeding program
should not base selection only on data from the breeding nucleus where all
rearing conditions are either monitored and/or controlled, but instead fish
performance on production sites should be included as well.



Popularvetenskaplig sammanfattning

Odling av fisk har kommit langt sedan 475 f.Kr. da Fan Lai skrev boken The
Classic of Fish Culture som l&rde ut hur man odlar fisk for mat. Med tiden
har olika framsteg gjorts som resulterat i att fiskodlingens hallbarhet har
oOkat. Tilapia &r en av de mest uppskattade fiskarna for odling pa grund av att
de ar latta att fa att foroka sig, tolererar hantering, har snabb tillvéaxt pa bade
naturligt och tillverkat foder, tolererar ett brett spektrum av
miljoforhallanden, samt har hog smaklighet, séljbarhet och naringsinnehall.
Fiskodlingen, sarskilt odlingen av tilapia, dr viktig i Tanzania d&r den
forvantas bidra till att méta behov av bade inkomster och livsmedel i fattiga
samhallen. Produktionen fran fiskodling i Tanzania dr dock mycket Iag trots
att det finns mer an 30 olika typer av tilapia-arter i landet. Bristen pa
hogkvalitativa yngel for odling och oklart ursprung hos stamfisken antas vara
huvudorsaken till den laga produktionen av odlad fisk i landet. Detta problem
har lett till att manga fiskodlare importerar fisk fran andra lander, vilket
aventyrar inhemska tilapia-populationer pa grund av sjukdomsoverféring
och fororening av den unika genetiska mangfalden.

Denna avhandling syftade till att ta fram information som kan anvandas
for utvecklingen av ett selektivt avelsprogram for rufijitilapia (Oreochromis
urolepis urolepis) i Tanzania. Studien som ligger till grund for avhandlingen
ar uppdelad i tva forsok, en studie av genetisk mangfald och ett common-
garden-forsok. Innan dessa forsok gjordes en bakgrundsstudie om
fiskodlingens status i Tanzania. Bakgrundsstudien gav nyckelinformation
som Okade forstaelsen for vilken infrastruktur som finns tillganglig for
effektiv spridning av ett strukturerat avelsprogram. Den genetiska
mangfalden och populationsstrukturen studerades hos béade vilda och odlade
populationer av rufijitilapia med hjalp av moderna sekvenseringsmetoder.
Totalt i studien anvandes 195 individer fran 8 vilda (Nyamisati, Utete,
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Mansi, Mindu, Wami, Ruaha, Kibasira och Kilola) och 2 odlade (Bwawani
och Chemchem) populationer. Resultaten visade laga genetiska variationer
bland populationer fran narliggande platser, med undantag for Utete- och
Chemchem-populationerna. Vidare visade var studie férekomsten av fyra
genetiskt blandade populationer: Wami, Mindu, Mansi och Utete. Det delade
ursprunget mellan de aterstaende sex populationerna Gverensstamde med
litet genetiskt avstand dem emellan, och de antas darfor vara rena
rufijitilapia. Dessutom jamfordes den genetiska mangfalden hos rufijitilapia
med den hos lokal och exotisk niltilapia (Oreochromis niloticus). Intressant
nog var tva av de rufiji-populationerna som var blandade (Mindu och Wami)
nara beslaktade med niltilapia, vilket tyder pa hybrider mellan de tva arterna.
Néarvaron av niltilapia i Mindu-reservoaren och Wami-floden kan forklara
inblandningen eftersom tilapia har tendenser till korsning (hybridisering)
mellan arter.

Ett common-garden-férsok genomfordes for att studera tillvaxten hos
rufijitilapia i tva olika miljoer (s6t- och brackvatten). Resultaten visade att
fisken fran Mindu och Wami presterade bast i bade sotvattens- och
brackvattenmiljon. Overlag visade resultaten att rufijitilapia presterade battre
i brackt vatten an i sotvatten. Tillvéxtrelaterade egenskaper mattes pa 1392
individer fran 35 familjer foljt av uppskattning av genetiska parametrar.
Resultaten visade pa mattlig till hog arftlighet och genetiska korrelationer.
Darfor kan en mattlig omrankning av de bast presterande individerna
forvantas mellan de tva miljoerna. For att mota den 6kande efterfragan pa
sjdmat i Tanzania odlas tilapia i olika miljoer och odlingssystem. Valet av
fiskstam eller population som skulle fungera bast under alla forhallanden ar
mycket svart. Ett strukturerat avelsprogram kan dock forbattra
fiskproduktionen. Om odling av rufijitilapia ska dga rum pa platser med
varierande salthalt och temperaturnivaer, bor ett avelsprogram darfor inte
basera urval enbart pad data frdn avelskarnan dar alla
uppfodningsforhallanden antingen Gvervakas och/eller kontrolleras, utan
fiskprestandan vid produktionsanlaggningar bor ocksa inga.
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Abstract

Breeding programs are crucial for boosting productivity and increase sustainability of aquaculture.
Over years, Tanzania has witnessed fluctuation in its capture fisheries production from 320,900 to
375, 535 and back to 362,595 metric tonnes in the years 2000, 2005 and 2016, respectively (URT
2016). The declining trend in fish production has made fish supply in the country unstable and
conversely, increased the demand for fishes to about 730,000 metric tonnes in 2017. However, the
local aquaculture production has not increased accordingly. Tanzania is importing fish mainly
from Asia to meet its increased demand. In 2017, a total of 2,055,721 kg of frozen tilapia were
imported from China and Mozambique (URT 2017). The introduction of exotic fish species in
Tanzania should be carefully managed because introduced species have many negative impacts on
the indigenous species. Tanzania should have a moderate scale tilapia breeding program that will
produce good quality fingerlings at affordable prices for smallholder fish farmers. The availability
of reliable good quality fingerlings is key to improve aquaculture production in the country.
Among 17 existing hatcheries, only 12 hatcheries are active; however these hatcheries are not
performing well due to low investment and technology, leading to the production of low quantity
and quality fingerlings. The need for a structured sustainable Tilapia breeding program with bio
secured and reliable hatcheries to enhance aquaculture production in Tanzania is put forward in
this review.

Keywords: Aquaculture, Breeding programs, Nile tilapia, Local strains.

Introduction benefits in developing countries (Allison

Aquaculture is an important sector which  2011). Since the late 1980s, capture fishery
contributes to food security and income  production has not changed much (Figure 1)
generation (FAO 2018, Rothuis et al. 2014),  while aquaculture continues at an increasing
poverty reduction and provide nutritional trend contributing 47% of total global fish

http://journals.udsm.ac.tz/index.php/tjs www.ajol.info/index.php/tjs/
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production (FAO 2018). Globally, aquaculture
has become the major food production
responsible for supplying fish for human
consumption (FAO 2018). Aquaculture in
Tanzania is mainly practiced at small scale in
earthen ponds (Shoko et al. 2011), largely in
extensive and semi-intensive farming systems.
Inland fresh water aquaculture, dominated by
mainly tilapia species such as Nile tilapia
(Oreochromis niloticus) (Figure 2) while other
common fish species cultured include African

catfish (Clarias gariapinus). The number of
earthen fish ponds for catfish and tilapia have
increased from 24,302 in 2017/2018 producing
14,800 tonnes to 26,445 fish ponds in
2018/2019 producing 18,081.6 tonnes with the
addition of fish production from 408 fish cages
in lakes (L. Victoria and L. Tanganyika) and
ponds (Malambo) (URT 2019). Despite the
increase in production but still the supply is
low to meet the current demand of 750,000
tonnes of fish in the country (URT 2019).
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Figure 1: The development of global fish production until 2015 (Source: FAO 2018).
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Figure 2: Trend of freshwater aquaculture production in Tanzania mainland from 2011-2017

(Source: URT 2017).
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With the development of aquaculture in
Tanzania, a total of 17 hatcheries have been
established, seven public and 10 private owned
hatcheries for tilapia, catfish and mariculture
production (URT 2019). Catfish and tilapia
fingerlings production for both private and

public hatcheries have increased from
3,039,775 in 2017/2018 to 6,221,076
fingerlings in 2018/2019 (URT 2019).

Mariculture is dominated by mainly seaweeds
from Zanzibar islands (Msuya et al. 2016) and
the production has increased from 1,197.5
tonnes in 2016/2017 to 1,329.9 tonnes in
2017/2018 (URT 2018). Nile tilapia (O.
niloticus) is the most important cultured
species in Tanzania (Shechonge et al. 2018b).
This is because the species has a short
generation time, fast growth, tolerance to a
wide range of environmental conditions,
resistance to stress and disease, ability to
reproduce in captivity, and acceptance of
artificial feeds right after yolk-sac absorption
(Costa-Pierce 2003, Vicente and Fonseca-Al
2013, Ansah et al. 2014). Based on these
attributes, the species has been used for
breeding programs in other countries and is
important for low-input aquaculture production
(Ansah et al. 2014). Although Nile tilapia has
characteristics which are well-suited for
culturing in developing countries, they tend to
mature early especially when cultured in ponds
and spawn before they reach market sizes
(Nkhoma and Musuka 2014). Because of early
sexual maturity and high fecundity, they
produce large number of small fry that leads to
overcrowding and “stunting” where adult fish
can sometimes mistakenly be stocked as
fingerlings (Shoko et al. 2016). Early sexual
maturation has disappointed many fish farmers
in  Tanzania leading to some farmers,
government and private owned hatcheries
importing Nile tilapia fingerlings and brood
stock from neighbouring countries, i.e., Kenya,
Uganda, and Zambia or even further afield
from Thailand, believing that they would
perform better than native species (Rukanda
2018, Shechonge et al. 2018a). Most of these
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imports are illegal and put the country at the

risk of genetic pollution and introducing
diseases.
Agquaculture in Tanzania is currently

developing in good pace but still cannot cope
with the increase in demand for fish and fish
products. Consumers want a good flavoured
strain and it has been reported that many
consumers prefer red tilapia over Nile tilapia
because of fewer problems with off-flavour
(Lovshin 2000). Tanzanian consumers are
diverse in their preference for all the tilapia
features. They prefer fresh, wild, medium (400-
600 g) and large (> 600 g) sized tilapia over
smoked, farmed, and small (150-400 g) sized
tilapia, respectively (Darko et al. 2016). Middle
and high-income consumers (and hotels and
restaurants) can afford the large sized fish
while low-income households cannot (Rothuis
et al. 2014). Consumers’ preferences for large
sized tilapia can be met by improving the
quality of farmed strains of tilapia through
genetic improvement.

Currently, there are 12 active tilapia
hatcheries in the country that are either
government (3) or privately (9) owned (Table
1) which produce fingerlings for distribution to
the local farmers. For all the visited hatcheries,
there were no biosecurity restriction rules and
practices to  minimize the risk of
contamination. Moreover, the capacities of
those hatcheries are still inadequate (Table 1)
due to low level of investment and limited
electric power supply (Rukanda 2018).
Additionally, the number of fingerlings
produced is lower compared to the demand.
The current estimated demand is 40,000,000
fingerlings, yet the supply is still low; about
21,173,226 fingerlings per year (URT 2019).
Also, the training and research institutions such
as Tanzania Fisheries Research Institute
(TAFIRI), Sokoine University of Agriculture
(SUA), and Fisheries Education and Training
Agency (FETA) serve as fingerling producers
and distributers to fish farmers. These centres
still face many challenges including the
production of poor quality fingerlings due to
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mixed species and lack of reliable hatcheries,
poor government support, and lack of experts
in feed formulation and breeding. Feed experts
need to know the feed materials,
developmental stage of the fish and the nature
of the pond (fertilized or unfertilized) before
the feed can be formulated. Parent stock and
fingerlings have different nutrient requirement,
for example fingerlings need higher protein
(40-45%) than older fish (Hanninen 2014).
Nevertheless, sustainable development of the
aquaculture sector requires all potential players
to be pro-active and collaborate. These include
feed manufacturers, fish farms entrepreneurs,
aquaculture experts, and government agencies
(Rothuis et al. 2014). Many attempts to
improve aquaculture production in Tanzania

failed due to poor husbandry, low technology
and insufficient long-term funding.

Despite the availability of reliable water
from lakes, rivers and 30% of land valued
potential for aquaculture (Shoko et al. 2011),
Tanzanian aquaculture production is far from
optimal. Therefore, a structured breeding
program is required to increase food
production without further negative impacts to
the native germline. Tanzania being a hotspot
of biodiversity of about 30 species of tilapia
including O. niloticus (Di Palma 2017), the
importance of having a sustainable aquaculture
production as a solution for conserving this
diversity cannot be underestimated .

Table 1: Number of hatcheries and production capacity per year 2018/2019 in Tanzania

Owner Fish species Hatchery name Location (District, Region) Capacity
Public Tilapia Kingolwira Morogoro 1,200,000
Ruhila Songea, Ruvuma 840,000

Mwamapuli Igunga, Tabora 120,000

Total 2,160,000

Private  Tilapia Ruvu Fish Farm Bagamoyo, Pwani 2,400,000
Big Fish Dar es salaam 2,400,000

Eden Agri Aqua Dar es Salaam 2,400,000

Indian ocean Kibiti, Pwani 1,440,000

Jans Aqua Dar es salaam 960,000

JUDASA Dar es Salaam 960,000

Mpanju Farm llemela, Mwanza 1,440,000

Shazein Arusha 1,440,000

Rofacol Kyela, Mbeya 1,440,000

Total 14,880,000

(Source URT 2019).

Methodology

This review was based on literature, field visits
and interviews. For the literature, we used
published journal articles and reports,
government documents such as reports and
speech budget from the Ministry of Livestock
and Fisheries Tanzania, a desk review,
workshops and ‘Google Scholar’ with the
search terms breeding programs, hatchery,
tilapia, etc. For the field study, we visited
seven hatcheries and 10 fish farms located in
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Kagera, Mwanza, Kilimanjaro, Mbeya, Dar es
Salaam, Morogoro and Pwani regions. During
the visits we asked about species cultured,
sources of fingerlings, farm productivity, and
techniques used to get farmed seeds and farm
management practices. For the interview, we
interviewed 10 fish farmers, seven hatchery
owners, five scientists from training and
research institutions and three policy makers
from the Ministry of Livestock and Fisheries.
Here we wanted to understand the role of the
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government in fish farming, the knowledge
gaps and the challenges encountered.

Why a Structured Tilapia
Program in Tanzania?

Tanzania has a high diversity of tilapia
species with great ability to interbreed leading
to fertile hybrids (Shechonge et al. 2018b).
Culturing mixed sex of these species has
resulted into slow growth because of early
maturity and overcrowding, leading the fish to
spawn before reaching market size and harvest
weight (Shoko et al. 2016). Some fish farmers
depend on the available hatcheries in the
country (Table 1) as source of fingerlings while
most of them are still collecting fingerlings
from the wild, which are of poor quality
because they often collect mixed species. This
is considered unsustainable for aquaculture
development because poor quality fingerlings
result into poor harvests. Furthermore, the
similarity between different tilapia species at
the fingerling stage increases the probability of
mixed stocks in production ponds, which may
not result into expected profitable production.

Male tilapias are the desired sex for culture
because they grow faster (Ferdous et al. 2014),
since they divert less energy to reproduction
(Phelps and Popma 2000). Pressure from
consumers has compelled some producers to
practice hormonal sex reversal using 17-a
methyl testosterone to produce all-male
tilapias. However, hormonal sex reversal is
expensive (Shoko et al. 2016) and this has been
a challenge to the farmers as they cannot afford
to purchase hormones. Moreover, using
hormonal treatment requires experts and well
established hatcheries to ensure right quantities
are applied to fish and to avoid possible
impacts on humans and the environment. Also,
fish farmers are concerned about fish treated
with hormones and consumers’ preference
(Dergal et al. 2016). Other techniques for
controlling mixed sex tilapia have been applied
in aquaculture production, such as: polyculture,
manual  sorting  (Forgako 2018) and
hybridization (Bartley et al. 2001, Beardmore

Breeding
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et al. 2001). Experiments for producing all-
male hybrid tilapia production have been done
in Tanzania. Mapenzi and Mmochi (2016)
reported that hybridization between O.
niloticus and O. urolepis hornorum showed
better growth results producing 100% all
males. This finding gives the basis for a

prospective  sustainable tilapia  breeding
program in Tanzania.
Currently, most cultured species in

Tanzania are a mixture of tilapia species and
their hybrids (Shechonge et al. 2018b), rather
than a pure single species. Therefore, it is
difficult to obtain higher production returns
from aquaculture because species in practice
are unknown so their management is difficult
and genetic improvement is impossible. For
those reasons, there is a need for developing a
sustainable and well-maintained breeding
program for aquaculture improvement in the
country. A selective breeding program for
production of better performing tilapia in
Tanzania is important for providing good
quality  fingerlings and brood  stock,
aquaculture enhancement, nutritional supply,
food security, employment, poverty
eradication, and adaptation to impacts of
climate change. A breeding program is
expected to improve aquaculture production in
the whole country by 1) providing a clear
understanding of loci affecting the trait of the
cultured species using molecular techniques, 2)
producing good quality seed from domesticated
brood stock and not depending on wild
collected seed and brood stock, and 3) good
management and proper record keeping for
brood stock.
Consideration  for  Introductions  of
Improved Tilapia Strains in Tanzania
Introduced species, exotic species, alien
species, non-native species, and non-
indigenous species have the same biological
significance (Simberloff 2013). Introduced
species mean any species carried and arrived
with human assistance out of their natural
environments on purpose or accidently
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(Vicente and Fonseca-Al 2013). In Tanzania,
this is an old practice since Nile tilapia was
introduced to the Lake Victoria in the 1950s
from Lake Edward for sport fishing and to
enhance the declining fisheries (Njiru et al.
2005, Shechonge et al. 2018a). The Nile
tilapia, O. niloticus is an African cichlid native
to the Nile delta, coastal rivers of Israel, and
the Niger, Benue, Volta, and Senegal rivers,
Chad basin, as well as lakes Tanganyika,
Albert, Edward, and Kivu (Trewavas 1983). In
Tanzania, Nile Tilapia (O. niloticus ) is native
to Lake Tanganyika (Shechonge et al. 2018a).
The introduced O. niloticus strain from Lake
Victoria has been a species of choice for
aquaculture across the country.

Introduced strains can escape in the natural
environment and compete for space and food
with native species and lead to the extinction
and endangerment of native species population
(Canonico et al. 2005). Genetically improved
Tilapia strains like Genetically improved
Farmed Tilapia (GIFT) have been selectively
bred for disease resistance (Acosta and Eknath
1998), and are highly resistant to certain
diseases. However, GIFT may still carry the
diseases (Jansen et al. 2018) when moving
from their breeding environment to another
area during the dissemination process.
Introduction of genetically improved Nile
tilapia strains in Tanzania can result into the
introduction of new alleles through
hybridization.  There is evidence of
hybridization between native and introduced
Oreochromis species in different catchments of
Tanzania. Examples of such hybridization are

found in Lake Victoria catchment where
introduced species O. niloticus and O.
esculentus  hybridized with native O.
esculentus, O. variabilis and O. urolepis

(Turner et al. 2017). The situation can result
into decline of population size of indigenous
species and decrease genetic diversity.

To meet the increased fish demand, fish
farmers are considering the introductions of
genetically improved tilapia strains as an
alternative for providing good quality
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fingerlings. Private hatcheries owners such as
Eden, Big Fish and Mbarali farms stated that
wild collected brood stocks and seeds are
obstacles to aquaculture development because
of mixed tilapia species in the wild, hence
preferred to use already improved strains from
abroad. Already genetically improved strains
such as GIFT from Worldfish Centre in
Malaysia, Akosombo strain from Ghana, and
Abbasa strain from Egypt have proven to
perform better by growing faster than local
African tilapia strains (Ansah et al. 2014).
Medium to large-scale fish producers are
introducing other strains of tilapia fingerlings
in Tanzania from neighbouring countries.
Surveyed fish farms in Tanzania confirmed
importation of tilapia strains such Chitralada
strain of O. niloticus from Asian Institute of
Technology (AIT) in Thailand (Shechonge et
al. 2018a), while others imported unknown
strains of tilapia from Uganda and Nam Sai
Farms in Thailand (Pers. Comm). One farm
imported YY-Male Silver (wild type) and red
strain of tilapia from Til-Aqua International in
Netherlands (Pers. Comm). Whether these
introductions are legal with all the required
permits and certificates or illegal, they still
pose a threat to native species since it is not
certain if the introduced strains are pure O.
niloticus, hybrids, genetically improved strains
of Nile tilapia, or other tilapia species.

There is a debate whether a tilapia breeding
program in Tanzania should use local species
or improved strains. In 2011, Kenya initiated a
selective breeding program for Nile tilapia at
the National Agquaculture Research
Development and Training Centre (NARDTC)
in Sagana. The program started with a base
population formed from locally available
strains (Omasaki 2017). The Nile tilapia
breeding program which aimed at improving
growth and survival was successful and
currently they are at the F7 generation (Nyonje
et al. 2018). In Egypt and Ghana, Abbassa and
Akosombo strains, respectively were improved
from local strains through selective breeding
programs (Worldfish Center 2012). Breeding
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programs for Nile Tilapia in those countries
have been successful and can be used as a
model for Tanzania to establish a Nile tilapia
breeding program.

Before opting for introductions of improved
strains in Tanzania to increase the aquaculture
production, conservation of indigenous species
should be taken into consideration. The use of
improved strains from other countries could be
a threat to native tilapia populations in
Tanzania and can result in reduction of alleles
which have great importance for future
selective breeding programs (Brummett 2013).
At present, there is inadequate information
whether pure or nearly pure populations of all
native species still exist. Furthermore, it is not
known if farmed tilapia species are exotic O.
niloticus, native tilapia species, hybrids or
genetically improved strains. An on-going
study in Tanzania on tilapia ecology, genetic
diversity and conservation has not yet provided
enough information to allow or consider the
introductions of new genetically improved Nile
tilapia strains in the country.

It should be understood that moving
genetically improved strains from their optimal
environment for aquaculture to other places
can result into negative effects on natural
ecosystems and on the growth performance of
the strain (Devlin et al. 2015). Environmental
changes regulate genes. Differences in the
environmental parameters such as photoperiod,
temperature and production systems can
influence the growth performance of fish and
may create the situation known as genotype by
environment interaction (G x E) (Bangera et al.
2015). G x E occurs as a result of differences in
the responsiveness of individuals to the
production environments (Mulder and Bijma
2005). G x E can be exhibited in two forms: re-
ranking of individuals and heterogeneity of
variances make phenotypic performance in one
production environment to differ from other
environments (Sae-Lim et al. 2013). Therefore,
due to G x E interaction, the introduced
genetically improved strains may not perform
well in some environments. Luan et al. (2008)
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reported strong G x E interaction for harvest
weight and survival in Nile tilapia GIFT strain
cultured in the fresh and brackish water ponds.
In the presence of G x E interaction, the
breeding program should be optimised for the
production environment. If there are different
production  environments, it may be
economically infeasible to have lines
specifically targeted for each environment. The
best option then is to select the most robust fish
that show the lowest G x E. Omasaki et al.
(2016) suggested that breeding programs for
Nile tilapia must include more sib information
from production environments when culturing
hormone mediated mono-sex fish for accurate
estimation of breeding values.

Breeding Program
The concept

The science of applied selective breeding
and genetics has contributed greatly to the
gradually increase in productivity in animal
and plants husbandry (Gjerde and Rye 2010).
While in agriculture the high yields are almost
entirely based on genetically improved breeds,
in aquaculture supply is mainly based on wild
population (Subasinghe et al. 2009). Genetic
variability of fish held in African hatcheries is
reported to be 40-70% less and growth rates
12-40% less than wild stocks (Morissens et al.
1996, Pouyaud and Agnése 1996, Ambali et al.
1999). Therefore, increased aquaculture
production is linked to the genetic quality of
the brood stocks available to meet that
increasing demand. There are several fish
breeding programs that have been successful
such as GIFT, Genetically Enhanced Tilapias
for Excellence (GET-EXCEL), FAC Selected
Tilapia (FaST), GenoMar Supreme Tilapia
(GST), Abassa, and Akosombo strain for Nile
tilapia (Ponzoni et al. 2008, Ansah et al. 2014),
Atlantic salmon (Jonsson and Jonsson 2017);
and rainbow trout (Janssen et al. 2015, Sae-
Lim and Mulder 2016). However, these
programs are yet to sustain the global demand
of fish and fish products. Therefore, more
breeding programs should be developed,
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limitations and challenges such as financial
resources and human capacity (Ponzoni et al.
2009) facing the successful ones should be
explored.

At present, aquaculture is mainly small
scale in most African countries and facing
many challenges. Developing a tilapia strain
like GIFT or one of several other similar lines
that grow 40-60% faster than the typical farm
populations can make the difference. Currently
in Tanzanian fish markets, just like in many
other African countries, there are large
numbers of imported fish from Asia, mostly
China (Olingo 2018, Okai 2019). These
imported frozen tilapia outcompete the local
tilapia due to their low prices.

In Tanzania, hatcheries are operating
without a properly planned breeding program.
Poorly managed hatcheries produce poor
quality and “stunted” fingerlings as a result of
high levels of inbreeding. Most of the
hatcheries in Tanzania are privately owned
while the government owned hatcheries are not
performing well due inadequate infrastructures
and limited financial resources from the
government.

Before starting up a breeding program, the
institutions developing a program in Tanzania
should consider the target beneficiaries and the
strain(s) they want to improve. A tilapia
breeding program in Tanzania should aim at
helping fish farmers to develop a fast growing
strain with high resistance to environmental
stressors and diseases.

The steps necessary to establish a breeding
program

For any genetic improvement program, the
following are some prerequisites:

Description of the production system

The production system should be defined,
whether it is polyculture, intensive, semi-
intensive or recirculating. The breeding
program should be tailored to the farming
systems being practiced. In Tanzania the
production system is mainly semi-intensive
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mostly done in earthen ponds and currently
there are no intensive systems in place.

Choice of the species or strain

Species or strains to be used in the breeding
program should be known. The local strains
can be used to form a base population for the
breeding program, for example, O. niloticus
strain has proved to grow up to 250-350 g in
six months when they are not improved
(Meiludie 2013). Once they are genetically
improved, they can grow even faster. It is
therefore recommended to use locally available
strains and compare their performance with
already improved strains like GIFT. The most
important precaution is to use local strains
available in the region. The local strains of
tilapia or other improved strains with high
genetic variations for the traits of interest can
be used to form a breeding population.

Formulating the breeding objectives

It is important to know the objective of the
breeding program since it defines the traits of
interest to farmers. Surveyed fish farmers in
Tanzania mentioned growth rate to be the most
important trait because a faster growing fish
will reach harvest weight earlier at lower
feeding costs (Gjedrem 2005). Tanzanian fish
farmers can choose to start with growth, which
contribute to profit and is economically
valuable. In the future, growth may be
combined with other attributes that affect
profit. Growth rate is more correlated with
other traits, so that selecting for growth rate
can lead to gains in other traits. In many
species, growth rate is positively correlated to
increase feed conversion efficiency (Ponzoni et
al. 2008, Trong et al. 2013). The other
important traits are harvest weight, fecundity
and survival rate. It is advised not to include
more than six traits in the breeding goal in
order to ensure sufficient genetic progress.

Selection criteria
Selection traits used need to be checked to
ensure that they are in line with the breeding
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goal. Not all traits in the breeding objective can
be measured directly, but correlated traits can
be measured instead. For instance, farmers
prefer growth rate as an important trait to
improve, but in practice we can select for body
weight at a given age (at harvest). Furthermore,
indicator traits can be selected instead of the
traits in the breeding objective. For example
length in fish can be used as indicator of
weight. Traits used as selection criteria are
associated with the traits in breeding objective
through genetic co-variances and can be used
in estimation of breeding values ( Ponzoni et
al. 2006).

Designation of genetic evaluation

Genetic evaluation system, depending on
heritability of the breeding goal traits, can vary
from least costly and most rapid response like
mass selection and between family selection to
more complex and more costly approaches
such as within family selection, combined
selection or genomic selection. Mass selection
is based on individual phenotypic performance
and can be for one or few traits. Within family
selection require individual identification and
is based on an individual’s performance and its
relationship with other relatives in the
pedigree. Families can be reared in tanks or
hapas where inbreeding can be easily
controlled. Within family selection is very
effective but needs more infrastructures.
Combined selection is the best method; more
efficient but more expensive (Farias et al.
2017). Selection method which is efficient,
with reduced inbreeding and less costly could
be applied in the proposed tilapia breeding
program in Tanzania.

There can be family based breeding
programs at a central location in Tanzania

where fish are individually identified,
measured, and selected. The breeding
generations from this nucleus can be

distributed to hatcheries where the genetic
variation is maintained, and additional genetic
progress can be obtained, using a cohort
mating system. Such an approach means that
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the breeding nucleus can aim for a new
breeding generation every few years but it not
concerned with the supply of fingerlings to the
industry. Likewise, the use of a cohort mating
approach at the hatcheries means that their
broodstock can act as a back-up for the
breeding nucleus. This becomes highly
relevant when the nucleus suffers a disease
outbreak or other catastrophe that leads to loss
of the fish in the nucleus. Also in a scenario
where exotic lines are used a brood stock, local
hatcheries could maintain a cohort mating
system to reduce inbreeding and to reduce the
need for import of new improved strains over
time.

Breeding population and mating scheme

Starting a breeding program with a small
population results into uncertain response to
selection and potentially a high inbreeding
level. With a large population response to
selection is high and inbreeding is lower. A
base population with large number of fish
(more than 200 families) is better for a
breeding program in the longer term. Logistics
for operation of large number of families is
difficult and takes a longer time. With limited
infrastructures available in Tanzania, starting a
breeding program with 50 to 100 families will
be more manageable. The number of families
to begin within a breeding program will
determine the effective population size.
Effective population size is calculated as;

Ne=4(M x F) = (M + F)
where Ne = effective population size; M =
number of males contributing to the next
generation, and F number of females
contributing to the next generation.

Number of parents contributing to the next
generation should be % Ne. Inbreeding should
be avoided as much as possible so large
population size will allow adequate number of
brood stock to be spawned and decrease a
chance of mating relatives.

Mating  design  depends on the
infrastructures available for the breeding
program and whether the identification is based
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on strain, family or individual level. Pair
mating scheme is very simple and more
common in aquaculture but difficult to manage
as many families will be produced and there is
a possibility of mating between family
members. In a strain comparison experiment, it
is of interest to assess the performance of
individual lines. Depending on the resources
available mating at the ratios of 1:1, 1:2 or 1:3
can be adopted in a proposed tilapia breeding
program in Tanzania.

Cohort matings can be used to control
inbreeding and improve the efficiency of
selection. The population is divided into

cohorts depending on the spawning age and
size of the fish and selection can be done
separately in each cohort (Tave 1999). Fish in
each cohort are tagged or can be kept
separately in ponds/hapas or tanks. Rotational
mating between cohorts can be applied in
cohort selection to avoid inbreeding in such a
way that females from one cohort mate with
the males from another cohort and females and
males from one cohort group cannot mate. For
year 1 it will be 1->2, 2->3, 3->4 and 4->1 and
for the next generation in year 2 it will be 1->3,
2->4, 3->1 and 4->2 with 8 cohorts (Figure 3).

Figure 3: Cohort mating. Selected males from one group (cohort) are mated to females from
another cohort. The next generation matings are made between different cohorts, thus avoiding
inbreeding until all the unique combinations of cohorts have been exhausted.

Design  system  for and
dissemination

The improved strains or species should reach
the targeted stakeholders who are fish farmers
in Tanzania, hence involvement of farmers in
the production system is very important
(Eknath et al. 1991). Efforts need to be made to
ensure fingerlings with genetic gain are
disseminated to the farmers and managed in a
way that utilizes their increased genetic
potential. A well-organised production flow

production
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should be established from the breeding
nucleus to reliable, bio-secure, hatcheries that
are responsible for multiplication of improved
fish strain and dissemination of fingerlings to
the fish farmers (Figure 4). Bio-secure brood
stock facilities with well-maintained and
managed hatcheries must be established for the
tilapia breeding program in Tanzania to avoid
inbreeding (mating between closely related
individuals).
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Figure 4: Flow of genes from the breeding to the farmers, modified from (Ponzoni 2008).

Economic and Funding Aspects of Fish
Breeding Program

Fish breeding programs should be seen as
investments for sustainable expansion of the
aquaculture production and the potential to
produce affordable food or other goods for the
local community while maintaining their
genetic diversity. In most developing countries,
development of the breeding programs
including livestock is initially made by the
government in collaboration with other
organizations to enable structure and
investments be put in place and on time. Any
breeding program must involve farmers at
early stages to make sure their needs are taken
into account and they provide the support
needed for the breeding program to be
successful (Philipsson et al. 2006). The size of
investment in breeding program differs with
species, location, availability of resources, the
size of the breeding program and other factors.
But all breeding programs require long-term
investments with continuous support. This
means that the support cannot be paused
waiting for funds to be available. That is why it
is very important for the governments or
equivalent organizations to ensure that they
have enough and continuous funds before they
start aquaculture breeding programs. It must be
noted that even in developed countries, many
aquaculture breeding programs are supported
by government funds either directly via
national breeding programs (like those for
rainbow trout and Arctic Char in Sweden) or

indirectly via research and development grants
to private companies, often in collaboration
with research institutions.

Infrastructure for the
Program

Infrastructure is an important factor for the
development of a fish breeding program. Lack
of essential infrastructure is one of the most
serious problems facing the development of
indigenous breeds in tropical countries
(Philipsson et al. 2006). Infrastructure includes
a wide range of essential inputs that must be
attained for the breeding program to succeed.
Such infrastructure and inputs include skilled
personnel or trained staff, facilities for
breeding, hatching and rearing fish, method
and means of recording, dissemination of
improved genetic materials, handling and
analysis of collected data and decision making
bodies (Thien et al. 2001, Ponzoni et al. 2008,
Ansah et al. 2014). The lack of an adequate
number of people with appropriate training or
incentives or institutions to successfully run a
breeding program is another potential problem
facing the development of indigenous breed in
developing countries (Thien et al. 2001,
Ojango et al. 2008). Development of a
genetically improved fish strain requires highly
skilled personnel with different expertise
depending on the duties the person will be
assigned. Duties may include the development
of breeding strategies, designing system for
genetic evaluation, reproduction methods, data

Fish  Breeding

http://journals.udsm.ac.tz/index.php/tjs

www.ajol.info/index.php/tjs/
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recording and processing, genetic analysis and
estimation of breeding values, monitoring
genetic progress, feed analysis and feeding,
monitoring of other technical and operational
framework including general daily fish
management (Ponzoni et al. 2008). For
example, to ensure development and success
of GIFT projects, WorldFish  Center
established the International Network on
Genetics in Aquaculture (INGA) in 1993 to
train scientists in quantitative genetics applied
to aquaculture and coordinate national breeding
programs in the 13 member countries
(Bangladesh, China, Cote d’Ivoire, Egypt, Fiji,
Ghana, India, Indonesia, Malaysia, Malawi,
Philippines, Thailand, and Vietnam) using the
GIFT methodology to genetically improve their
indigenous cultured species (Ansah et al.
2014). This has been proven by the success of
breeding program developed in those countries
such as Abbassa strain in Egypt. Tanzania can
follow this example by using the available
scientists and researchers or train other
scientists in the sectors lacking expertise.
Tanzania needs fish genetics experts to expand
its knowledge base on fish genetics and
breeding and meet aquaculture growing
demand in the country. Currently, under the
on-going SIDA sponsored project at the
University of Dar es Salaam aiming at
establishing a breeding program, four PhD
students are involved in the project studying
genetic purity and diversity of farmed Nile
Tilapia strains from Tanzania for future tilapia
breeding program. PhD students and
supervisors under the project visited World
Fish Malaysia for one week training on the
GIFT breeding program. The training
improved their knowledge on steps needed to
establish a breeding program and the required
infrastructures. More training and workshops
with experts in fish genetics are needed in
Tanzania to fill the gaps in quantitative
genetics, genomics and selective breeding. In
collaboration with Worldfish, the government
of Tanzania through the Ministry of Livestock
and Fisheries (MLF) are working to enhance
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aquaculture production in the country. The
MLF and Worldfish can consider establishing
the suggested breeding program as a means for
improving aquaculture production Tanzania.

Government Policy, Legislation and Plan

The breeding program should be an important
part of the National Fisheries Policy aiming at
improving the food and income of a country,
region or locality and of fish farmers
(Philipsson et al. 2006). This should consider
environmental, water and land use policies.
Most successful top producers have strong
policies, strategies and implementation plans.
They have water and land rights, aquaculture
mainstreamed into national development plan
such as Poverty Reduction Strategic Plans and
National Development Strategies (Thorpe et al.
2005). Tanzania can learn from successful
breeding programs especially those from the
developing countries such Abbassa in Egypt
(Dickson et al. 2016) and take the opportunity
to scale up aquaculture sector in Tanzania.

Conclusion and Recommendations

Sustainable tilapia breeding program and a
well-managed hatchery in Tanzania are
important for maintaining the purity of tilapia
strains, ensure active dissemination of good
quality fish seed, and guarantee permanent
genetic gain in farmed fish. Establishing a
structured tilapia breeding program in Tanzania
to increase aquaculture production needs a
number of facilities and materials. Therefore,
the government should integrate breeding
activities with existing farm infrastructures as
much as possible. The institution managing a
breeding nucleus can produce, multiply and
distribute fish seed to the farmers or combined
effort of private and government owned
hatcheries both can be involved in
multiplication and dissemination of fish seed to
the farmers.

Clear policies governing the introductions
and proper infrastructure need to be in place to
avoid escapees to natural environment. Efforts
should be made to reduce the import of exotic
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species, genetically improved strains and other
species in Tanzania. Much emphasis should be
placed on improving native and locally
available species and establishing a sustainable
breeding program. Starting a tilapia breeding
program with locally available tilapia species
can minimize genetic and ecological effects
brought by the introductions of exatic strains

from other countries thereby protecting
indigenous  species  diversity. Long-term
genetic  breeding programs should be

developed to ensure better performing breeds
to reduce the pressure on wild stocks while
improving livelihood of fish farmers.
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Abstract

Rufiji tilapia (Oreochromis urolepis urolepis) is an endemic cichlid in Tanzania. In addi-
tion to its importance for biodiversity conservation, Rufiji tilapia is also attractive for
farming due to its high growth rate, salinity tolerance, and the production of all-male
hybrids when crossed with Nile tilapia (Oreochromis niloticus). The aim of the cur-
rent study was to assess the genetic diversity and population structure of both wild
and farmed Rufiji tilapia populations in order to inform conservation and aquacul-
ture practices. Double-digest restriction-site-associated DNA (ddRAD) libraries were
constructed from 195 animals originating from eight wild (Nyamisati, Utete, Mansi,
Mindu, Wami, Ruaha, Kibasira, and Kilola) and two farmed (Bwawani and Chemchem)
populations. The identified single nucleotide polymorphisms (SNPs; n = 2,182) were
used to investigate the genetic variation within and among the studied populations.
Genetic distance estimates (F,,) were low among populations from neighboring loca-
tions, with the exception of Utete and Chemchem populations (F, = 0.34). Isolation-
by-distance (IBD) analysis among the wild populations did not detect any significant
correlation signal (r = .05; p-value = .4) between the genetic distance and the sam-
pling (Euclidean distance) locations. Population structure and putative ancestry were
further investigated using both Bayesian (Structure) and multivariate approaches
(discriminant analysis of principal components). Both analysis indicated the existence
of three distinct genetic clusters. Two cross-validation scenarios were conducted in
order to test the efficiency of the SNP dataset for discriminating between farmed
and wild animals or predicting the population of origin. Approximately 95% of the
test dataset was correctly classified in the first scenario, while in the case of pre-
dicting for the population of origin 68% of the test dataset was correctly classified.
Overall, our results provide novel insights regarding the population structure of Rufiji
tilapia and a new database of informative SNP markers for both conservation man-

agement and aquaculture activities.
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1 | INTRODUCTION

Tilapias (Cichlidae family) comprise a diverse group of over 70
species mostly encountered in tropical and subtropical regions
(McAndrew & Majumdar, 1983; Trewavas, 1983). Native in a diverse
range of habitats across Africa, they are particularly important in the
biodiversity of freshwater ecosystems. Moreover, tilapias are of par-
amount value for the aquaculture industry, being cultured in over
120 countries with a global production volume exceeding 5 million
tonnes (FAO, 2018). Overall, tilapia aquaculture production is dom-
inated by Nile tilapia (Oreochromis niloticus) farming which has been
introduced in a wide range of habitats worldwide. Nevertheless, the
impact to the local fauna is in many cases poorly understood (Lima,
Oliveira, Giacomini, & Lima-Junior, 2018) even though concerns
have been raised (Canonico, Arthington, Mccrary, & Thieme, 2005).
Furthermore, prior experience from several aquatic species suggests
that introduced species can negatively affect biodiversity (Lovell,
Stone, & Fernandez, 2006).

Tanzania is a hot spot for tilapias, with current knowledge sug-
gesting that 10 Oreochromis species are endemic only to the country
(Genner, Turner, & Ngatunga, 2018). In an attempt to boost the pro-
ductivity of local fisheries and aquaculture farms, Oreochromis spe-
cies like the Nile tilapia (endemic only to Lake Tanganyika) have been
introduced to non-native habitats across the country often in an un-
regulated manner (Kajungiro, Mapenzi, et al., 2019). Recent studies
posed concerns regarding the negative impact toward the local fish
fauna due to the introduction of Nile tilapia to non-native habitats
(Gu et al., 2017; Padial et al., 2017; Rico-Sanchez et al., 2020).

Furthermore, interspecific hybridization is common among
Oreochromis species (Scribner, Page, & Bartron, 2000) with fer-
tile hybrids occurring either spontaneously in the wild or due to
aquaculture practices that aim to improve desirable traits in farmed
stocks like growth and salinity tolerance (Kamal & Mair, 2005).
Therefore, hybridization between introduced and native tilapia spe-
cies can severely impact the unique genetic diversity of the latter
affecting their adaptation capacity toward changing environmen-
tal conditions (Deines, Wittmann, Deines, & Lodge, 2016). Even
though the exact consequences of introduced tilapia species in
Tanzania to the local fauna are unknown, habitat loss and significant
decline of population size have been recently documented for the
endemic Oreochromis hunter in Lake Chala, in Kilimanjaro Tanzania
due to introduced tilapia species (Moser, van Rijssel, Ngatunga,
Mwaiko, & Seehausen, 2019).

Rufiji tilapia (O. urolepis urolepis) is an endemic species in Tanzania,
distributed mainly across the south-eastern rivers, reservoirs, and
oxbow lakes of Rufiji river basin (Ulotu, Mmochi, & Lamtane, 2016).
Interestingly, according to Genner et al. (2018) the Wami, Zanzibar,
and Rufiji tilapia all refer to the same species. Over the years, non-

endemic species like the Nile tilapia and the blue-spotted tilapia

(Oreochromis leucostictus) have been introduced in Rufiji tilapia hab-
itats (Shechonge et al., 2019). Recently, a genetic diversity study
based on microsatellites provided evidence of extensive hybridiza-
tion between the native Wami tilapia (Oreochromis urolepis horno-
rum; as mentioned earlier, recent evidence suggests to be the same
species with Rufiji tilapia) and the introduced tilapia species raising
concerns regarding the impact of introgression into the native popu-
lations (Shechonge et al., 2018).

Apart from being a species of high ecological value for Tanzanian
aquatic habitats, Rufiji tilapia is economically important for both
local fisheries and aquaculture activities. Rufiji tilapia is an attrac-
tive species for farming due to its high growth capacity, its inherent
high salinity tolerance that could assist toward the expansion of the
coastal aquaculture production in the country (Kajungiro, Mapenzi,
et al., 2019), and the production of all-male hybrids when crossed
with female Nile tilapia (Mapenzi & Mmochi, 2016). Therefore, pro-
moting Rufiji tilapia farming could result in the reduction of intro-
duced non-native tilapia species for aquaculture purposes mitigating
biodiversity related concerns.

Reduced-representation genotyping approaches constitute a
powerful tool for conducting in-depth population genetics studies
for any species of interest. Following the introduction of restric-
tion-site-associated DNA sequencing (Baird et al., 2008), a wide
range of related methodologies utilizing restriction enzymes have
been introduced like genotyping by sequencing (Elshire et al., 2011),
ddRAD-seq (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012),
2b-RAD (Wang, Meyer, McKay, & Matz, 2012), ezZRAD (Toonen
et al., 2013), quaddRAD (Franchini, Monné Parera, Kautt, &
Meyer, 2017), and 2RAD/3RAD (Bayona-Vasquez et al., 2019). The
aforementioned platforms have been used extensively in studies
on aquatic organisms focusing both in population genetic aspects
(Andrews, Good, Miller, Luikart, & Hohenlohe, 2016) and in study-
ing traits of interest for farming purposes (Houston et al., 2020;
You, Shan, & Shi, 2020). ddRAD-seq is one of the most commonly
utilized member of the reduced-representation family combining
simplicity and cost efficiency during library construction (Peterson
et al, 2012). Over the last years, ddRAD-seq has been success-
fully utilized in a plethora of tilapia focussed studies investigating
the underlying genetic structure of traits of economic value (Jiang
etal,, 2019; Li, Zhu, Gu, Lin, & Xia, 2019; Li et al., 2017; Palaiokostas
etal., 2015; Taslima et al., 2020), for species-specific SNPs (Syaifudin
et al., 2019) and for deciphering the genetic diversity-population
structure of wild and farmed populations (Kajungiro, Palaiokostas,
etal., 2019; Moses et al., 2019).

The objective of the current study was to assess the genetic vari-
ation among 10 Rufiji tilapia populations of both wild (eight popula-
tions) and farmed (two populations) origin using ddRAD-seq. Single
nucleotide polymorphisms (SNPs) were identified across 195 animals

and were subsequently used to estimate standard genetic diversity
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metrics both within and among populations, investigate for the ex-
istence of putative genetic clusters, test for the existence of isola-
tion by distance, and assess the efficiency of predicting population
of origin-based only on the genomic profile using cross-validation
schemes. The aforementioned will facilitate both the conservation
management of wild Rufiji tilapia populations and future breeding
plans for aquaculture purposes where a broad genetic diversity is
required for forming a base population.

2 | MATERIALS AND METHODS
2.1 | Sample collection and processing

Fish used in this study were collected from both wild and farmed en-
vironments in Tanzania mainland (Table 1). Sampling was performed
using fishing nets (30 mm) with captured fish from 30 g and above
being selected and conditioned for 24 hr at the sampling site or a
nearby area before transportation. The sampled locations were se-
lected based on prior available information regarding the O. urolepis
urolepis distribution in Tanzania. In total, 10 different geographic loca-
tions were selected namely Nyamisati, Bwawani, Utete, Chemchem,
Mansi, Mindu, Wami, Ruaha, Kibasira, and Kilola (Figure 1). The sam-
ples from Bwawani and Chemchem populations originated from fish
farms located along the Rufiji River. In the case of the farmed popula-
tion from Chemchem, available records suggest that the animals were
in captivity for three consecutive generations, while in the case of
Bwawani the sampled fish originated from the first generation in cap-
tivity. Species identification was performed using morphological cri-
teria (Trewavas, 1983). In particular, coloration, size of jaws, and head
shape were used to identify the Rufiji tilapia. More specifically, females
and immature males had a light gray head, dark-brown body with dark
patches along the lateral line. On the other hand, mature males had a
gray head, reddish-pink fin margins and brownish-golden upper parts.
Besides, mature males had enlarged jaws and a concave-shaped head.
Regarding the population from the Wami river where O.u. hornorum is
also endemic, identification of Rufiji tilapia was conducted based on

skin pigmentation. In particular, males of O.u.urolepis are dark olive gray

TABLE 1 Origin of Rufiji tilapia (Oreochromis urolepis urolepis)
populations

Population Origin N Latitude Longitude
Mindu wild 20 -7.434444 38.01722
Wami Wild 20 -6.652222 37.60139
Bwawani Farmed 20 -8.3175 39.46667
Kibasira Wild 20 -8.535556 36.51694
Chemchem Farmed 20 -8.651389 39.26889
Kilola Wild 15 -8.318056 37.1675

Mansi wild 20 -7.4525 39.13528
Nyamisati Wild 20 -8.301944 39.45056
Ruaha wild 20 -8.085556 37.60139
Utete Wild 20 -8.633889 39.26889

logy and Evoluti 3
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with pinkish upper lips and red fin margins, while O.u. hornorum males
are entirely black with pale or black lips. In addition, O.u. urolepis fe-
males are silvery gray with a narrow pink edge on the dorsal fin, while
the respective O.u. hornorum females have no pink edges. A total of
195 fish samples were collected and transported to the Institute of

Marine Sciences Mariculture Centre (IMS-MC) in Pangani, Tanzania.

2.2 | DNA extraction and quantification

Fin clips of about 0.05 g were collected and preserved in 95%
ethanol and stored at -20°C. Genomic DNA was extracted using
QIAsymphony DSP DNA Mini Kit (Qiagen) and eluted into 100 pl
of AE (EDTA) buffer (Qiagen) according to the manufacturer's tissue
protocol and procedures. Quantification of DNA samples was done
using a Qubit fluorimeter (Thermos Fisher Scientific, USA). Samples
were diluted with TE buffer to 20 ng/pL followed by gel electropho-
resis (1% agarose gel) to assess DNA quality.

2.3 | ddRAD library preparation and sequencing

Two ddRAD libraries comprised of 96 and 99 individuals, respec-
tively, were prepared according to Peterson et al. (2012), with minor
modifications described in Palaiokostas et al. (2015). Briefly, each
sample (20 ng/pl DNA) was digested at 37°C for 60 min with Sbfl (rec-
ognizing the CCTGCA|GG motif) and Sphl (recognizing the GCATG|C
motif) high fidelity restriction enzymes (New England Biolabs;
NEB), using 6 U of each enzyme per microgram of genomic DNA
in 1 x Reaction Buffer 4 (NEB). Reactions (6 pl final volume) were
then heat inactivated at 65°C for 20 min. Individual-specific combi-
nations of P1 and P2 adapters, each with a unique 5 or 7 bp barcode,
were ligated to the digested DNA at 22°C for 120 min by adding
1 ul Sbfl compatible P1 adapter (25 nM), 0.7 pl Sphl compatible P2
adapter (100 nM), 0.06 pl 100 mmol/L rATP (Promega, UK), 0.95 pl
1 x Reaction Buffer 2 (NEB), 0.05 pl T4 ligase (NEB, 2 x 106 U/mL)
with reaction volumes made up to 12 pl with nuclease-free water for
each sample. Following heat inactivation at 65°C for 20 min, the liga-
tion reactions were slowly cooled to room temperature (over 1 hr),
combined in a single pool (for one sequencing lane) and purified. Size
selection (300-600 bp) was performed by agarose gel separation
followed by gel purification and PCR amplification. A total of 100 pl
of the amplified libraries (13-14 PCR cycles) were purified using an
equal volume of AMPure beads. The libraries were eluted into 20 pl
EB buffer (MinElute Gel Purification Kit, Qiagen). The libraries were
sequenced at Edinburgh Genomics Facility, University of Edinburgh
on an Illumina HiSeq 4000 instrument.

2.4 | Sequence data analysis and SNP genotyping

Reads of low quality (Q < 20) and missing the expected restric-

tion sites were discarded. The retained reads were aligned to the
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Nile tilapia reference genome assembly [GenBank accession num-
ber GCA_001858045.1 (Conte, Gammerdinger, Bartie, Penman, &
Kocher, 2017)] using bowtie2 (Langmead & Salzberg, 2012). Stacks
v2.5 (Rochette, Rivera-Colon, & Catchen, 2019) was used to identify
and extract single nucleotide polymorphisms (SNPs) using gstacks
(settings: var-alpha 0.001; gt-alpha 0.001; min-mapq 40). In the case
where a single ddRAD locus had multiple SNPs, only the first en-
countered SNP was used for downstream analysis (--write-single-
snp). SNPs with minor allele frequency (MAF) < 0.05 and maximum
heterozygosity > 0.7 across the tested samples were discarded.
Moreover, the genotypes obtained for each individual were inter-
rogated for the number of reads supporting each allele. Genotypes
supported by fewer than 20 reads or where the coverage of one of
the alleles was more than three times higher than the other allele
were substituted as missing. Finally, only SNPs found in at least 75%
of the samples in each population were retained for downstream
analysis.

2.5 | Genetic diversity within and among
populations

General genetic variation metrics like mean observed (H,) and ex-
pected (H,) heterozygosity, nucleotide diversity (z), average indi-
vidual inbreeding coefficients (F,), and the corresponding standard

errors (SE) were estimated using the Stacks software v2.5 (Rochette

et al., 2019). Pairwise F,; values among all tested populations and
their confidence intervals (using 1,000 bootstraps) were estimated
using the R package StAMPP (Pembleton, Cogan, & Forster, 2013).

2.6 | lIsolation-by-distance (IBD) analysis

The R package adegenet v2.1.1 (Jombart, Devillard, & Balloux, 2010)
was used to evaluate the presence and magnitude of putative iso-
lation by distance across the studied populations of wild origin
(Table 1). The magnitude of the computed correlation between the
estimated genetic distances (Edwards, 1971) among populations
and their respective geographic locations (Euclidean distance) was
assessed using the mantel.randtest function. Statistical significance
was inferred through comparing the estimated correlations of the
distance matrices through 100,000 random permutations under a
scenario where spatial structuring is absent.

2.7 | Genetic clusters and ancestry

Principal component analysis (PCA) was conducted using the R pack-
age adegenet v2.1.1 for visualization purposes and for gaining in-
sights regarding the existence of genetic clusters. The existence of
putative genetic clusters was further investigated using the discrimi-
nant analysis of principal components (DAPC) (Jombart et al., 2010)
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TABLE 2 Estimates of genetic diversity
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Population H, (SE) 7 (SE) H, (SE) F,, (SE)

Mindu 0.22 +0.003 0.23 + 0.003 0.21 +0.003 0.04 +0.04
Wami 0.36 + 0.004 0.37 £ 0.004 0.18 + 0.003 0.42 +0.03
Bwawani 0.10 +0.003 0.10 + 0.004 0.10 + 0.004 0.01 +0.03
Kibasira 0.10 + 0.003 0.10 + 0.004 0.10 + 0.004 0.01 +0.04
Chemchem 0.11 + 0.003 0.11 + 0.004 0.11 + 0.004 0.01 +£0.02
Kilola 0.11 + 0.003 0.11 + 0.004 0.10 + 0.004 0.05 +0.01
Mansi 0.18 + 0.003 0.18 + 0.003 0.19 + 0.003 -0.03+£0.05
Nyamisati 0.11 + 0.004 0.11 + 0.004 0.11 + 0.004 0.02 +0.02
Ruaha 0.11 + 0.003 0.11 + 0.004 0.11 + 0.004 0.02 +0.02
Utete 0.15 + 0.003 0.15 + 0.004 0.15 + 0.004 0.01 +0.02

Note: H, refers to expected heterozygosity; H, refers to observed heterozygosity; x refers to
nucleotide diversity; and F; refers to inbreeding coefficient.

with the same R package. More specifically, PCA was initially ap-
plied, followed by a cross-validation step using the xvalDapc func-
tion to select the optimal number of principal components (PCs).
Thereafter, a discriminant analysis step was conducted using prede-
termined clusters from the PCs. The selection of the optimal number
of clusters (K) was based on the elbow method (Jombart et al., 2010)
in regard to the Bayesian information criterion (BIC) values for
each tested value of K. Moreover, putative population admixture
was investigated with Structure v.2.3.4 (Hubisz, Falush, Stephens,
& Pritchard, 2009; Pritchard, Stephens, & Donnelly, 2000) using
K values ranging from 2 to 5. Markov chain Monte Carlo (MCMC)
of 100,000 iterations with a burn-in period of 10,000 was carried
out for each K value. For each tested K value, three independent
MCMC samplings were performed. Evidence for the optimal number
of clusters was based on the obtained posterior probability values
(Pritchard et al., 2000). In addition, for deciding regarding the optimal
number of genetic clusters, we used the Structure Harvester (Earl
& vonHoldt, 2012) and CLUMPAK (Kopelman, Mayzel, Jakobsson,
Rosenberg, & Mayrose, 2015) software.

2.8 | Prediction of population origin based on the
genomic profile

Cross-validation schemes (fourfold) were performed using the R
package adegenet v2.1.1 (Jombart et al., 2010) in order to test the
utility of the SNP dataset for discriminating between (a) fish of
farmed or wild origin and (b) fish originating from different geo-
graphic locations. Specifically, in the first cross-validation scheme,
the origin of 25% animals from wild and farmed origin was masked
and treated as a test set, while the rest of the dataset was used for
model training purposes. Predictions regarding the population of ori-
gin on the aforementioned test set were performed using informa-
tion obtained through DAPC (predict.dapc) on the remaining training
data set. The same procedure was followed for the second cross-
validation scheme where the origin of 25% of animals from each

geographic population was masked and used as a test set. The entire

procedure for both cross-validation schemes was repeated ten times
in order to minimize potential bias due to the stochasticity of sample
allocation in the training/test datasets.

3 | RESULTS
3.1 | SNPidentification using ddRAD sequencing

More than 320 million paired-end reads were obtained. The se-
quenced reads were aligned to the Nile tilapia reference genome
(GenBank accession GCA_001858045.2; Conte et al., 2017).
Between 94% and 97% of the reads across the tested animals were
aligned to the reference genome with approximately 16 million
paired-end reads being removed as unmapped. Additionally, approx-
imately 71 million paired-end reads were removed due to insufficient
mapping quality (Phred-scale mapping quality < 40). In total, 28,712
putative ddRAD loci were identified, out of which 4,719 contained
one or more SNPs. The mean sequence coverage of the identified
loci was approximately 105x (SD, 44x). Overall, 2,182 SNPs passed
all quality control steps and were retained for downstream analysis.
Finally, all 195 samples had fewer than 25% missing genotypes and
were utilized for the subsequent analysis.

3.2 | Genetic diversity within and among
populations—isolation by distance

The expected heterozygosity (H,) and nucleotide diversity (z) esti-
mates were largely indistinguishable with values for both parameters
ranging from 0.10 to 0.37 (Table 2). Highest values were observed in
the samples from Mindu (H, = 0.22; = = 0.23) and Wami populations
(He =0.36; 7 = 0.37). On the other hand, the lowest values were ob-
served in samples from Bwawani and Kibasira (H, = 0.10; = = 0.10).
Observed heterozygosity (H ) estimates ranged between 0.10 and
0.21 with the lowest values observed in samples from Bwawani and

Kibasira and highest in samples from Mindu population. Moreover,
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regarding the inbreeding coefficient (F,), positive estimates were ob-
tained for nine of the tested populations. After taking into account
the corresponding standard error (SE) two populations showed sug-
gestive evidence of putative loss of heterozygosity. The most strik-
= 0.42).
An opposite trend was observed for the Mansi population (F;; =

ing difference was obtained in the Wami population (F;
-0.03), suggesting a slight excess of heterozygotes. However, the
corresponding SE was the highest among all tested populations
(SE =0.05).

The estimated genetic distances according to the F , metric var-
ied widely between 0.001 and 0.75 among the tested populations
(Figure 2; Table S1). The highest genetic distance was observed
between Mindu and the populations from Bwawani and Kibasira
(F,, = 0.75). On the other hand, the lowest genetic distance was ob-
served between the Kibasira and Kilola populations (F , = 0.001).

The conducted isolation-by-distance analysis did not detect a
statistically significant spatial pattern between the estimated ge-
netic distances and the corresponding geographic locations on the
studied wild populations. The correlation among the above was 0.05
with the corresponding p-value after 100,000 permutations being
0.39 (Figure 3).

3.3 | Population structure—admixture

Individual relationships within and between populations were vis-
ualized using PCA. The first and second principal components ac-
counted for 58% and 6% of the observed variation, respectively.
Overall, PCA indicated the existence of 3 groups among the sampled
populations (Figure 4). Cross-validation suggested that the optimal
number of principal components for clustering was 40. Thereafter,
DAPC further deciphered the putative genetic structure suggesting
K = 3 to be the most probable number of genetic clusters (Figure 5;
Figure S1). The first genetic cluster included Mindu and Wami pop-
ulations, while the second cluster was comprised of the Kibasira,
Kilola, Mansi, Bwawani, Ruaha, Nyamisati, and Chemchem. Finally,

the last suggested cluster included the Utete population, one indi-
vidual from Kilola and five individuals from Wami populations.
Ancestry analysis provided further evidence regarding the exis-
tence of genetic clusters and potential admixture among the tested
populations also indicating that K = 3 is the most probable number of
clusters (Figure 6). Indication for admixture was observed between
the Wami and Utete populations. Furthermore, admixture was sug-
gested for the Mindu population and the genetic cluster comprised of

Kibasira, Kilola, Mansi, Bwawani, Ruaha, Nyamisati, and Chemchem.

3.4 | Origin prediction using the genomic profile

The utility of the SNP dataset to predict farmed versus wild
and population of origin was tested using DAPC. In the fourfold
cross-validation, the mean successful assignment rate regarding
farmed or wild origin on the test dataset was approximately 95%
(Figure 7a). Regarding predictions for the population of origin, the
overall successful classification was approximately 68% (Figure 7b).
Classification success varied widely among populations with 100%
for the Wami and only 10% for the Kilola population (Figure 7b).

4 | DISCUSSION

In the current study, we obtained an in-depth insight regarding
the genetic variation within and among Rufiji tilapia populations in
Tanzania using ddRAD-seq. It is worth mentioning that in both the
Mindu and the Ruaha reservoirs, the Rufiji tilapia is the only indig-
enous Oreochromis species (Eccles, 1992). While IUCN Red List of
Threatened Species assessments exist for populations of several
Oreochromis species in Tanzania, limited information is available re-
garding the status of Rufiji tilapia populations (Shechonge et al., 2019).
Information regarding the genetic diversity and structure of either
farmed or wild populations can assist toward their most suitable
management and increase the efficiency of conservation activities.

Utete
Ruaha
Nyamisati
Mansi
Kilola

Chemchem

Population

Kibasira
Bwawani
Wami

Mindu

Population

Fst
06
04
02

0a

FIGURE 2 Genetic diversity among
populations based on estimated F_, values.
The Bwawani and Chemchem populations
originated from fish farms located along
the Rufiji River
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FIGURE 4 Principal component
analysis (PCA) of Rufiji tilapia populations

PC2 (6% explained variance)

Reduced-representation sequencing platforms like ddRAD-seq are
powerful tools for the aforementioned and have been widely ap-
plied in population genetic studies (McKinney, Larson, Seeb, & Seeb,
2017). The RAD-seq family allows for high-resolution studies of
genetic diversity and relatedness at both population and individual
levels (Lemopoulos et al., 2019; Palaiokostas et al., 2020). Moreover,
reduced-representation sequencing platforms do not suffer from
ascertainment bias opposed to other genotyping platforms where a
priori identified genetic markers are utilized.

It has to be pointed out that the identified SNPs used in our study
were detected after aligning the sequenced reads in the Nile tilapia
reference genome (GenBank accession GCA_001858045.2) which
could entail a certain level of bias during SNP detection. However,
the fact that more than 94% of the sequenced reads were aligned to
the reference genome indicates that the subsequent SNP detection
is robust. Furthermore, even though our approach would not have
been able to identify Rufiji tilapia specific loci, the high percentage
of aligned reads indicates that the latter would have been most

likely a very small percentage with limited effect on the downstream

Populations
Bwawani
® Chemchem
Kibasira
® Kiola
Mansi
@ Mindu
Nyamisati
) Ruaha
Utete

et 0o ® Wami

-20 -10 0
PC1 (58% explained variance)

analysis. It would worth also to stress the fact that Nile and Rufiji
tilapias can produce fully fertile hybrids (Ulotu et al., 2016) when
crossed together therefore indicating the similarity among the two

species.

4.1 | Genetic diversity within and among
populations

According to the estimated genetic diversity metrics, the stud-
ied populations varied widely both in terms of H, (0.10-0.36), =
(0.10-0.37) and H, (0.10-0.21). Compared to previous population
genetics studies on aquatic organisms using RAD-family genotyp-
ing protocols (Drinan et al., 2018; Lemopoulos et al., 2019; Sherman
et al., 2020; Vendramin et al., 2016), the obtained genetic diversity
metrics for several of the populations in our study lie on the lower
range of the reported values (Table 2). Nevertheless, in compari-
son to our previous studies on farmed Nile tilapia populations in
Tanzania (Kajungiro, Palaiokostas, et al., 2019; Moses et al., 2019)
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where the same ddRAD library preparation protocol was used, the
obtained genetic diversity metrics were in general higher in the cur-
rent study. Additionally, it is worth to point out that low levels of
heterozygosity were obtained for several tilapia populations in an
extensive study across West Africa (Lind et al., 2019). Interestingly,
the farmed populations of our study (Bwawani; Chemchem) ranked
among the lowest in terms of heterozygosity values. However, four
of the wild populations (Kibasira; Kilola; Nyamisati; and Ruaha)
had indistinguishable genetic diversity estimates compared to the
farmed ones suggesting that no clear inference could be drawn re-
garding a potential loss of genetic diversity due to farming practices.
On the other hand, the inbreeding coefficient (F, ) indicated a poten-
tial loss of heterozygosity only for the wild population from Wami. In
general, high F,, values indicate the existence of nonrandom mating
or population subdivision (Allendorf & Luikart, 2007). Interestingly,
concerns regarding the conservation of the unique genetic pool of
endemic tilapias in the Wami water basin due to the introduction
of nonendemic species have been documented recently (Shechonge
et al., 2018). As documented also on previous occasions, introduced
Oreochromis species can have a detrimental impact on endemic fish
fauna (Angienda et al., 2011; Ndiwa, Nyingi, & Agnese, 2014) which
could be the case for the Wami population of Rufiji tilapia.

Ancestry

Mindu
Wami
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Kibasira
Kilola
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FIGURE 5 Discriminant analysis of
principal components (DAPC) for Rufiji
tilapia populations
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The SNP dataset provided indications regarding the genetic
distance among the tested Rufiji tilapia populations. Populations
sampled from neighboring locations were in general of low genetic
distance (Figure 1; Figure 2) with most obvious the case of Kibasira
and Kilola (F_, = 0.001). However, several exceptions were observed
with the most striking exception being the one between Chemchem
and Utete populations where a moderate-to-high genetic distance

F., values below 0.05 indicate

(F,, = 0.34) was estimated. In general, F,

minimal genetic differentiation, while values above 0.15 indicate
the existence of substantial genetic differentiation (Wright, 1978).
A followed up isolation-by-distance analysis conducted on the
wild populations did not detect evidence for existing spatial struc-
ture patterns among the sampled populations. To the best of our
knowledge, no prior study investigated for putative spatial structure
patterns of Oreochromis species in Tanzania. However, prior studies
reported the existence of significant spatial genetic structure among
Oreochromis populations across Africa (Bezault et al., 2011; Lind
et al., 2019). The suspected uncontrolled movement of tilapia stocks
among different locations in Tanzania (Kajungiro, Mapenzi, et al.,
2019) could be a possible explanation for the observed absence of
any statistically significant spatial structure among the studied pop-
ulations. Nevertheless, it would be of primary importance to further

FIGURE 6 Ancestry analysis assigned
individuals in clusters (K = 3). Each single
vertical bar represents an individual and
each color represents the probability that
the individual is assigned to the respective
gene pool. The Bwawani and Chemchem
populations originated from fish farms
located along the Rufiji River

Ruaha
Utete
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verify the putative lack of spatial genetic structure we observed in

future studies with larger number of samples per population.

4.2 | Genetic structure of the tested populations

Bayesian and multivariate approaches were used in the current
study in order to decipher the genetic structure and putative admix-
ture among the tested populations. Both approaches supported the
hypothesis of three unique genetic clusters among the populations
under study (Figures 4, 5). To the best of our knowledge, no prior
study investigated the existence of genetic structure among Rufiji ti-
lapia. Therefore, the above information could guide the management

of the wild resources and inform breeding initiatives for aquaculture
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purposes. Regarding the latter, in order to maximize the genetic di-
versity for a founding breeding population (Gjedrem, Robinson, &
Rye, 2012) obtaining broodfish originating from all three genetic
clusters could be a valid strategy. More specifically, the majority of
samples from seven tested populations including the farmed ones
(Kibasira, Kilola, Mansi, Bwawani, Ruaha, Nyamisati, and Chemchem)
formed a unique genetic cluster, while the Wami and Mindu popula-
tions formed a separate genetic cluster (substantially differentiated
according to obtained F,, values). As previously mentioned, Rufiji
tilapia is the only endemic Oreochromis species in the Mindu res-
ervoir (Shechonge et al., 2018); therefore, appropriate conservation
management appears as a necessity on the aforementioned genetic
cluster. Interestingly, the Utete population formed an isolated clus-

ter that included one animal from Kilola and five animals from Wami

(a) Confusion matrix
80
Farmed
2 60
o
E
£ 40
Wwild
20
Predicted label
FIGURE 7 Confusion matrix for ()
prediction efficiency (% of successful Confusion matrix 456
classification) of the SNP dataset using Bwawani{ 4500 2667 000 000 000 000 2333 500 000  0.00
cross-validation. (a) Fourfold cross-
Validation tO discriminate betWeen Chemchem 20.00 38.33 0.00 0.00 0.00 0.00 15.00 26.67 0.00 0.00
farmed and wild origin. The origin of 25% 80
randomly Selected animals Of Wild and Kibasira 0.00 0.00 81.67 18.33 0.00 0.00 0.00 0.00 0.00 0.00
farmed origin was masked and used as a
test Set Each population was considered Kilola 0.00 0.00 88.00 10.00 0.00 0.00 0.00 0.00 2.00 0.00
. 60
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validation to predict population of origin. o
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) . =
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10 times in order to minimize potential Ruaha {IRESZRIRECZAN +10:001 .0-00810.00880.00
bias due to the initial sample allocation in 20
L. R 0.00 0.00 0.00 1.67 0.00 0.00
the training/ test dataset. The diagonal Utete
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populations. Moreover, ancestry analysis indicated the existence of
admixture among the above populations. Nevertheless, taking into
account the relatively small number of animals genotyped per popu-
lation (n = 15-20) the possibility of sample mislabeling cannot be
excluded especially in the case of the single animal from Kilola popu-
lation that appeared genetically distant from its putative population
of origin.

4.3 | Prediction of population origin using SNP
derived information

Overall, our SNP dataset proved highly efficient in discriminating
between farmed and wild populations with approximately 95% of
“putative” unknown samples being classified correctly. Considerable
evidence suggests that hatchery rearing in various fish species can
negatively affect key phenotypic traits associated with adaptation
in the wild (Fraser, 2008). It is likely that the above could be even
more evident in tilapias due to their relatively small generation in-
terval (6 months or less to be reproductive mature under optimal
environmental conditions). Furthermore, considering the fact that
Tanzania is a hot spot for wild cichlid populations, it is evident that
introgression with farmed strains could jeopardize the local adap-
tivity of the wild populations (Shechonge et al., 2018). It is worth
mentioning that a recent study detected introgression between in-
troduced Oreochromis species in Tanzania oriented for aquaculture
practices and the critically endangered Oreochromis jipe (Bradbeer
et al.,, 2019). Nevertheless, we need to acknowledge the fact that
only two farmed populations were used in our study which limits our
ability to draw definite conclusions.

The efficiency of the SNP dataset dropped remarkably (68%
successful classification) in the scenario of predicting for popula-
tion of origin. The drop in the accuracy of successful classification
appears to be in line with the obtained genetic distance of the re-
spective populations. The above was more pronounced in the case
of Kilola and Kibasira where the proportion of correctly classified
fish dropped to only 10% indicating that the two populations were
highly similar (also supported from their estimated genetic distance
and population structure). Moreover, a similar pattern was observed
in the case of the farmed populations (Bwawani and Chemchem)
and the respective wild populations of most likely putative origin
(Nyamisati and Ruaha) suggested by our data. Aiming to acquire
deeper insights and confirm that the reduction of successful classifi-
cation for predicting population of origin was due to the low genetic
distance between some of the studied populations, we tested our
dataset in a theoretical scenario aiming to predict for genetic cluster.
In particular, since our analysis suggested the existence of three dis-
tinct genetic clusters, we followed the same cross-validation scheme
as before for forming training and validation sets on each putative
genetic cluster (fourfold cross-validation). The above allowed us to
obtain close to 100% successful classification on the test dataset.

Moreover, a similar approach was followed in our prior stud-

ies on Nile tilapia strains (mainly of farmed origin) where the SNP

information allowed for correctly classifying between 77% and
97% of the tested dataset to the respective population of origin
(Kajungiro, Palaiokostas, et al., 2019; Moses et al., 2019). However,
in the aforementioned studies we used mainly farmed populations
of more pronounced genetic distance as opposed to the Rufiji pop-
ulations of the current study which facilitated their discrimination
in the followed cross-validation schemes. Therefore in this partic-
ular instance, the SNP dataset was less efficient on predicting for
population of origin largely due to the fact that some of the tested
populations proved to be less divergent than the aforementioned
Nile tilapia populations. Nevertheless, we need to acknowledge the
fact that a low-density genotyping approach was followed in our
study which could limit our ability to discriminate between popu-
lations of low genetic distance. Therefore, high-density genotyping
approaches through the application of either more frequent cutting
restriction enzymes or the recently developed open access tilapia
SNP array (Pefaloza et al., 2020) could be of value for predicting
with higher accuracy the population of origin even among closely
related samples.

5 | CONCLUSIONS

The current study is the first attempt of investigating the genetic
diversity status of Rufiji tilapia populations using high-throughput
sequencing-based platforms. Overall, the ddRAD-seq derived SNP
dataset was applied in a wide range of analysis deciphering the un-
derlying genetic diversity and structure among the studied popula-
tions. The identified genetic structure would be of value both for
conservation purposes and for future aquaculture breeding prac-
tices aiming to establish base populations with the highest amount
of genetic diversity. Finally, taking into consideration the desirable
traits of Rufiji tilapia for farming purposes studies of common gar-
den experiments between Rufiji and introduced Nile tilapia would be
valuable for informing future breeding plans targeting the productiv-
ity increase of Tanzanian aquaculture.
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