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Abstract
The Sub-Saharan Great Lakes Region has a rich ichthyofauna most notably, the cichlids. Among 

the cichlids, the most important and commercially exploited are the tilapine species of which O. 

niloticus Linn, 1758 (Nile tilapia) is the most common. This vital resource has been subjected to 

immense anthropogenic threats primarily through fish translocations, overfishing, habitat 

destruction, climate change, alien invasive aquatic weeds etc. Hereby, the broader aim of this 

thesis was to investigate the impact of anthropogenic activities on the evolutionary trajectory of the 

East African O. niloticus particularly in nonnative habitats following the aforementioned activities 

in the region. This was investigated using the hypothesis that anthropogenic activities might have 

altered the natural morphology and genetic structure of O. niloticus through admixture and 

introgression with the indigenous congeneric species. Geometric morphometries and molecular 

genetic markers were used to delineate the cichlid in the region from different East African 

localities, covering low and high-altitude environments. Samples were collected from three locality 

types; farms, lakes with natural but non-native (introduced) fish and lakes with native (indigenous) 

fish. The farms and non-native localities were only limited to Uganda. Additionally, samples at the 

continental level were collected, including populations from the West African country of Burkina 

Faso and Ethiopia to test and compare the genetic structure with the East African ones. For 

morphometric analysis only the East African populations were included. During geometric 

morphometries analysis, two thin plate spline (Tps) programs; Tps Utility (TpsUtil) and Tps digitizer 

(TpsDig) were utilized. These programs were used to acquire landmarks on fish digital 

photographs and henceforth generation of x, y coordinates which were then imported into MorphoJ 

program for subsequent multivariate analyses (chapter 2). At molecular level, 64 microsatellites 

(SSR) loci were developed and 26 were employed to test the four East African/Uganda 

populations. Here, the latest genotyping by sequencing approach using SSR loci (SSR-GBS) was 

compared with the traditional fragmented length analysis by assessing the information content 

recovered with the two approaches (Chapter 3). SSR-GBS was then applied in Chapter four to 

investigate all the sub-Saharan Nile tilapia populations. A total of 40 SSR loci were used for 

amplifying all the present studied populations. Geometric morphometric analysis generally 

revealed that all the East African populations were somewhat homogeneous in shape, implying 

close relation. However, when principle component scores (PC1 and PC2) were plotted against 

the axes, it was clear that the non-natives; Victoria and Kyoga, were morphologically divergent 

from for instance some native populations (Kazinga Channel and Edward). But the non-native 

Victoria and Kyoga appeared undifferentiated from some natives like Albert, George, River Nile 

and Turkana. The shape variation among the East African Nile tilapia populations was suspected
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to admixture and hybridization, partly induced by anthropogenic activities. However, other 

environmental cues like water turbulences (for example in River Nile), predation threat effects (e.g. 

Nile perch in native lakes; Albert and Turkana), severe and adverse environmental conditions (like 

declined water levels aggravated by high temperatures in L. Turkana), were taken into 

consideration. Apparently, use of SSR-GBS genotyping approach yielded more information 

content than the traditional based amplicon length procedures. For instance, SSR-GBS method 

did better to reveal the genetic diversity of the East African O. niloticus than the conventional 

amplicon length (AL). These results were consistent with a detailed genetic structure generated by 

SSR-GBS which was undetectable with AL. Additionally, based on polymorphic information 

content (PIC), it was evident that the SSR-GBS showed more polymorphic loci compared to AL. 

More importantly the markers developed in this thesis and the genotyping techniques were 

demonstrated how they may contribute useful information for further investigations regarding the 

East African Nile tilapia for sustainable exploitation and conservation. By evaluating the genetic 

diversity and variability patterns among Nile tilapia populations at sub-Saharan level, the Ethiopian 

populations were indicated more divergent than the East African ones. This was particularly 

prominent for lake Tana which indicated a high level of distinctiveness. In East Africa, genetic 

structure analyses revealed four O. niloticus groups which were consistently supported by Fst 

results. Moreover, the East African populations genetically differed from their Ethiopian and West 

African counterparts. Also, O. niloticus from Lake Turkana (Kenya) was isolated, while the 

Ugandan populations were grouped according geographical locations/water catchments and 

anthropogenic activities i. Signals of genetic erosion were detected in Ethiopian and some East 

African populations being likely a consequence of either bottlenecks associated with fragmentation 

or founder effects. O. niloticus in Lakes Tana, Victoria and the cluster of Lakes Edward, George 

as well as Kazinga Channel, may require further exploration for taxonomic recognition. Apart from 

Lake Tana, the level of isolation of the cichlid in Lake Victoria and the genetic group in the western 

Rift Valley Lakes, have not been reported before. This thesis indicates that anthropogenic activities 

have contributed to a significant change in the genotypic composition of O. niloticus which may 

compromise the species’ sustainability. Over all, the molecular analyses were congruent to the 

geometric morphometries, which shows the robustness and importance of the current approach in 

understanding the state the of the East African O. niloticus. In the ongoing work, out of scope of 

this thesis, these populations are followed at mitochondrial genome level to precisely investigate 

the extent of introgression and phyletic patterns.
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Zusammenfassung
Die subsaharische Region der GroBen Seen verfugt uber eine reiche Fischfauna; insbesondere 
sind hierdie Cichliden zu erwahnen. Innerhalb der Cichliden sind die wichtigsten und kommerziell 
am meisten genutzten die Tilapia Arten, von denen O. niloticus Linn, 1758 (Nile tilapia) der 
haufigste ist. Diese wichtige Ressource ist vor allem durch Translokation und Uberfischung sowie 
weitere anthropogene Faktoren wie Lebensraumzerstdrung, Klimawandel, invasive 
Wasserunkrauter usw. einer enormen Bedrohung ausgesetzt. Deswegen ist das ubergeordnete 
Ziel dieser Arbeit, den Einfluss menschlicher Aktivitaten auf die evolutionare Entwicklung des 

ostafrikanischen O. niloticus speziell in nicht ursprunglichen, durch die vorher genannten 
regionalen Aktivitaten veranderten Lebensraumen zu untersuchen. Dies wurde anhand der 
Hypothese untersucht, dass anthropogene Aktivitaten die naturliche Morphologie und genetische 

Struktur von O. niloticus durch Besatz und Vermischung mit heimischen gleichartigen Arten durch 
Introgression verandert haben konnten. In dieser Arbeit setzte ich geometrische Morphometrie und 
molekulargenetische Marker ein, um den Buntbarsch der Region von anderen ostafrikanischen 
Lokalitaten, welche in hoher oder tiefer liegenden Regionen vorkommen, zu unterscheiden. 
Stichproben wurden von drei unterschiedlichen Typen von Lokalitaten genommen: Fischfarmen, 
Seen mit natiirlichen aber nicht heimischen (also eingefuhrten) Fischen und Seen mit heimischen 
(indigenen) Fischen. Fischfarmen und die nicht heimischen Lokalitaten beschrankten sich auf 
Uganda. Zusatzlich bezog ich auf kontinentaler Ebene weitere Stichproben von Populationen aus 
Landern West-Afrikas wie Burkina Faso und Athiopien, um die genetische Struktur mit den 
ostafrikanischen Individuen zu vergleichen. Fur die morphometrischen Analysen wurden nur die 
Ost-Afrikanischen Populationen verwendet. Fur die geometrisch-morphometrischen Analysen 
verwendete ich zwei Thin-Plate-Spline (Tps) Programme; Tps Utility (TpsUtil) and Tps digitizer 
(TpsDig). Diese Programme wurden verwendet, um Orientierungspunkte auf digitalen Fotos von 
Fischen zu bestimmen und dafur schlieBlich x, y Koordinaten zu erhalten, die dann in das 
Programm MorphoJ importiert wurden fur die weitere multivariate Analyse (Kapitel 2). Auf 
molekularer Ebene entwickelte ich zuerst 64 Mikrosatelliten (SSR) Loci, 26 davon wurden 
verwendet um die vier ostafrikanischen/Uganda Populationen zu testen. Dafur testete ich das 
neueste Verfahren der Genotypisierung durch Sequenzierung mit SSR loci (SSR-GBS) und 
verglich die Ergebnisse mit der traditionellen Genotypisierung anhand der Lange von Fragmenten. 
(Kapitel 3). SSR-GBS wurde dann in Kapitel vier verwendet, um alle Sub-Saharische Nil Tilapia 
Populationen zu untersuchen. Insgesamt wurden 40 SSR-Loci zur Amplifikation aller vorliegenden 
untersuchten Populationen verwendet. Die geometrisch-morphometrische Analyse zeigte fur alle 
ostafrikanischen Populationen eine im allgemeinen relativ einheitliche Form. Eine grafische
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Darstellung der Hauptkomponentenanalyse zeigte aber, dass sich die nicht-heimischen 

Populationen von Lake Vicotria und Lake Kyoga von einigen heimischen Populationen (von 

Kazinga Kanal und Lake Edward) morphologisch unterschieden, von anderen heimischen 

Populationen (Lake Albert, Lake George, dem Nil und Turkana) aber nicht. Diese Unterschiede in 
der Form innerhalb der ostafrikanischen Nile tilapia Populationen wurden auf Vermischung und 
Hybridisierung teilweise durch menschliche Aktivitaten zuruckgefuhrt. Aber daruber hinaus wurden 

auch andere Umweltfaktoren wie Turbulenzen (z.B. im Nilfluss), Effekte der Bedrohung durch 
Pradation (z.B. Nilbarsch in den heimischen Seen Albert und Turkana), raue und ungiinstige 

Umweltbedingungen (wie durch hohe Temperaturen hervorgerufene niedrige Wasserstande in L. 
Turkana) in Betrachtgezogen. Offensichtlich hat der SSR-GBS Genotypisierungsansatz genauere 
Informationen geliefert als die traditionelle Methode basierend auf Amplicon Lange (AL). Zum 
Beispiel erkannte die SSR-GBS Methode die genetische Diversitat innerhalb der ostafrikanischen 
O. niloticus besser als die herkbmmliche Methode. Das zeigte sich auch dadurch, dass es mit 
SSR-GBS moglich war eine detaillierte genetische Struktur festzustellen, die von der AL Methode 

nicht erkannt wurde. Daruber hinaus zeigte die SSR-GBS mehr polymorphe Loci als AL, basierend 
auf dem polymorphen Informationsgehalt (polymorphic information content (PIC)). Noch wichtiger 
erscheint aber die Tatsache, dass demonstriert werden konnte, wie die in dieser Arbeit 
entwickelten Marker und die Genotypisierungs Techniken wichtige Information zu weiteren 
Untersuchungen des ostafrikanischen Nil Tilapia die nachhaltige Nutzung und den Schutz 
betreffend beitragen konnten. Wenn die genetische Diversitat und Variabilitatsmuster der Nile 
tilapia Populationen auf subsaharischem MaBstab betrachtet wurden, zeigten die athiopischen 
Populationen grdBere Unterschiede als die ostafrikanischen. Das war besonders deutlich fur die 
Population von Lake Tana, welche ein hohes MaB an Eigenstandigkeit erkennen lieB. Auf Basis 
der genetischen Struktur konnen in Ostafrika vier Gruppen unterschieden werden, in 
Ubereinstimmung mit Fst Ergebnissen. Daruber hinaus unterschieden sich die ostafrikanischen 
Populationen von ihren athiopischen und westafrikanischen Pendants. O. niloticus von Lake 
Turkana (Kenya) erscheint in der Analyse isoliert aufgrund seiner Lage. Im Gegensatz dazu 
zeigten die Populationen in Uganda eine enge Beziehung, obgleich geographischer Ort, Wasser 
Einzugsgebiete und anthropogene Aktivitaten einige genetische Cluster beeinflusst haben. 
Anzeichen genetischer Erosion wurde in Athiopien und einigen Ostafrikanischen Populationen 
gefunden, wahrscheinlich als Resultat eines Flaschenhalseffektes aufgrund von Fragmentierung 
oder eines Grundereffektes. Zur taxonomischen Bestimmung von O. niloticus in den Lakes Tana, 
Victoria und den Clustern von Lake Edward, Lake George und Kazinga Kanal erscheinen weitere 
Untersuchungen notwendig. AuBer fur Lake Tana wurde zuvor nbch nie uber eine ahnlich groBe
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Isolation berichtet, wie in dieser Arbeit fur die Buntbarsche in Lake Victoria und die genetische 

Gruppe in den Seen des westlichen Grabenbruchs. Diese Arbeit zeigt, dass anthropogene 
Aktivitaten zu einer signifikanten Veranderung der genotypischen Zusammensetzung von O. 
niloticus beigetragen haben, was die Nachhaltigkeit der Art gefahrden kdnnte. Im GroBen und 

Ganzen stimmten die Ergebnisse der molekularen Analysen und der geometrisch- 

morphometrischen uberein, was die Robustheit und die Wichtigkeit dieses Ansatzes unterstreicht 
zu einem besseren Verstandnis des Status des ostafrikanischen O. niloticus beizutragen. Die 
weiteren Arbeiten, auBerhalb dieser Dissertation, werden diese Populationen auf Basis 
mitochondrialer Genome weiter verfolgt um das AusmaB der Introgression und die phyletischen 

Muster genau feststellen zu konnen.
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Generally, tilapiines are native to Africa where they are essentially a food source. Due to their 

importance for food, they have been dubbed the “aquatic chicken” or "miracle fish” (Eknath et al.,

1. Chapter 1
1.1. General introduction

Several fish genera and subgenera exist in the cichlidae family which are collectively classified as 

tilapias (George, 1995). Tilapias exhibit a high degree of parental care which translates into good 

survival rates of the hatchlings and perhaps explains their ability to adapt to various habitats. On 

the basis of the reproductive behaviors, tilapiine fishes are classified into three main genera: 

Tilapia, Sarotherodon and Oreochromis, but also a rare fourth genera exists - Danakilia (George, 

1995; Trewavas, 1983). Generally, the spawning strategies of these genera differ from each other. 

For example, the reproductive strategy of the genus Tilapia involves both, male and female brood 

parents in preparing spawning nests in shallow waters where the female deposits the eggs and 

the male subsequently fertilizes them. Representatives of Tilapia generally remain monogamous 

during the breeding period. After spawning, both parents guard the nests and ventilate the fertilized 

eggs, and, after hatching, they continue to protect their offspring until they are able to live 

independently (George, 1995). This spawning behavior is typical for Tilapia (e.g., Tilapia zillii) 

which are classified as substrate spawners (Trewavas, 1983). Oreochromis and Sarotherodon, in 

contrast, belong to mouthbrooders. However, also these two genera, Oreochromis and 

Sarotherodon, exhibit differences. For instance, Oreochromis males prepare circular and bowl-like 

nests in shallow waters where they remain on guard until visited by gravid females (George, 1995). 

After fertilization, the females pick the eggs in their buccal cavity where the eggs are incubated 

until hatching. Once the females take up the eggs, they separate from the males, where the latter 

remain on the nests, waiting to mate with additional females - a practice of polygamy (George, 

1995). Following hatching of eggs, the females continue to protect the fry by providing refugia into 

their buccal cavity, following any threats, until they are able to swim freely and independently. 

Oreochromis niloticus is an example of this spectacular breeding strategy and their closest 

relatives include O. esculentus (Trewavas, 1983). Other closely-related mouthbrooders include O. 

mossambicus, O. aureus (blue tilapia) and O. macrochir (tassled tilapia) (George, 1995). The 

genus Sarotherodon differs from Oreochromis in breeding strategy, whereby the are either bi- 

parental or one of the parents take care of the fertilized eggs and so to the fry. For instance, both 

parents in Sarotherodon galilaeus carry the eggs in their buccal cavity after fertilization, whereas 

males in Sarotherodon melanotheron are solely responsible for this task (George, 1995; 

Trewavas, 1983).
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Traditionally, East Africa comprised of three countries; Uganda, Kenya and Tanzania (Otieno & 

Awange, 2006), despite three more countries - South Sudan, Rwanda and Burundi -which have 

been recently included. The region is well-known for its enormous inland freshwater resources, 

and is, therefore, called the Great Lakes Region (Ogutu-Ohwayo, Hecky, Cohen, & Kaufman, 

1997; Salzburger, Van Bocxlaer, & Cohen, 2014). Moreover, East Africa is a hotspot for endemic 

ichthyofauna and if sustainably managed, the East African Great Lakes would significantly 

contribute to global fish productivity and supply (Lowe-McConnell, 2009).

The East African freshwater fisheries have for a long time been a vital and cheap source of aquatic 

proteins for the rapidly growing riparian human populations (Odongkara, Abila, & Onyango, 2005; 

Scullion, 2007). In addition, the region’s freshwater ecosystems significantly contribute to overall 

employment. In Uganda, for example, the fisheries industry directly employs more than 700,000 

people and more than 1.2 million people rely either directly or indirectly on fishery related products 

(Scullion, 2007). In Tanzania, more than 4 million people are either directly or indirectly employed 

in the fisheries sector (Odongkara et al., 2005). The East African inland fisheries predominantly 

rely on the major freshwater bodies, of which Lake Victoria, the world’s second largest freshwater 

body, is the most famous (Balirwa et al., 2003; Getabu, Tumwebaze, & MacLennan, 2003). The 

contribution to foreign exchange from Lake Victoria capture fisheries alone ranged from 50-112 

million USS annually for Uganda, Kenya and Tanzania (Odongkara et al., 2005). However, the 

regional aquatic ecosystems have undergone drastic and dramatic changes, in particular to Lakes 

Victoria, Kyoga and Nabugabo basins, following various anthropogenic activities (Ogutu-Ohwayo 

et al., 1997).

1998; George, 1995). Despite being native to Africa, tilapias have been widely distributed and 

currently constitute one of the most important farmed fish species worldwide (Diana, 2009; Vicente 

& Fonseca-Alves, 2013). Nile tilapia, in particular, are more widely translocated than other tilapia 

species due to their vital attributes, such as fast growth rates, resistance to diseases and pests, 

high fecundity, or broad food spectrum. These traits make Nile tilapia suitable for aquaculture 

production systems (Balirwa, 1998; Njiru et al., 2006; Vicente & Fonseca-Alves, 2013). Although 

carp (Cyprinus carpio) is still the most-farmed fish worldwide, the above-mentioned unique traits 

of Nile tilapia might allow the cichlid to surpass the cyprinid in aquaculture production (Vicente & 

Fonseca-Alves, 2013; Zengeya, Booth, & Chimimba, 2015). Nonetheless, presently Nile tilapia is 

one of the most important species in East Africa for both, capture fisheries and aquaculture (Njiru 

etaL, 2006).
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Albeit many of the indigenous East African fish stocks had already declined due to overfishing, the 

introduction of alien species lead to a dramatic disappearance of native tilapiines such as O. 

variabilis and O. esculentus (Ogutu-Ohwayo, 1990; Ogutu-Ohwayo et al., 1997). Lake Victoria, 

which once was home to hundreds of indigenous fishes, currently is inhabited by only three 

species: the native pelagic minnow/small cyprinid Rastrineobola argentea - locally called Omena 

(Kenya), Mukene (Uganda) and Dagaa (Tanzania) - and the two introduced species, Nile tilapia 

and Nile perch (Balirwa et al., 2003; Ogutu-Ohwayo, 1990). Although some stakeholders 

condemned the introduction of Nile perch and Nile tilapia, others welcomed the alien species, 

which they considered as saviors based on the improved fishery productivity in terms of catch size 

(Kaufman, 1992). Overall, the collapse of Nile tilapia congenerics was attributed to a combination 

of multiple factors such as overfishing, eutrophication, competition, admixture and predation 

(Balirwa, 1992; Mwanja, 2000; Ogutu-Ohwayo, 1990; Ogutu-Ohwayo et al., 1997). It remains an 

open question, however, why Nile tilapia successfully endured the aforementioned pressures

Lake Victoria is famous for its large native fish biodiversity, including hundreds of cichlid species, 

more than 40 cyprinids, catfish and other species (Witte, Wanink, & Kishe-Machumu, 2007). 

However, influx of multiple anthropogenic activities, such as overfishing, habitat destruction, non­

native and invasive water hyacinth (Eichhornia crassipes) and eutrophication, have altered the 

biotic community in this ecosystem (Balirwa, 1998; Balirwa et al., 2003; Ogutu-Ohwayo, 1990; 

Ogutu-Ohwayo et al., 1997). Throughout the 20th century, overfishing increased and was especially 

enormous in the 1950s and 1960s. During this period, already significant evidence of species mass 

overexploitation was reported (Balirwa et al., 2003; Ogutu-Ohwayo, 1990). By 1970s, many of the 

indigenous and eminent fish species which comprised of O. esculentus, O. variabilis, Bagrus 

docmak, Labeo victorianus and Mormyrus kannume, had greatly declined (Balirwa et al., 2003). 

Despite overfishing, one additional major factor in the East African freshwater fisheries was the 

fish introductions/translocations. For instance, between 1950 and 1960s, many species, including 

Nile perch (Lates niloticus), Nile tilapia (O. niloticus), O. leucosticus and Tilapia zilli, were 

transferred from Lake Albert into Lake Victoria, Kyoga, Nabugabo, as well as several other 

systems (Balirwa, 1992; Ogutu-Ohwayo, 1990). Generally, the motive for these introductions was 

to elevate fish productivity, but with separate roles per species. For example; 1) Nile perch was 

introduced to predate and convert the less preferred haplochromine cichlids into better table size 

fish, 2) T. zilli was introduced to utilize the aquatic vegetation, perhaps which resulted from 

eutrophication and 3) Nile tilapia was introduced to supplement the dwindled/overfished native 

stocks (Ogutu-Ohwayo, 1990). Nevertheless, other reports indicate that Nile tilapia was introduced 

accidentally or mistakenly for T. zillii (Trewavas, 1983).
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which possibly led to the collapse of its relatives. One would expect, for example, if predation 

pressure from Nile perch indeed contributed to the disappearance of the indigenous species, Nile 

tilapia to be similarly affected. However, this was not the case. Possible reasons for the 

perseverance of Nile tilapia include; the cichlid has originally coexisted with Nile perch in native 

environments such as Lakes Albert and Turkana, and this may have stimulated Nile tilapia to 

develop predator-evading strategies (Balirwa, 1994; Ogutu-Ohwayo, 1990). Additionally, Nile 

tilapia grows faster consistent with a large size, more fecund, omnivorous or habitat/trophic 

diversification which provides a higher reproductive success when compared to the indigenous 

species (Balirwa, 1992; Ogutu-Ohwayo, 1990).

Morphologically, Nile tilapia resembles most of the other cichlids, but the species can easily be 

identified by the interrupted lateral line. Also, Nile tilapia has a long dorsal fin which is sub-divided 

into portions; the forward is heavily spiny compared to the ray-finned rear part. But one critical 

feature that distinguishes Nile tilapia from other tilapiines is the presence of the vertical bars 

(sometimes called bands) on the caudal fin (Popma & Masser, 1999).

Albeit Nile perch and Nile tilapia currently dominate the East African commercial fisheries, the 

levels of overexploitation intensify annually mainly due to human population explosion consistent 

with high market fish demand (Njiru et al., 2007). This has been further exacerbated by the high 

and reliable foreign markets, for the Nile perch’s white fillet in many European countries (Kirema 

Mukasa, 2012). Consequently, Nile tilapia remains a vital fish for catering all the local domestic 

needs and inclusive in all aspects of aquaculture. Thus, the East African Nile tilapia is a fish of 

great economic importance to the local populations, and studies focusing on the evolutionary 

responses to the anthropogenic threats may be vital for contributing to the sustainable exploitation 

and management of the species

1.2. Overview of the East African Nile tilapia and congenerics

In Uganda, Nile tilapia is native to Lakes Albert, Edward, George, and the lower River, in Kenya, 

the species naturally inhabits Lakes Turkana and Baringo, in Tanzania Lake Tanganyika, and in 

Rwanda Lake Kivu (Balirwa, 1992; Ogutu-Ohwayo, 1990; Trewavas, 1983). Nevertheless, the 

distribution of the species in the region seems complex and confounding based on various non­

native habitats occupied by the cichlid (Balirwa, 1992; Ogutu-Ohwayo, 1990; Ogutu-Ohwayo et 

al., 1997). Originally, the species never existed in Lakes Victoria, Kyoga and numerous regional 

satellites lakes, which were inhabited by native O. variabilis and O. esculentus (Ngege) tilapiines. 

These two native tilapias were important for the local commercial fishery (Balirwa, 1992; Kaufman, 

1992; Lowe-Mconnel, 1975; Ogutu-Ohwayo, 1990; Pullin, 1988). Compared to Nile tilapia, O.
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variabilis is rather a small sized fish but for consumption purposes, O. esculentus is the most 

preferred and considered the most delicious tilapiine (Balirwa et al., 2003; Kaufman, 1992). In 

terms of aquaculture, the growth rates of O. esculentus is generally slower than Nile tilapia. O. 

esculentus has also been reported to forage mostly on phytoplankton and can effectively provide 

an important ecological control for the algal blooms in the Lake Victoria catchment (Balirwa, 1992; 

Kaufman, 1992). Despite the ecological importance and food resource from O. esculentus, it is 

probable that, the anthropogenic threats on the species in L. Victoria and perhaps in Kyoga were 

evidenced way-back in the 1920s through overfishing (Anderson, 1961; Dumont, 2009). 

Overexploitation of the native cichlids was further exacerbated in the 1950s when controversial 

regulatory policies recommended the use of smaller gill net sizes (< 12.7 cm) (Anderson, 1961). 

Apart from the anthropogenic impacts, the native littoral tilapiines (e.g. O. variabilis) were further 

hit by heavy rainfall events in the 1960s which led to the destruction of the spawning and nursery 

grounds (Kaufman, 1992). This natural calamity had negative effects on fish populations and 

perhaps contributed to the decline of the native species. The massive decline in fish catches of the 

important Ngege fishery must have triggered new ideas such as the introduction of alien fish 

species, such as Nile tilapia and Nile perch, into the Lake Victoria basin (Balirwa, 1994; Beverton, 

1959; Kaufman, 1992; Ogutu-Ohwayo, 1990).

The dynamic and multifaceted distribution of Nile tilapia in East Africa complicates the 

determination and identification of genetic resources for management and conservation. In fact, it 

is alleged that what is observed as Nile tilapia especially in Lakes Victoria and Kyoga might be 

something different (Pullin, 1988). The introduction of Nile tilapia into these waterbodies may have 

forced the contact with native species and hence promoted introgressive hybridization or 

introgressive segregation in the species. Through the recent expansion of fish hatcheries and 

aquaculture production systems in East African (Rothuis et al., 2014), more feral populations might 

be prevalent and intensifying this effect. The outcomes of these interactions might be detrimental 

for the future of the species (Harrison & Larson, 2014; Mooney & Cleland, 2001). In general, 

hybridization may be useful for taxa adaptation especially in new environments because of the 

establishment of heterosis traits allowing niche expansion (Epifanio & Philipp, 2000). However, 

hybrid characters may have a lower fitness than the parental populations and if introgression 

proceeds, extinction of the descendants may follow, through outbreeding depression (Agnese, 

Adepo-Gourene, & Pouyaud, 1998; Epifanio & Philipp, 2000). Agnese et al. (1998) further 

elucidates that, hybrids may inherit lower adaptive values than the pure ancestral lines and may 

eventually extinct following prior disappearance of the parents. Invasion of Nile tilapia into the non­

native environments and the subsequent disappearance of native species through the combined
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Despite the increased awareness on the importance of molecular data (Park & Moran, 1994), 

generally few studies have focused on the genetic diversity patterns of the East African Nile tilapia. 

For instance, Agnese, Adepo-Gourene, Abban, and Fermon (1997); Vreven et al. (1998); Mwanja 

et al. (1996) studied the genetics of Nile tilapia populations using allozymes with restriction 

fragment length polymorphism (RFLP) on mitochondrial DNA (mtDNA), allozyme and random 

amplified polymorphic DNA (RAPD) respectively. However, these fingerprint methods have limited 

information content (Liu & Cordes, 2004; Miah et al., 2013). In this context, divergent morphotypes 

and genetic structure among the East African Nile tilapia populations might be predominant and 

not well documented.

tilapiine, morphologically were comprehensively studied by Trewavas (1983), as well as by Vreven, 

Teugels, Adepo-Gourene, and Agnese (1998), who employed traditional methods. Traditional 

morphometries and meristics involve linear measurements on organisms like head length, orbit 

size, body depth, total length, standard length, and counts like number of teeth, scales, vertebral 

column etc. respectively (Cadrin, 2000). Trewavas (1983) biometrically categorized Nile tilapia into 

seven sub species. On the other hand, Vreven et al. (1998) generally studied one population (Lake 

Edward) from Uganda. These authors reported that, Nile tilapia populations from the lower 

Egyptian River Nile were related to the populations from L. Edward, herein referred to as O. 

niloticus eduardianus. Although, traditional morphometric approaches have been widely employed 

to delineate fish and other organisms, these methods are considered less informative and relatively 

biased (Maderbacher et al., 2008; Petrtyl, Kalous, & Memi§, 2014; Wilson, MacLeod, & Humphrey, 

2008). Additionally, the scope and sample size of the aforementioned morphometric studies on 

Nile tilapia were limited to a few waterbodies. For instance, although Vreven et al. (1998) 

supplemented the morphometries with Allozyme markers, their work was focused mainly on the 

West and North African (Egypt) populations and apart from Lake Edward, provided limited attention 

on the East African ones. Furthermore, albeit Seyoum and Kornfield (1992) revealed convincing 

results regarding the Ethiopian Nile tilapia identification, their small sample size (n = 3), might have 

been inadequate to allow solid deductions.

Generally, the use of molecular genetic markers in identifying fish stocks has proven valuable for 

many countries in the management and conservation of organisms. Although, no single marker is 

fundamentally perfect, they vary in capabilities and thus their choice of placement may depend on 

the reliable information content derived from various analyses. The use of RAPD markers for 

example, has been criticized that their assays are usually unreproducible due to low annealing 

temperatures during PCR amplifications (Miah et al.. 2013). Wirgin and Waldman (1994)
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1.3.1. Advances in morphometric and genetic markers

Advanced approaches in morphological studies such as geometric morphometries have proven to 

be very powerful to catalogue populations (Breno, Leirs, & Van Dongen, 2011). Geometric 

morphometries is defined as the study of form in two or three dimensional spaces which induces 

in-depth investigation of morphological modelling in organisms (Bookstein, 1982). Geometric 

morphometries allow the visualization and quantification of morphological differences in individuals 

represented by deformations of landmarks (Lms) in a coordinate space (Zelditch, Swiderski, & 

Sheets, 2012). Several studies comparing traditional biometrics (morphometries and meristics) 

and geometric morphometries have revealed that the latter is more powerful and hence more 

reliable. For example, geometric morphometries were more effective in detecting skull 

morphological variation of Mastomys natalensis (Rodentia: Muridae) than the traditional methods 

(Breno et al., 2011). Although geometric morphometric approaches are considered adequately 

informative, it is likely that the combination with highly variable molecular markers, e.g. 

microsatellites (Hedrick, 2001), may provide an even better diagnostic tool for investigating 

population demography (Lenstra et al., 2012). However, such an integrative analytical approach 

has not been comprehensively used for the East African Nile tilapia.

Microsatellites are vital markers for answering many biological questions (Sunnucks, 2000). 

Indeed, microsatellites are one of the most employed markers in population genetics as they are 

highly reproducible, polymorphic, co-dominant and widely distributed throughout the genome of 

many organisms (Chistiakov, Hellemans, & Volckaert, 2006). Microsatellites have also been 

credited as the best choice and ideal markers for aquaculture as they are informative in many

emphasize that, because of their irreproducibility and patterns of dominant inheritance, the 

applicability of RAPD markers in the fisheries science and other fields may be limited. In addition, 

Liu and Cordes (2004) reiterate that though band intensity may differ with the use of RAPD 

markers, variations in PCR efficiency renders scoring of band intensities problematic. Other 

studies regarding fisheries and aquaculture also reported that RAPD and other traditional markers 

like allozymes may never have the capacity to determine for instance population structure, stock 

identification, parentage and pedigree analyses, gene mapping etc. (Okumu§ & Qiftci, 2003). It 

should also be noted that, most of the genetic markers utilized in the earlier works on Nile tilapia, 

are bound to around 10 loci which represents a small fraction of the genome (Hoffman et al., 2014). 

The low available molecular data on the East African Nile tilapia, may imply that that, genetically 

the cichlid in the region is not well studied, and hence may require the need of more robust loci 

and subsequent advanced genotyping platforms to infer informed conclusions on the populations.
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aspects such as genetic monitoring of stock changes, parentage and pedigree analysis for 

selective breeding, and general genome mapping (Mojekwu & Anumudu, 2013). Comparative 

analysis between RAPD and microsatellite markers indicated that the latter was more informative 

to describe the genetic structure of Common carp (Cyprinus carpio), and hence, recommended as 

the best choice for the assessment of fish culture stocks (Bartfai et al., 2003). Moreover, with the 

implementation of Next Generation Sequencing technologies (NGS) in microsatellites discovery 

(Curto et al., 2013; Deck et al., 2016), genotyping (De Barba et al., 2016), and the high throughput 

use of these markers became economically feasible.

Generally, NGS has fundamentally revolutionized sequence data collection where millions of 

amplicon reads can be generated at the same time rather than only 96 reads generated when 

using the traditional capillary-based sequencing techniques (Mardis, 2008; Vartia et al., 2016). 

NGS has simplified the process of sampling the whole genome and, consequently, the technology 

easily enables the undercovering of cryptic evolutionary responses (Narum, Buerkle, Davey, Miller, 

& Hohenlohe, 2013). Apart from this, NGS has popularized molecular genetic studies by allowing 

the use of wide range of genomic protocols, including RAD, ddRAD, target sequencing etc. which 

is collectively referred to as genotyping by sequence (GBS) (Davey et al., 2011; Narum et al., 

2013; Vartia et al., 2016). GBS approaches, allow the targeted subset of the genome to be 

sequenced with NGS rather than the entire genome or even in non-model organisms hence greatly 

reducing costs and time (Narum et al., 2013). GBS approaches use a variety of genome 

downscaling techniques, such as restriction enzymes, DNA capture through probes, and 

amplification (Davey et al., 2011). One core merit of GBS in the evolutionary studies is the ability 

to generate large quantities of data sets which enhances the statistical power and allows a greater 

genome representation (Narum et al., 2013; Vartia et al., 2016). Many of these approaches focus 

majorly on single-nucleotide polymorphism (SNP), which is replacing traditional microsatellite 

fragment length genotyping in population genetics. GBS can also overcome some of the limitations 

of microsatellites such as the required expertise and intensive work during genotyping, null alleles, 

allele dropout and stuttering during PCR amplification etc. (Dakin & Avise, 2004; Estoup, Jarne, & 

Cornuet, 2002). In this context one outstanding advantage of microsatellites (SSR) over SNP chips 

is the generation of a high statistical power per locus due to the large number of alleles that can 

be recovered (Haasl & Payseur, 2011; Vartia et al., 2016). Although many authors have quite often 

reported that SSR can be problematic during genotyping, the underlying challenges of these 

markers have been generally mitigated through GBS technologies (Vartia et al., 2016). For 

example, contrary to the conventional sequence length (amplicon length or allele size length), 

SSR-GBS eliminates the challenges of size-homoplasy as genotyping incorporates the underlying
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(whole amplicon information) (Pasqualotto, Denning, & Anderson,

Si

whole sequence information 

2007).

1.4. A brief overview of the waterbodies included in this thesis

The East .African rand freshwater bodies include. Lakes Victoria, Turkana, Albert, Edward, 

George. Kyoca and anganyika as well as River Nite. but with many other numerous rivers, 

sate. *.e or ~ ncr lakes and wetlands <Figure 1) (Ogutu-Ohwayo & BaErwa, 2006). Apart from Lake 

• ctcna a” Kycga. most of the East African inland lakes are located in the Eastern and Western 

R'h '.'a e.s ~he a-gest lake In the Eastern R’rftVa ey ;s Lake Turkana. The rest of the major lakes 

are ccated - the Weste* Rift valley (Figure th It is believed that all the East African inland 

v.ate-ccces usee to be interconnected but 'ate' separated cue the tectonic movements. For 

e.xa.~o e re .’.este~ R~ va ey lakes which range from Tanganyika through Kivu and then. Kigezl 
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re Stre”. ones -Cgez? akes. Edwa*d. George and Aber. by the formation of the Virunga 

.core — c_"t3'~s G~ee~ 2OCS . Athcugh Lake Victoria is not ocated in either of the Rift 

. aie.s -. ..as oe—acs internen-ected whh re Western Rift Va ey through the Katanga valley 
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In this thesis, one of the aims was to employ microsatellite genotyping by sequencing (SSR-GBS) 

to investigate the demographic composition of the East African Nile tilapia from native and non- 

native wateroodies. and fish farms. However, I also collected Nile tilapia samples beyond East 

Africa, from -... op a and Burkina Faso (West Africa). This was essential for comparison since for 

exar e. the Eth opian fisheries subsector has not yet been affected by intense anthropogenic 

activities as the East African one. i he following sections present and elaborate on the studied 

waterbodies, whereby each system is briefly described.
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output and initially, they were fishless (Green, 1976). These minor waterbodies are probably one 

of the earliest lakes to be stocked in East Africa with various tilapiine and haplochromine fishes, 

during the 1920s (Green, 2009; Worthington, 1932). However, the fishery quickly became 

unsustainable due to overfishing and fish mortalities caused by breakdown of stratification (Green, 

1976). Currently, the capture fisheries from these highland satellite lakes remains at a subsistence 

level and the local governments are contemplating for further restocking regimes (Tibihika, 

Barekye, & Byakora, 2015).

Figure 1 Illustration of the East African Great Lakes, also including some Ethiopian lakes. The 

dashed red lines mark the boundaries of the Eastern and Western Rift Valleys. Apart from Turkana, 

the other lakes in the Eastern Rift Valley are drawn shapes but rather not naturally occurring water 

body shapes (modified from Google maps)
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1.4.2. Lakes Edward and George system

Lakes Edward and George (Figure 1.2) lie within the Western Great Rift Valley and are 

interconnected by Kazinga Channel Kazinga Channel which stretches between these lakes for a 

distance estimated to be around 40 km (Green, 2009; Kamanyi, 1992). The only outflow from Lake 

George to Edward is via this Channel, but the flow velocity in Kazinga is close to zero, which 

indicates that water mixing between these aquatic systems is insignificant, allowing distinct 

limnological conditions between the lakes (Green, 2009; Greenwood, 1976). The sluggish water 

flow of Kazinga Channel between George and Edward is due to the fact that these lakes are almost 

at the same level ~ 915m asl (Bassa et aL, 2015). With a shallow water depth of <2.4 m, Lake 

George is smaller (250 km2) of the two (Greenwood, 1976). Perhaps, because of shallowness, this 

explains why Lake George exhibits a high primary productivity (Dunn, 1972; Green, 2009; 

Greenwood, 1976). The high productivity in George supports various species including abundant 

amphibious Hippopotamus mammals (Figure 1.2b). Lake George receives most of its inflows from 

the Rwenzori mountain streams. On the other hand, Lake Edward is much bigger in area (2,325 

km2) and deeper (112 m). Edward drains much of its water into Lake Albert via River Semliki 

(Figure 2). Unlike George, Edward is shared between Uganda and Democratic Republic of Congo 

(DRC), with the later owning a big share (71%) (Bassa et al., 2015). These water bodies (Edward, 

Kazinga Channel and George) are reported to have been intoxicated with heavy metals from the 

famous Kilembe Copper mines (Uganda), despite the impact much more felt in George (Lwanga, 

Kansiime, Denny, & Scullion, 2003; Owor, Hartwig, Muwanga, Zachmann, & Pohl, 2007). 

Nonetheless, the three water bodies, support a rich fish fauna, including among others, O. niloticus, 

Bagrus docmak, Protopterus aethiopicus, Clarias gariepinus. Of these, O. niloticus has the 

greatest economic importance and dominates in catches (Bassa et aL, 2015; Dunn, 1972; 

Kamanyi, 1992; Lowe-McConnell, 2009). However, overfishing has also been reported as one of 

the major constraints of this fishery (Lowe-McConnell, 2009). Moreover, no fish introductions into 

Lakes George, Edward and Kazinga Channel have been reported, implying that the ichthyofauna 

composition is entirely native in these systems.

1.4.3. Lake Albert system

Like the Lakes Edward, George and Kazinga Channel system, Lake Albert lies in the Great 

Western Rift Valley, but at a much lower altitude (619 masl) than the other Ugandan lakes (Green, 

2009). With a surface area of 5,300 km2, Lake Albert is the largest of the above-mentioned 

Albertine lakes. It is also shared between Uganda (54%) and the DRC (46%) (Bassa et al., 2015). 

The lake is 58 m less deep than Edward (Evans, 1997; Green, 2009) and is fed by several streams 

from the Rwenzori mountains, but primarily by River Semliki which drains from Lake Edward
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(Figure 2). The water flow along River Semliki to Albert is characterized immense rapids and falls 
(Green, 2009). In the North East of Lake Albert, River Nile (here also called Victoria Nile) enters 

(Evans, 1997) and hence making this water body nearly a sink for much of the Ugandan waters. 
Albert Nile flows out of Lake Albert to Sudan in the North, where it becomes the White Nile 

(Figure 2). Similar to the Edward-George system, Nile tilapia is indigenous to Lake Albert 

(Figure 1.2b). Apart from O. niloticus and other tilapiines, Lake Albert is home to a variety of other 
fish species which do not occur in either Lake George or Edward. An example is the Nile perch 
(Lates niloticus), a voracious predator (Figure 1.3). Some other species, like Alestes baremose, 
Hydrocynus forskahlii, or Brycinus nurse, are endemic to Lake Albert (Green, 2009; Mbabazi et 
al., 2012).

Figure 1.2a Indigenous O. niloticus from Lake Albert (a) and the introduce same species (b) in 

Lake Victoria (Author picture)
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Figure 1.2b Impression of (a) Lake Edward (at Rwenshama landing site) and (b) Hippopotamuses 

at Lake George (Hamukungu landing site) (Author photo)



Figure 1.3 Nile perch (a) being weighed and (b) tying onground, from Lake Albert. This fish species 
is native to Lake Albert and was transferred to the Victoria crescent region. The portrayed Nile 
perch weighed 67 kg at harvest (Author picture)
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1.4.4. Lakes Victoria, Kyoga and River Nile system

Covering a surface area of around 68, 800 km2, Lake Victoria is the second largest freshwater lake 

in the World, but the largest tropical lake in the World (Odada et al., 2003; Verschuren et al., 2002). 

The lake is shared between the three East African Countries, Uganda (45%), Kenya (6%) and 

Tanzania (49%). Lake Victoria covering a catchment area of 184, 000 km2, lies at an altitude of 

around 1134 m.a.s.l and it is generally rather shallow with a maximum depth of 85m, (Hughes & 

Hughes, 1992). Lake Victoria is considered as the source of River Nile, and it is in this river that 

Victoria drains much of the waters. From Lake Victoria, River Nile (Victoria Nile) flows into Lake 

Kyoga and then heads to Lake Albert (Figure 2). Lake Kyoga, at an altitude of 1033 masl, is a 

shallow lake (maximum depth 10.7m) and has a surface area of 2700 km2 (Hughes & Hughes, 

1992). Lake Kyoga lies centrally in Uganda and is not shared between the East Africa countries. 

The Lake Victoria crescent system (Victoria, Kyoga and River Nile) harboured a rich ichthyofauna, 

dominated by the haplochromine cichlids which were initially of little value for capture fisheries 

because of their small size (Ogutu-Ohwayo et al., 1997). For this matter, the traditional capture 

fisheries mainly targeted the indigenous tilapiine cichlids, in particular O. esculentus (Ngege 

fishery). However, other indigenous species like O. variabilis and Labeo victorianus formed 

another important fishery (Balirwa, 1992; Mwanja, 2000; Ogutu-Ohwayo, 1990; Ogutu-Ohwayo et 

al., 1997). Nevertheless, currently the fishery is dominated by alien species; O. niloticus and L. 

niloticus all assumed to have originated from Lake Albert (Balirwa, 1994; Ogutu-Ohwayo, 1990). 

However, at present more fish indirect introductions might be at large mainly through escapees 

from aquaculture production systems (Figure 1.4). It is believed that before the 1940s fish species 

between Victoria and Kyoga were interlinked via Victoria Nile (Dumont, 2009; Hughes & Hughes, 

1992). However, since the construction of the Owen Falls (Nalubaale) hydroelectric power dam, 

(Figure 2), at the source of River Nile in the 1950s (Dumont, 2009; Hughes & Hughes, 1992), the 

migration of fishes from Victoria to Victoria Nile was likely blocked. Recently, two more hydropower 

dams (Bujagali and Karuma) have been constructed on the same stretch along Victoria Nile. These 

three dams (perhaps with the fourth one in the same River), therefore, might have further limited 

the connectivity among Nile tilapia populations, thus compromising the evolutionary genetic 

trajectory of the fish in this region. Moreover, Murchison falls on Victoria Nile (Figure 2), which is a 

natural barrier, inhibits fish interchange between the upper and lower Victoria Nile (Hughes & 

Hughes, 1992).
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Figure 1.4 Cage aquaculture production systems planted in Lakes Victoria, Masese (a) in Jinja 

(author picture) and Albert, Butiaba (b) in Buliisa, (© FAO, Uganda)

1.4.5. Lake Turkana system

With a surface area of around 75,000 km2 and a maximum depth of 115m, Lake Turkana 

(previously called Rudolf) is the fourth largest of the East African Great Lakes, but the largest water 

body in the Eastern Great Rift Valley (Kolding, 1992; Odada et al., 2003; Ogutu-Ohwayo et al., 

1997). The lake lies in the arid North-western part of Kenya and in the South-western part of 

Ethiopia (Odada et al., 2003). The major inflow is River Omo, which supplies 90% of the incoming 

water and counterbalances water loss via evaporation as the lake does not have an outlet
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(Johnson & Malala, 2009; Odada et aL, 2003). Lake Turkana is relatively saline, whereby the 

salinity levels are higher in the southern part than in the northern one due to constant dilution from 
River Omo (Odada et al., 2003). In comparison to the other Great Lakes, Lake Turkana is 
considered less disturbed by human activities, which can be attributed to the arid conditions of the 
region and the general remoteness of the location (Ogutu-Ohwayo et al., 1997). Prior to the 1950s, 
minimal fishery activities took place in Lake Turkana (Kolding, 1992). Although little or no 
modifications of the fish fauna have been reported, severe lake water level fluctuations due to 
climate change dramatically altered the fishery (Figure 2.1), which has greatly impacted the 

nearshore fish breeding nurseries (Johnson & Malala, 2009; Kolding, 1992). Unlike the rest of the 
East African Great Lakes, Turkana is generally less studied (Kolding, 1992) and the arid lake is 
unique in its features especially the peculiar three island crater lakes within Lake Turkana 

(Dunkelman, Karson, & Rosendahl, 1988; Johnson & Malala, 2009; Trewavas, 1983). O. niloticus 

is indigenous in this lake.

Figure 2 Details of the studied East African water-bodies and an illustration of the four 
interconnected catchments along with the constructed dams. A represents the Lake Victoria 
crescent region (Lakes Victoria and Kyoga plus Victoria Nile), B Turkana, C Albert, D Edward,
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Kazinga Channel and George and E (SUHL) South-western Ugandan high-altitude lakes, OD 

signifies Owen falls hydroelectric dam, BD Bujagali dam, KD Karuma dam, MF Murchison falls 

dam and RF Rapids and falls on River Semliki.

Figure 2.1 Impressions from Lake Turkana (a) and the catchment area, b shows gradual receding 

of water levels, c author in a laboratory at Turkana, and d the previously covered water area which 

currently only contains bear sand with human settlements.

1.4.6. The Ethiopian Lakes; Tana, Chamo, Hashenge and Ziway, and Burkina Faso- 

Loumbila reservoir

Historically, Ethiopia was not landlocked, but since the 1990s the country became non-coastal 

(Tesfaye, 2010). This transition may have contributed to increased fishing pressure on the 

freshwater fish species, given the discontinuity of marine waters. Nonetheless, the country is well 

endowed with rich inland aquatic resources with most of the Lakes lying in the Ethiopian Rift Valley 

apart from Tana and Hashenge (Figure 3). Although commercial fisheries is practiced in some Rift 

Valley water bodies, majorly the Ethiopian fishery is artisanal with even much of the catch

■■■
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Loumbila dam also referred to as Loumbila water reservoir is one of the biggest man made water 
bodies in Burkina Faso-West Africa (Hugueny & Kabre, 2008). The dam, with an area of 1500 ha 
and a mean depth of 6.5 m is located about 20km North of Burkina Faso capital city, Ouagadougou 
(Wagadugu) (Hugueny & Kabre, 2008). The dam was built in 1947 for mainly supplying water for 
agriculture, fishing, recreational and ranching (Ouedraogo, Chetelat, & Amyot, 2015). Little is 
known about this dam in respect to the fisheries and fish species, but the reservoir faces numerous 
anthropogenic activities and heavy metal contaminations have been reported (Ouedraogo et al., 
2015). As Loumbila dam is an artificial water body, Nile tilapia is likely to be stocked, but this is not 
documented.

unreported (Tesfaye, 2010; Tesfaye & Wolff, 2014). In this thesis I studied four Ethiopian lakes, 

two in the Rift Valley (Chamo and Ziway) and two in the mountains (Tana and Hashenge) (Figure 
3). The Ethiopian Rift Valley is part of the great East African Rift Valley (Tesfaye, 2010). Among 
these aforementioned lakes, Lake Tana, located at an altitude of 1,800 m a.s.l. and with an average 

depth of 8 m, is the largest of the Ethiopian lakes, with an area of 3,200 km2 (Vijverberg, Dejen, 

Getahun, & Nagelkerke, 2012). Lake Tana is the source of Blue Nile which drains into the main 
Nile (White Nile) (Dumont, 2009). Lake Chamo, at an altitude of 1,233 m a.s.l. and a mean depth 
of 10 m, is the second largest of these systems with an area of 551 km2. Lake Hashenge (2,440 
m a.s.l.) and Ziway (1,636 m a.s.l.) are comparably small, with a mean area of 15 km2 and 434 
km2, respectively (Vijverberg et al., 2012). It should be noted that, the mentioned Ethiopian lakes 
are not interconnected despite Ziway and Langano (un studied lake) linked by rivers through Lake 
Abijjata (Vijverberg et al., 2012). Although some reports indicate Nile tilapia transfers in Ethiopia 

(Tesfaye, 2010), the cichlid is native to all these lakes and serves as a major catch in all the water 
bodies (Tesfaye & Wolff, 2014). Nile perch (Late niloticus) is also present in Lake Chamo (Tesfaye 

& Wolff, 2014). Various anthropogenic activities including, water habitat destruction, hydroelectric 
power dams, irrigation, deforestation, overgrazing and overfishing inter alia, have been reported 
as major threats to the Ethiopian fisheries (Tesfaye, 2010; Vijverberg et al., 2012). Despite fish 
overexploitation which occurs in all over the Ethiopian Lakes, Lake Tana is reported to be 
underfished (Wudneh, 1998). In general, fish translocations in Ethiopia have not been widely 
reported in comparison to the status of East African Nile tilapia. However, a few reports indicate 
that non-native fish species were introduced to Ethiopia, including Tilapia zillii, Tilapia rendalii, 
Salmo trutta, Salmo ghiardneri, Ctenopharyongodon Idella, Cyprinus carpio, Caracius caracius, 
Caracius auratus, and Gambusia holbruki (Getahun & Stiassny, 1998; Tesfaye, 2010; Wudneh, 
1998). But, overall the source of the aforementioned exotic species and recipient habitats are likely 
undocumented or unknown.
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1.5. Significance and general objective of the thesis

The rate of decline in fish biodiversity, associated with anthropogenic activities is a big concern 

especially in the developing world where human populations generally rely on fisheries as a cheap 

source of proteins. The East African inland freshwater fisheries are not exceptional as the 

resources are very vulnerable to overexploitation because of weak law enforcement measures 

(Garcia, 2003; Ogutu-Ohwayo & Balirwa, 2006). Although the fishing industry already directly 

supports more than four million people, the increasing human population intensifies the already 

existing pressures on the fisheries, mainly attributed to policies which allow unregulated access to 

aquatic resources (Bene, 2006; Odongkara et aL, 2005; Ogutu-Ohwayo & Balirwa, 2006). In 

Uganda, for example, the fisheries sector was the second highest foreign exchange contributor 

after coffee, with annual returns equivalent to 147 million USD in 2005 (Basiita, 2016). However, 

this value has drastically declined over time because stocks are decreasing as a result of 

intensified fishing effort over years (Balirwa et al., 2003). Options for addressing the threats to fish 

stocks in the East African freshwater fisheries have been based largely on the adoption of co­

management strategies through creation of Beach Management Units (BMUs) (Nunan, Hara, &

Figure 3 Location of Burkina Faso and Ethiopia. The detailed Ethiopian map on the right shows 

the locations of the four Ethiopian lakes: Chamo, Ziway, Ashenge/Hashenge and Tana (Source: 

modified after Google maps).
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Onyango, 2015; Obiero et al., 2015). Important to note though is that, all the previous attempts 

aimed at managing the East African fisheries sub-sector presented some failures (Obiero et al., 

2015), a likelihood of misguided inadequate research (Ogutu-Ohwayo, 1990).

In this thesis, a concomitant application of powerful geometric morphometries and molecular 

genetic tools also herein referred to as a multi-level analysis, was used to investigate the East 

African Nile tilapia populations. I studied both, natural and artificial populations of East African Nile

The anthropogenic activities, in particular, Nile tilapia translocations, demands a careful 

assessment of the species through powerful state of the art methodologies. The expansion of 

aquaculture systems has also led to an increase of cage production systems which are rampant 

on many natural waterbodies, as well as fish ponds located in water peripheries - all of these pose 

further threats to local populations through escapees. The protection and maintenance of aquatic 

habitats is important to guarantee the sustainability of fish biodiversity. Nevertheless, the greatest 

driver in taxa conservation relies mostly on molecular genetic studies (Abdul Muneer & 

Gopalakrishnan, 2005; Allendorf & Luikart, 2007). However, to fully understand the demographic 

composition of the freshwater species in the region, it is necessary to combine geometric 

morphometries approaches with molecular genetic markers, which would include a variety of 

benefits, such as the identification of distinct fishery stocks, the effective use offish hatcheries and 

other breeding programs, or the detection of feral populations and the maintenance of population 

variability/diversity. Furthermore, understanding population pedigrees and phylogenetics may be 

a preliminary step to sourcing ideal strains for restocking programs for efforts aimed at lessening 

maladaptation and hence enhancing productivity, especially in the fragmented and naturally 

unproductive minor lakes (Allendorf & Luikart, 2007; Hallerman, 2003).

Since the original investigations of Trewavas, (1983), a number of studies have attempted to 

document the evolutionary biology and ecology of the East African Nile tilapia (Agnese et al., 1997; 

Agnese et al., 1998; Angienda et al., 2011; Balirwa, 1992; Mwanja, Booton, Kaufman, & Fuerst, 

2008; Nyingi, De Vos, Aman, & Agnese, 2009; Ogutu-Ohwayo, 1990). However, the knowledge 

on the genetic structure of the cichlid still remains insufficient as most of these studies might have 

been constrained by either the use of relatively uninformative loci (traditional genetic markers) or 

a small sample size (i.e., the limited number of populations studied). Additionally, some of the 

natural habitats for Nile tilapia (e.g., the upper Nile), different fish farms and the non-native satellite 

lakes are less known. Also, few or no studies have comprehensively studied the East African Nile 

tilapia in comparison to other populations outside the region, which is, however, a crucial step for 

acquiring in-depth understanding of the species.
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tilapia. The artificial populations include fish farms (pond aquaculture), whereas the other 

populations comprise Nile tilapia from natural waterbodies where they are either native or 

introduced. The studied populations, particularly the ones from natural waterbodies, form the major 

basins which represent the African Great Lakes.

1.5.1. Organization of chapters and general research questions

The subsequent chapters of this thesis are compiled based on three studies, herein hierarchically 

presented as chapters 2, 3 and 4. Each chapter, follows the authors, year published, title and 

henceforth scientific research questions.

Chapter 2; Tibihika et al. (2018). Anthropogenic impacts on the contextual morphological 

diversification and adaptation of Nile tilapia (Oreochromis niloticus L. 1758) in East Africa.

To what extent are the introduced (non-native) Nile tilapia populations morphologically distant from 

their putative natives and source populations?

To what degree are the Lake Victoria metapopulations morphologically different wing to potential 

multiple introductions and or size of the system?

Chapter 3; Tibihika et al. (2018). Application of microsatellite genotyping by sequencing (SSR- 

GBS) to measure genetic diversity of the East African Oreochromis niloticus.

This thesis aimed at unfolding a broader picture of the current demographic state of Nile tilapia 

populations. Considering the diverse waterbodies which the species inhabits, the overall objective 

of the thesis was gain better insights into the morphological state and genetic structure of the 

species in response to anthropogenic pressures in the African Great Lakes region. In this context, 

it was hypothesized that interspecific species admixture through fish translocations to different 

eco-geographical habitats might have influenced the alteration of both, morphological and genetic 

structure, among the Nile tilapia populations. Also, the physical connectivity or natural water 

intermixing might also explain the demographic relationships of East African Nile tilapia 

populations. In response to these predictions, the following subsequent chapters were organized 

against which research questions were formulated.

Can condition factor 

of Nile tilapia populations?
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Scientific research questions:

Using next generation sequencing (NGS), can microsatellites be informative enough to delineate 

the Great Lakes Nile tilapia populations?

Chapter 4: Tibihika et al (Under revision). Genetic structure evidence of anthropogenic threats in 
the East African fisheries: the paradigm of Nile tilapia (Oreochromis niloticus, L. 1758)

To what extent can genotyping by sequencing (SSR-GBS) be informative in defining the genetic 

structure of East African populations?

Does the genetic structure of the East African O. niloticus populations differ from those outside the 
region?

To what extent does the genetic structure of the East African O. niloticus populations translate to 

anthropogenic activities and geographical settings?

1.6. Thesis general structure and overview of the research approaches

Overall, the thesis structure begins with a general introduction (current chapter) then follows the 

various chapters including the research papers presented in article format as detailed in Figure 4. 

The thesis commences with a synthesis of the broad spectrum of the general information 

concerning the studied water bodies and previous work on Nile tilapia. I further show the relevance, 

significance and research questions for the thesis.

Chapter 2, entails advanced approaches for analyzing shapes or morphs of the East African Nile 

tilapia. This chapter elucidates the details of sampling/field excursions and subsequent digital 

pictures taken for geometric morphometries. A specialized fabricated tripod stand (Figure 5) was 

used for fish photography which allowed pictures of the specimen to be taken from exactly the 

same angle, focal length and similar orientation. This was possible with the influence of the mesh 

cradle inserted between the tripod stands (Figure 5). The studied populations in this chapter 

include; Lakes Victoria (five sampling stations), Kyoga (two sampling stations), Edward (two 

sampling stations), George, Albert (two sampling stations), Kazinga Channel, Turkana, Mulehe, 

Kayumbu, River Nile (Victoria Nile), and three farms; Bagena (Kisoro-Uganda), Sindi (Kabale- 

Uganda) and Rwitabingi (Kamuli-Uganda). In total, 13 populations were studied. Morphological 

variations among the populations were analyzed with three programs; thin plate spline utility 

(TpsUtil), thin plate spline digitizer (TPsDig) and MorphoJ. TpsUtil and TipsDig programs were 

used to digitize fish images and generated x, y coordinate matrices which were then imported into 

MorphoJ program where Multivariate analyses were implemented. Results for morphological
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Chapter 3, presents the details of microsatellite marker (SSR) development using next generation 
sequencing (NGS), which also entails the advanced genotyping platform; genotyping by 

sequencing (GBS) (Figure 6). The markers were developed from an Ethiopian Nile tilapia sample, 
which was genotyped and sequenced using the Illumina Miseq 300bp platform. Out of the 35 
markers developed, 26 proved to be highly informative and were later tested on the four East 
African Nile tilapia as well as Tilapia zillii populations for cross-species amplification. This chapter 
further explains and justifies the strengths of NGS, in respect to microsatellite genotyping by 
sequencing platform (SSR-GBS). Here, SSR-GBS (whole amplicon/sequence information) was 
compared with the traditional amplicon/sequence length methods, regarding allele calling (Figure 

6).
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Figure 5 Tripod stands with a cradle and a digital weighing scale used for photography in the study

In chapter 4, additional four Nile tilapia populations from Ethiopia (lakes Ziway, Tana, Chamo and 

Hashenge) and one from Burkina Faso (West Africa) were amplified and analyzed together with 

the 13 East African populations (Figure 7). The 13 East African populations are analogous to those 

presented in chapter two. 26 microsatellite markers developed in chapter 3, were subsequently 

used to amplify these populations. However, 15 additional markers were designed and 

supplemented on the 26 markers earlier utilized in chapter three, to make a total of 41 which were 

then comprehensively employed in Chapter four. However, for quality check in downstream 

statistical analyses, one locus (Ti22) which proved to be under selection was dropped, leaving a 

total number of 40 loci. Genetic structure, diversity and differentiation among the populations within 

and outside East Africa are presented and discussed in this chapter. The research findings of 

chapter 2—4 are then discussed in chapter 5 which links the outputs to the literature and embeds 

the results in a practical (management) context. In this chapter five, the detailed information 

regarding the morphological and genetic structure of Nile tilapia is explained with view of the past
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works. Specifically, the available information regarding the historical classification of Nile tilapia

into subspecies using the traditional morphometries and meristics in Africa in comparison to the
present findings are discussed for literature enrichment. I further elaborate on the past
anthropogenic activities on Nile tilapia importantly regarding the translocations of the cichlid in East

African Great Lakes. Chapter 6, concludes the thesis. Here, a synthesis of the thesis is outlined

and I end with a clear direction for future research perspectives and general recommendations for
management strategies.
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Figure 6 Schematic flow for amplicon analysis and genotyping by sequencing platform (GBS)
under next generation sequencing (NGS), adopted from Curto et al. (2019)
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2. Chapter 2
1st Paper. Anthropogenic impacts on the contextual morphological diversification and adaptation 
of Nile tilapia (Oreochromis niloticus, L. 1758) in East Africa
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Abstract Nile tilapia occurs naturally in East Africa 
where it’s an economically important species. Many of 
the natural populations of Nile tilapia have been affected 
by anthropogenic activities including translocations, as­
sociated with programmes aimed at enhancing capture 
fisheries and aquaculture productivity. Using geometric 
morphometric analyses, we tested the hypothesis that 
such anthropogenic activities have augmented admix­
ture among natural populations of Nile tilapia and

influenced the geographical distribution of morpholog­
ical variation within the species. Our expectation was 
that Nile tilapia shape divergent might be consistent 
with reportedly anthropogenic activities in normative 
environments. To test this hypothesis, we analyzed the 
shapes of 490 individuals from thirteen populations; 
three farms, six natives and four nonnativc natural pop 
ulations. Our analysis revealed that the most pro­
nounced shape diversification was observed in seven 
populations: three nonnatives (Victoria. Kyoga and 
Sindi farm) and four natives (Albert. River Nile. George 
and Turkana). The features responsible for the observed 
morphotypes were mainly related to the orientation of 
the anterior region of the fish and may be due to diver­
sifying selection in response to new environmental pres­
sures (for nonnative populations), admixture or drift. 
Shape change in the nonnative high-altitude populations 
was unexpectedly conserved, suggesting recent intro­
ductions which may have not resulted in admixture or 
there was strong selection against change in the traits 
measured. On the other hand, the recorded morphotypic 
clusters explained the possible genetic link to their pu­
tative ancestral home. Our results were partially consis­
tent with our prediction that the nonnative populations 
exhibited divergent morphotypes. We recommend fur­
ther investigations with molecular genetics for follow­
up of these findings.

Anthropogenic impacts on the contextual morphological 
diversification and adaptation of Nile tilapia 
(Oreach ro nt is niloticus, L. 1758) in East Africa

https://doi.org/10.1007/s106-11
yahoo.com
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as evolutionary response to resource polymorphism 
(Robinson and Wilson 1994: Eklov and Svanback 
21X15). Morphology can be influenced by a variety of 
environmental forces. This might not only occur in re­
sponse to environmental pressures. but also adaptation to 
mimic against predation, defend territories and for forag­
ing functions I Mekkawy and Mohammad 2011; El- 
Zaccm ct al. 20121. For example. Crucian carp. Caiussitis 
carazsiits. developed deeper body morphotypes to some­
what render predator’s difficulty for handling 
(Scharnwcbcr ct al. 2013). Pumpkinseed sunfish 
(Lepomis gibbostis) have also diversified their shapes 
with increased body depths and dorsal fins in response 
to predator threats. (Januszkiewicz and Robinson 2007).

Nevertheless, divergence of phenotypic traits might 
be induced anthropogenically. When, for instance or­
ganisms are shifted from their natural habitats, as has 
been the ease for Nile tilapia in EA. possible admixture 
may lead to shape changes when divergent gene pools 
are brought together and form recombinant individuals, 
as in form of hybridization (Sinama ct al. 20131. Hybrids 
might form typical morphs divergent from their parent 
lines. For example, hybrid specimen from cyprinid fish 
species have been reported to show extreme body forms 
resulting from widening of the lower lip of their mouths 
contrary' to their parental lines (Corse ct al. 2012). as an 
example for transgressive segregation (Seehausen 2004: 
Sinama ct al. 2013).

In Nile tilapia, hybridization with its congeneric spe­
cies has been reported in Lake Edku. Egypt and in River 
Kafue. Zambia by Bakhoum et al. (2009); Deities ct al. 
(2014) respectively. It is possible that in EA. Nile tilapia 
admixture might be complex, likely an intermingle of 
species from various sources including aquaculture, 
either intentional or accidental escapees. Despite the 
possibility of admixture leading to various species’ 
morphs, the result might also pose other constraints to 
the populations. For example. Perrier ct al. (2013) 
indicated loss of local adaptation and fitness reduction 
in wild Salmonids resulting from captive salmonids 
admixture. In eases where admixture leads to fitness 
reduction, natural reinforcements might result into dis­
placement of the less fit characters to the periphery' and 
hence the evolution of distinct morphotypes (Dodson 
et al. 2015). On the other hand, generated fit hybrids 
might fonn new populations that remain distinct from 
the ancestry lines, a condition which may lead to hybrid 
speciation (Mallet 2007). Therefore, critical studies 
linking anthropogenic influx on to species functionality

Nile tilapia (Cichlid) is one of the many native East 
African (EA) freshwater species that have been greatly 
impacted by anthropogenic activities. Partly due to the 
ease in which tilapia can be farmed and thrive when 
introduced into new areas and its market demand, the 
species has now been spread well beyond its native 
ranges via human-mediated translocations associated 
with aquaculture (George 1095; Vreven ct al. 1998: 
Eknath ct al. 2007). The species is also stocked in many' 
natural environments but overfishing has decimated 
native populations. The impact of these potential 
stressors on native Nile tilapia however, have not been 
well studied.

In EA. Nile tilapia is native to the Lakes George. 
Edward. Albert. Kivu. Tanganyika. Turkana. Baringo 
and to the River Nile (Trewavas 1983; Ogutu-Ohwayo 
1990; Agnese ct al. 1997). The cichlid was introduced to 
the remaining large water bodies, lakes Victoria. Kyoga. 
Nabugabo and to numerous satellite lakes including 
various aquaculture setups (Ogutu-Ohwayo 1990: Boyd 
2004). Generally, the main motive of Nile tilapia trans­
locations in EA was to reinforce the fishery after native 
species had been overfished, and to stock water bodies 
that had been considered naturally unproductive 
(Balirwa 1994. 1992). Apparently. Nile tilapia in non­
native water bodies since the 1950s. has become the 
commercially’ most important Tilapiinc (Ogutu-Ohwayo 
1990) in particular after many native fish species had 
declined due to competition as has been well studied in 
Lake Vitoria (Witte ct al. 2007).

The success of stocking Nile tilapia in nonnative en­
vironments is attributed to several factors including its 
opportunistic omnivore, growth rate, and prolific breed­
ing in artificial and natural ecosystems, the species strat­
egies of predator avoidance and diversified habitats 
(Ogutu-Ohwayo 1990: Balirwa 1992: Eknath ct al. 
2007). The effectiveness of Nile tilapia to thrive in a 
broad range of habitats may also be reflected in the 
condition coefficient or factor of the species. Condition 
factor (K) of fish, also referred to as Fulton’s condition 
factor, predicts the adaptability of the species by deter­
mining the status of the individual as weight at a given 
length (Ricker 1975). Adaptability might be one expres­
sion of a population’s ability for morphological diversifi­
cation that can be induced environmentally, either as a 
plastic or evolutionary response (Moezek ct al. 2011). In 
extreme cases, morphology can diverge into distinct types
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Nile tilapia species were sampled from water body 
types: (11 Fish farms (Sindi. Bagena & Rwitabingi). 
(2) Lakes and Risers with native populations (Albcn. 
Edward. George. Turkana. Kazinga Channel i Riser 
Nile). (?) loss altitude lakes ss ith introduced populations 
(Kyoga & Victoria), and (4) high altitude Lakes with

across environmental gradients might pros ide a central 
goal in understanding evolutionary biology of organ­
isms. This might be essential for management and 
conservation of the resource.

In EA. Trcsvavas (1983) and Vrcven et al. (1998). 
delineated Nile tilapia morphotypcs employing tradi­
tional morphometries (TM). This involves physical lin­
ear measurements of the fish anatomical parts like head 
length, body depth, total length, standard length, eye 
diameter, fin lengths, mouth gape length, among others. 
TM approaches arc time consuming, bixscd/subjcctive 
and have been criticized as uninformative (Maderbachcr 
et al. 2008; Wilson ct al. 2008; Ponton ct al. 2013; 
Petrtyl ct al. 2014). Besides, most studies focused on 
West African water bodies and Egypt, with little atten­
tion to EA. Some approaches on fish morphometry like 
geometric morphometries (GM) have appeared to yield 
good results (Breno ct al. 2011). GM is defined as the 
study of form in two or three dimensional spaces w hich 
induce in-depth investigation of morphological model­
ling in organisms (Bookstcin 1982). GM allows the 
visualization and quantification of morphological differ­
ences in individuals represented by deformations of 
landmarks (Lms) in a coordinate space (Costa ct al. 
2010: Park ct al. 2013). The arrangement of morpho­
logical Lms as data source and shape variation is ex­
tracted by Procrustes supcrimposition (Klingcnberg 
2011). When Maderbachcr ct al. (2008); Park ct al. 
(2013): Ponton ct al. (2013); Petrty 1 ct aL (2014). studied 
shape sanations in fish comparing TM and Geometric 
morphometries (GM >. TM methodologies were realized 
weak contrary to GM. In addition. Rohlf (2002) 
employed GM w hile studying shape variation in Bluefin 
tuna, and was successful. Furthermore, comparisons 
between TM and GM on Mastomys natalensis 
(Rodentia: Muridae) skull morphology during growth, 
revealed GM more effective than TM (Breno ct al. 
2011). Use of GM thus proves that its application might 
be powerful and hence a likelihood of unleashing essen­
tial tools for cataloguing Nile tilapia populations in EA.

So far GM on Nile tilapia in EA is only available but 
limited to a few lakes and swamps in Kenya but with a 
larger scale missing (Ndiwa et al. 2016). It should, 
moreover, be a good method to link morphotypcs in 
native and nonnatix e ranges with potential admixture 
given the numerous translocations. Nile tilapia popula­
tions react also to environmental factors, abiotic (low 
temperatures as for high altitudes) and biotic interactions, 
e.g. Nile perch predator influence. Comprehensive

know ledge of the patterns of shape variation across 
various ranges by GM might be informative to determine 
such factors. The two principal advantages of the GM 
methodology include: 1 ) Geometric or shape informa­
tion is extracted by means of Procrustes superimposition 
which filters variationally effects due to specimen size, 
position and orientation from the data (Klingcnberg 
2011). This procedure remains powerful, reliable and 
the most prevalent methodology that removes unneces­
sary variations in the data which would ultimately offer 
misleading information (Kcrschbaumer and Stunnbauer 
2011). 2) the mathematical portrayal of different morphs 
can be rendered as graphical images illustrating where 
the shapes differ, in which direction and by how much 
(Zclditch ct al. 2012).

Using GM. the objective of this study w as to inves­
tigate the impact of anthropogenic activities on morpho­
logical divergence and potential adaptation of Nile tila­
pia populations from various environments. Given the 
strong evidence of the species translocations to various 
normative zones in EA. we hypothesize that possible 
interspecific species admixture and vary ing environ­
ments might have led to morph divergence among the 
populations in the region. We determined morphologi­
cal differences using GM for native and nonnativc pop­
ulations. including fish from aquaculture and normative 
highland in respect to K_ Investigating Nile tilapia K 
especially in nonnativc high-altitude might be critical as 
the species lay at the edge of its phy siological range 
(Popma and Masser 1999). With this approach, we 
answer the following questions: 1) Is condition factor 
(K) appropriate to explain adaptability or performance 
of Nile tilapia populations'? 2) To what extent arc the 
introduced populations morphologically different to 
their putative native sources? 3) At what level arc the 
Lake Victoria mctapopulations morphologically distant 
owing to potential multiple introductions or to its size?
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introduced populations (Mulche and Kayumbu: Fig. I). 
All the native populations are at a low altitude despite 
variations (Table I ).
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2010). However, it should be noted that most of these 
herein mentioned water bodies in the region are shared, 
apart from L. Turkana (Kenya). Kyoga and George 
(Uganda). Lakes Edward and Albert arc shared between 
Uganda and Democratic Republic of Congo (Former 
Zaire) and L. Victoria is sltarvd amongst the three East 
African countries (Uganda. Kenya and Tanzania).

Many of die lakes are connected by channels or rivers, 
c.g. L. Victoria and lakes Kyoga and Albert link via 
River Nile: L. George is associated to L. Edward via a 
large flowing water mass. Kazinga Channel and L. Ed­
ward to L. .Albert through River Semliki (Green 2009: 
Byrnes 2010; Cockerton ct al. 2013). (also sec Fig. 1). 
From the South-Western Ugandan High Altitude Lakes 
(satellites). Mulche and Kayumbu (Table 1: Fig. 1). 
Kayumbu seems not to have any outlet but L. Mulche 
connects to another satellite. L. Mutanda in the south via 
Mucha (a small river) which links via River Kaku to L. 
Edward (Green 2009: Tibihika et al. 2016). Nile tilapia
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f iff- 1 Locations of sampling points lor both natural and artificial populations. Artificial populations herein also arc referred to as tish farms, 
pond culture

The number of sampling locations/sites per Lake or 
River depended on die size of the water body, and were 
set after consulting experienced fishermen and local 
government fisheries enforcement officers about the type 
of variation that exists in each habitat. In Lake Victoria, 
largest lake in Africa in terms of surface area, five 
locations were sampled in contrast to tw o and or one 
for Lakes Albert. Edward. Kyoga and George. Turkana. 
Mulche. Kayumbu. respectively (Fig. 1: Table 1). The 
strong proportion of Uganda sampling sites resulted 
from the fact diat five of the great East African Lakes 
and Riven Victoria. Albert. Kyoga. Edward. George and 
River Nile, respectively lie within the country (Byrnes
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Landmark programming was conducted by two Thin- 
platc-spline (Tps): Tps utility version 1.69 (TpsUtil) and 
Tps digitize version 1.40 (TpsDig) programs (Rohlf 
2004: Zclditch ct al. 2012). TpsUtil was used to build 
tps fdcs from individual fish digital images. The tps files 
were then imported into TpsDig which was later used to 
digitize 10 Lms (Fig. 2) on each image and to generate a 
two dimensional x.y coordinates (Zclditch ct al. 2012:

Populations were pooled in different hierarchical levels 
(Ondhoro ct al. 2016). One-way ANOVA was used to 
determine K variations among Nile tilapia populations 
using SAS for windows version 9.4. K values were 
taken as dependent variables and populations or popu­
lation groups as explanatory' variables. Morphological 
variation was analyzed using MorphoJ. vers. 1,06d 
(Klingcnberg 201 I). MorphoJ is an Integrated Morpho­
metries Package (IMP) for conducting multivariate anal­
ysis for shape variations, (http://www.flywings.org . 
uk/morphoj_pagc.htm: (Zclditch ct al. 2012). Landmark 
coordinates generated by TpsDig were imported into 
MorphoJ and shape information was extracted by' Pro­
crustes Superimposition. The existence of outliers in the 
shape data was inspected by graphically plotting cumu­
lative frequency against squared Mahalanobis distance 
implemented by' MorphoJ (Klingcnberg 2011). The 
superimposed landmark coordinates were then used to 
generate a covariance matrix as input for multivariate 
analyses: Principle Component Analysis (PCA). Canon­
ical Variate Analysis (CVA). and nonmctric multidimen­
sional scaling (NMDS). PCA was performed to investi­
gate the main features of shape variation in samples and 
morpho-spacc with the axis describing highest amount 
of variation used as the first principle component (PC I). 
the next highest amount of variability becomes PC2 and 
so on. until variability becomes insignificant and there­
fore less important to describe the data (Jolliffc 2002). 
CVA was performed as an ordination type which max­
imizes the separation or discrimination of specified pop­
ulations (Klingcnberg 201 1). CVA uses the assumption 
that the covariance structure w ithin the groups is the 
same, thus utilizes the pooled within-group covariance 
matrix to separate populations (Klingcnberg 2011: 
Zclditch ct al. 201 2). In case CVA violated the assump­
tion. we conducted NMDS to validate results. With 
NMDS. a smaller number of axes arc a priori chosen

Park ct al. 2013). Digital images were scaled along a 
ruler and all the 10 homologous Lms were digitized 
sequentially on the biological images (Fig. 2). The ana­
tomical descriptions and location of each landmark arc 
presented in Table 2 and Fig. 2. To minimize errors 
during Lms digitization, only one person performed 
the procedures. The Tps programs were freely 
downloaded from the site; http://lifc.bio.sunysb. 
edu/cc/rohlf/software.html (Zclditch ct al. 201 2).

In general, the coefficient of condition or condition 
factor of an organism can be regarded as a measure of 
suitability in an environment. Condition factor is also 
regarded as a degree of the general physical health of 
fish based on fatness (Ogle 2013). Furthermore, a thin 
fish with purportedly low condition value might suggest 
muscle wasting resulting from starvation or less favor­
able environmental conditions (Froese 2006). There­
fore. the condition factor can be an important indicator 
for fisheries management to estimate favorable environ­
mental conditions for a fishery'. In the current study, to 
have an insight in the over-all well-being offish popu­
lations from different habitats which could be an indi­
cator of adaptability and or pcrfonnancc. we determined 
condition factor (K) from the expression; A.' = 1 p", 
where. W = weight of individual fish (g) and L = Total 
length of individual fish (cm) (Ricker 1975).

eye for possible morphological malformations. In cases 
where samples were malformed due to fishing artefacts, 
they were rejected and hence not utilized for subsequent 
analysis. Individual fish weight was taken on a portable 
digital weighing scale and the total length using a fish 
measuring board. The specimens were then tagged and 
photographed using a digital camera (Canon IXL’S 275 
US. I2X optical zoom). Specimen photography was 
standardized using a wooden tripod stand with inserted 
mesh cradle for displaying fish. The mesh cradle pre­
vents shape variations which would arise from differ­
ences in weight when lying on a plane surface (Muir 
ct al. _). Digital images were alw ay s taken from the 
left side of each specimen displayed on a cradle at a 
focal length of 33 cm. Fish sampling/ficld was conduct­
ed in the dry' season. Months of July to December 2016, 
and a total of 490 fish specimens were analyzed.

http://www.flywings.org
http://lifc.bio.sunysb
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Pdisro and Juma^xan 2-. ’. r)

and all the data arc fitted to those dimensions. implying 
unlimited graphical space, contrary to PCA or CVA. 
Furthermore. NMDS is less sensitive and makes fewer 
assumptions about the data and therefore suits a wide 
variety of data sets (Holland 2* ;<). XMDS was per­
formed using paleontological statistical software 
‘PAST’ (Hammer ct al. 200’): http palaco- 
clcctrenica_org.’2001_l. 'past‘i»uc • 1 .hnr.).

Generally. all populations* K values were between 1.5 
and three (Fig. 3). Fish farms had on average lower K 
values than the wild populations. Ovcr-alL among the
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Orb r.‘eye center
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normative high altitude (Mulehc and Kayumbu). normative low 
altitude (Victoria and Kyoga) and the rest natives. Graph b repre­
sents singled out \ /i ftww subpopulations
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The major trends of shape variation in all populations 
were derived from the Procrustes analysis as illustrated 
by PCA and the principle components (PCs) of the 
covariance matrix from which die first four PCs ex­
plained 60.8% of the total variance. Most of the popu­
lations overlapped to some extent along the first two 
PCs. but differentiation among populations was

H I j f ! ‘

b
3 03 •

farms. Rwitabingi. indicated the least K values and 
significantly different from Sindi farm (/><0.05) 
(Fig. 3a I. Kazinga Channel. Victoria. George and Kyoga 
populations had equally high K values </>>0.05). Na­
tive populations in Albert and Turkana indicated similar 
lower K values and not significantly different (p >0.05. 
but significantly different (p<0.05) from other natural 
populations (Fig. 3a). K values between nonnativc high- 
altitude populations was not significantly different (p > 
0.05 ). but surprisingly indicated higher values (greater 
than 2) and significantly different (p<0.05) from 
Turkana. a native population (Fig. 3a). The subpopula­
tions of L. Victoria showed K values greater than two 
each (Fig. 3b). One subpopulation. Kakyanga from the 
deeper waters, indicated a K value significant lower 
from the rest (p < 0.05: Fig. 3b). The remaining subpop­
ulations (Gaba. Kamuwunga. Masese and Sango Bay) 
had relatively high K values on the same significance 
level.

observed on the on the graphs for PCI and 2 (Figs. 4a. 
b and c). The first PC axis indicated that River Nile. 
Lakes Victoria. Albert. George. Kyoga. Turkana and 
Sindi farm morphotypcs were considerably more vari­
able than the rest of the populations (Figs. 4a and c). 
Interestingly. PC2 showed Rwitabingi fami and again 
River Nile. Albert. Sindi. Edward. Kyoga. Victoria with 
Kazinga Channel and Bagena more variable (Fig. 4b 
and c). PC2 indicated evidence of morphological shape 
differences within some populations (RiverNile. .Albert. 
Kyoga. Victoria and Sindi). Bagena and Kayumbu pop­
ulations showed the least PC scores (Figs. 4a and c). In 
general, shape change was encountered mainly in the 
anterior region of the fish, with the orientation of mouth 
tip (landmark!), dorsal fin region (Landmarks 3&4). 
origin/insertion of the caudal fin (landmarks 5 & 6) 
opercular spine, dorsal insertion of pectoral fin (land­
marks 9.8 respectively) (Fig. 4 W1 and W2). Result of 
CVA was congruent to PC.A. Mostly, populations which 
indicated corresponding PC scores, tended to cluster 
together (Fig. 5a and c). Across CVI. River Nile. 
Kyoga. Albert Victoria and Sindi populations showed 
relatively higher CV scores. Similarly. CVI and CV2 
separated the populations in total accounting for 61.64% 
of variation. CVA results showed three morphotypic 
clusters formed between populations: Victoria-Albcrt- 
Kyoga-River Nile (cluster I): Kazinga Channel-Edward 
(cluster 2) and Bagena-Kayumbu (cluster 31 (Fig. 5a 
and c).

11
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a
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I
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Populations
Fig. 3 Box plot graphs showing condition factor (K) variations 
among Nile tilapia populations. Graph a represents comparisons 
for all populations; fish farms (Bagena. Rwitabingi and Sindi).
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The shape variation among the live sub populations in 
L. Victoria was found to be more pronounced for Sango 
Bay and Kakyanga as indicated by the first PC (Fig. 6a 
and c). Generally. Mascsc. Kamuwunga and Gaba were 
observed to be less morphologically variable (Fig. 6a 
and c). On the other hand. PC2 loaded the rest of the
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NMDS results were consistent with CVA. with Vic­
toria. Albert. Kyoga. and River Nile most similar, indi­
cated by the shortest distance on minimal spanning tree 
(Fig. 5d). Hereby Kyoga was closer to Albert than to 
Victoria i Fig. 5d I. Other pairs of similarity were Edward 
and Kazinga Channel, as well as Kayumbu and Bagcna 
farm (Fig. 5d>. The rest of the populations, generally 
demonstrated distal morphotypcs (Fig. 5d).
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Fig. 5 Canonical Variate Analysis for all populations: a. b and c 
arc CV1. CV2 scores and scatter plot for pooled variates on a 
tangent space. Circles in the scatter plot arc confidence ellipses 
drawn for means at 90% probability. set at 10000 iterations, d 
represent NMDS plot for population morph closeness or distant 
explained by a minimal spanning tree set on F.uclidean similarity 
index. CVA graphs: u and b are CV1 and CV2 respectively and c 
scatter plot for pooled variates on a tangent space. Circles in the
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close morphotypes between the subpopulation pair. 
Kamuwunga and Masese (Fig. 7d).

Fisheries in developing countries are negatively impact­
ed by pcxir enforcement and adherence to regulatory- 
policies. One example of this failure in fisheries
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and \V4>. The first three canonical variates extracted 
front the five sub populations explained 92% of the 
total variance, with 54.5% for CVI. Clear separation 
or discrimination of the sub populations was ob­
served along CV1 axis where Kamuwunga-Masc.se 
were observed to form a cluster (Fig. 7c). Kakyanga. 
Sango Bay and Gaba sub populations were isolated 
on the CV axis. Similarly, analytical results from 
NMDS were consistent with CVA. and indicated

I h
Canonical variate 1

Fig. 7 Canonical Variate Analysis for L. Victoria: a. b and c 
represent CVI. CV2 scores and scatter plot for the pooled variates 
respectively. Circles in the scatter graph arc confidence ellipses 
drawn for means at 90% probability, set at 10000 iterations, d 
represent NMDS plot for population morph closeness or distant 
explained by a minimal spanning tree set on Euclidean similarity 
index. CVA graphs: a and b represent CVI and CV2 scores
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respectively and c scatter for the pooled xanates. Circles in the 
scatter graph arc confidence ellipses drawn for means at 90% 
probability and set a! 10000 iterations, d represent NMDS plot 
for population morph closeness or distant explained by a minimal 
spanning tree line set on Euclidean similarity index. Graphs a and 
b were produced in the same way as in Fig. ?
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i sec Table . for sizes _ v. sr: al. the fish were typically 
small but had better K vti__- Albert m Turkma 
where comparably bigger fish weights dtrntitted 
(Table i. Thus. this suggests than K might be related 
to the actual physiology and genotypic of the fish <Le 
Cren . -5. Therefore. K could he more m■cm.mgfcl rnd 
reliable under expcrtmmti conditions. bit: sampling 
artefacts may influence in

Quite often. it is assumed that ccc—geogmttiml var­
iation in a species morphology is related to local adap­
tation. In the current study. the most smiting morpho­
logical pattern regarding shape variability as fourd io 
seven populations: \3ctoria. Kyoga. Tmkar-a. Albert. 
George ana Riser Nile plus Sind: farm. The .'cmmtir.g 
six populations did not reflect this pattern. Im trustingly. 
PC A results were generally consistcr.: with K enables, 
except Sind: farm. Because K is considered as one of the 
test parameters for envtionmentti cccdrtions for organ­
isms. most likely the observed Nile tilapia shape varia­
tions could have played a bigger role. This thcrefox 
suggests the: the observed K variables might have been 
influenced by morphological div crsincation in the spe­
cies. a remarkable feature for adaptation especially in 
new habitats. The noticeable shape diversification 
among populations was to some extent unexpected, 
apart from lakes Victoria and Kyoga. Env imnmental 
forces can fuel shape changes in organisms especially 
when colonizing new niches iSecbacber ct aL 2-'l'->. 
This might be the reason for the morphological dh ersity 
especially in Lake Victoria and Ky oga vv here the intro­
duction of Nile tilapia coincides with the disappearance 
of the indigenous Nile tilapia congeneric species Fol­
lowing Nile tilapia introduction into these ecosy stems 
the native species < Oreochromis variabilis and
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1 Tmrr:~.-. K sec——levan: for the fisheries
managers pre-dect tit performance of the subsector 
tn ifinrrng ervtmrmsems. Our K results correspond 
ar- carltcr smdiec Ba-mwa . - ■ reported a K vahte 
of 2. 2 for N.lr tiler iz from 51 Itcaortir. 1.95 from L. 
-..rert end 2 15 from L. Kyoga. and Lowe- 
MeCcunef! . -r ' ■. 2.1 fits L. Turkana and 2.CM 
from. I_ George. However, the exact implications of 
such K -. ti-cs m this study arc not entirely clear.
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tors. mciudmg fish <->—v--.-v.-e arid cc-mpctitksa in eco­
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io* K vtic.es observed -mdm aquamtlturc might be 
mked to stress rostitmg from gmertih poor welfare 
of tic fish ■_r.dm s’csch condiDons. lie water quality. 
Itm.tcd and low quality food, stock size and 
—p—— among others. Stewart < . "1 observed

smes.s as a major factor underiying low reproduction in 
N:le titirin r._rs-crv grounds arctmd L. Turkana and 
f---- recatve'y impacting on K. The relatively
L-w K values from the artificial systems was not a

vtic.es
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Oreochromis e.icuientus'). arc reported lo have vanished 
or disappeared with time. Several theories have been 
proposed for this, including competition for space or 
food and overfishing (Ogutu-Ohwayo 1990: Balirwa 
1992; Lovve-McConncll 2010).

1 lowcvcr. other reports have pinned possible intimate 
biotie interactions to have occurred. For example. 
Balirwa (1992) reported some form of hybridization in 
the Northern waters of L. Victoria. after observing phe­
notypic traits in sonic Tilapiinc species identical to Nile 
tilapia. Relevant studies regarding cichlid gill morpho­
logical variation in L. Victoria have also been allied to 
hybridization (Witte cl al. 2<M)7). In addition. Tilapiinc 
species {Oreochromis esculentus and Oreochromis 
niioticus) have also been reported to hybridize under 
experimental conditions (Wclcommc 1966). Other GM 
studies regarding African cichlids (haplochrotnincs) in 
lake Tanganyika reported pronounced shape variations 
in the Fl hybrids and concluded that hybridization 
among cichlids contribute significantly to morphologi­
cal divergent (Stclkcns ct al. 2009: Kcrschbaumcr and 
Stunnbauer 2011). The outstanding morph divergent 
exhibited by Victoria and Kyoga populations might 
therefore be an expression of introgression between 
Nile tilapia and its native relatives which might be one 
possible explanation why the native Tilapiincs 
vanished. Therefore, the morphology divergent ob­
served could be the impacts of transgressive segrega­
tion effected during acclimatization, following intro­
ductions in the foreign homes, but this remains to be 
tested in the future studies.

Shape variation effects elaborated above, might as 
well be applicable to the River Nile morphotypcs. The 
River Nile population was taken from the upper Mur­
chison falls, between Victoria and Kyoga (Fig. 1). Nile 
tilapia from River Nile might be native below the herein 
mentioned barrier (Ogutu-Ohwayo 1990). However, it 
remains unknown if River Nile, upper falls, was stocked 
like in Lakes Victoria and Kyoga. However, due to 
drainage of water from Victoria to Kyoga via River Nile, 
there is undoubtedly a high probability for the species to 
have colonized this part of the river secondarily. The 
pronounced morphs observed in river might therefor 
result from similar forces like the introduced popula­
tions in other lakes. Also, the dynamic conditions in a 
river system might require an organism to develop ana­
tomical features that can enhance its motion and endur­
ance. particularly morphological traits like streamlined 
body shapes, with anterior body depths, that are

developed for steady swimming (Langerhans and 
Rcznick 2010). The well-developed streamlined 
morphotypcs although could aid maneuverability in 
high water currents, may as well serve the best purpose 
for food and or prey search in such habitats. Streamlined 
body form of morphology is also critical for maximizing 
thrust and minimizing drag forces while swimming 
(Langerhans and Rcznick 2010). This is consistent with 
our current findings as illustrated by the wireframe 
graphs. In our results, the fish streamline was clearly 
indicated by shape changes mainly at anterior body 
depth and tapering at the caudal peduncle. Also, shape 
changes were manifested at the operculum perhaps for 
maximizing respiration during locomotion in water tur­
bulences. These morph features might have also devel­
oped in response to evading predators particularly Nile 
perch in lakes /Xlbcrt. Victoria. Kyoga and Turkana. It 
must be noted that Nile tilapia in EA is reportedly the 
only Tilapiinc species to coexist with Nile perch, from 
both native and introduced locations (Balirwa 1998). 
The long history of Nile tilapia to live and share eco­
systems with the predator is linked to ecological sepa­
ration (Balirwa 1998; Mwanja 2000). While Nile perch 
prefers the open waters, it is believed that Nile tilapia 
shifted their niche to shore waters to avoid predation 
pressure (Ogutu-Ohwayo 1990). Therefore, it is feasible 
that structural complexity in tire shore areas with their 
littoral aquatic vegetation might have further exacerbat­
ed die observed morphological diversification.

The observed similarity of shapes based on NMDS 
and CVA between the populations of Kyoga-Victoria- 
River Nile and Albert suggested a possible common 
genetic link which might result from a common source 
of the translocations. Nile tilapia was introduced into 
Lakes Victoria and Kyoga from their putative native 
source. Albert (Mwanja 2(M)0). However, other sources 
reported that the species might have also been introduced 
into lakes Victoria and Kyoga from Lakes Edward. 
Turkana and from pond aquaculture at Kajjansi 
(Uganda) (Wclcommc 1966; Trcvvavas 1983: Balirwa 
191)2: Pullin ct al. 1997). The multiple stocking of the 
cichlid in the region is likely complex which makes its 
in-depth examining a pressing concern. The most re­
markable closer morphotypcs between Kyoga and 
Albert as illustrated by NMDS might explain historical 
stocking interval variations. However, it remains unclear 
how the stockings in the lakes especially Victoria and 
Kyoga were effected, whether it was the same or varying 
periods. These results reflect those of Mwanja (2000)
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Conclusions and recommendalions

who found Kyoga populations less genetically x-ariable 
and asscxttatcd it to more recent introductions in terms of 
history. contrary to Victoria mctapapulatjon. Therefore, 
our NMDS and CVA results might be rescaling the 
existing genetic intimacy between the introduced popu­
lations with their putative ancestral sources.

Stmitanty bctxxecn populations of K.vzin<xv Channel 
and Edward is likely to stern from their shared water 
channel. Fish from Kazinga Channel might be ex­
changed wrth L. Edward as the latter receives K.irings 
Channel waters. Apart from L. George, the rclativdv 
minima! shape changes realized from the western rift 
x alley populations; Edward and Kazinga Channel, sug­
gests that these popukroons might be independent from 
anthropogenic influxes and or disturbances. The norma­
tive high-altitude papulations. Kayumbu and Mulehe. 
showed similarly low morphological x inability. Given 
that Nile tilapia is relatively a worm water species, one 
would undoubtedly expect the hostile cnxironment. char­
acterized by low water temperatures (Tibihika ct al. 
2 . ) to hove significant rote on the fish body form. 
This suggests that the populations might be of recent 
introd-aceon and bcncc less x ariable morphotypes. How - 
even the low x inability in the marginal habitat might 
also result from Lack of a native population that could 
induce x artation xia introgression (Tibihika ct al. 2015). 
or by the higher scleccor. pressure that initially might 
Eave reduced the introduced x arianon.

The noticeable shape changes in George population 
that differed from Kazinga Channel and Edward (closest 
neighborsmight be attributed to a bottleneck effect 
from ex erfishing and water contamination. Reduced 
fish numbers or demographic bottlenecked populations 
from overfishing with time are likely to be exposed to 
inbreeding and eventually lose genetic variation 
: Xoukoodakis « at 2 • 151. In addition to the eventual­
ities of unfit generations, the inbred populations might 
further experience genetic drift which might influence 
the phenotypic traits and hence shape variations. Shao 
et al <2v reported significant morphological varia- 
tt-cr. in inbred slocks of Chinese Minnow. Gotiocypris 
torus. It should be noted that, although overfishing 
crosscuts in EA water bodies, significant fish oxere.x- 
pjcttaiicc and accumulation of heaxy metals (copper.

coball and nickci» has c beer, reported in L. George 
K~ -■—.--c t ■ ; Low c-McConnell 2 > and (Swaibuh 

Lwansa ct al. 2 ».-) respectively. Heaxy metals for 
,'i • —and cadmium hax e been reported to have 
a proootmeed effect on the morphology of fish like in

the Indian major carps (Rani and Gupta 2"i5>. There­
fore. it is most likely that, the observed morphs from L- 
George might be under the multiple influence of both 
overfishing and water toxicity However, of a more 
important note, the shape divergent encountered in 
George might also be a result of admixture. Mwanja 
(2'«' 'f reported that, in the 1970s. while Nile tilapia 
fishery was booming on L. George, it prompted a fish 
processing plant on the lake. Later, overfishing (Lowc- 
McConncll 2010) triggered importation of Nile tilapia 
from L. Albert to reinforce the dwindled stocks in L. 
George which culminated into Albert strain planted into 
L. George. Perhaps the interaction between Albert and 
George strains might further be behind the unexpected 
and encountered morphological divergence in the Lake, 
albeit subject to future studies.

Our results concur with those of Mwanja (2t I who 
found Nile tilapia populations from Kyoga closer to 
Albert and those of George distant from Edward. On 
the other hand, we differ as Victoria population was 
observed to be distant morphologically from Edward. 
This could be reasonably related to the differential 
methodological approaches in the two studies.

Our results demonstrated that all the populations exhib­
ited adequate ranges for condition factor, suggesting that 
they arc “healthy" populations. Nevertheless, we found 
K not recommendable for reliance when depicting fish­
eries status. Morphological divergence was manifested 
mainly in River Nile. Lakes Victoria Kyoga. Albert. 
George and Turkana plus one fish farm. The pro­
nounced shape divergence observed between these pop­
ulations were suspected to population admixture and 
other environmental cues. The noted morph closeness 
in some populations might be an indicator of possible 
genetic nearness w hich could be explained by the com­
mon ancestral home. The findings from this study are 
vital for management and conservation of the species. It 
is most likely that Nile tilapia populations from Kazinga 
Channel and L. Edward arc devoid of anthropogenic 
activ ities and thus probably the only existing pure lines 
of the species. These populations may also be recom­
mended for selectix e breeding in efforts aimed at ele­
vating aquaculture productix ity tn the region. This study 
how ex er. proxides a benchmark tn the dynamics of the 
species and hence, we recommend a more explicit
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consideration of follow-up of this work with molecular 
techniques while addressing genetic differentiation of 
these populations. Use of DNA bar-coding or Restric­
tion site associated DNA (RAD) sequencing might al­
low detection of Nile tilapia diversification in the con­
text of anthropogenic impacts. The future studies should 
broaden the scope of investigation for instance to in­
clude the populations below Murchison Falls, along 
River Nile and examine in-depth within population var­
iations. Additionally, the same approach should also be 
true for all the great lakes, including other water bodies 
like Kivu. Bunyonyi and Baringo as the species vari­
ability might be al large.
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2ndpaper. Application of microsatellite genotyping by sequencing (SSR-GBS) 
to measure genetic diversity of the East African Oreochromis niloticus
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Microsalelliles/simple sequence repeals (SSR) or short tan­
dem repeals (STRs) have proved reliable as ideal genetic 
markers in population genetic studies (Guichoux et al. 2011; 
Selkoe and Toonen 2006; Schlotterer el al. 1991). This is 
due to their important attributes including, but not limited

Papius Dias Tibihika1'3 • Manuel Curto1 • Eva Domstauder-Schrammel1 • Silvia Winter1'5 • Esayas Alemayehu2,4 • 
Herwig Waidbacher2 • Harald Meimberg1

Abstract
MicrosaleHites play an important role when investigating population and ecological genetics, although high effort in develop­
ment and genotyping constitute a technical constraint and remains a major bottleneck. Here we use a microsalellite genotyping 
approach utilizing sequences of amplicons for allele calling (SSR-GBS) based on Illumina that requires less effort and time. 
The approach consist of development of highly polymorphic loci, sequencing of multiplexed PCR amplified microsatel- 
lites on an Illumina Miseq PE 300 platform and bioinformatic treatment of the sequenced data using custom scripts. The 
procedure allows automation in allele calling, which can be more reliably replicated and thereby removes biases that might 
prevent concatenation of datasets from different analyses. Additionally, the methodology enhances information content in the 
sequenced data beyond the traditional amplicon length (AL) approaches. Using 26 newly developed microsalellite markers 
and SSR-GBS we investigate the population genetic assessment of anthropogenically altered populations of East African 
Nile tilapia to show ihe potential of this genotyping approach. More precisely, we compare genotypic data generated con­
sidering AL and w hole amplicon information (WAI). We found that genotypes based on WAI are not only able to recover a 
higher number of alleles but also a more detailed genetic structure pattern. We discuss the capability and importance of WAI 
allele calling and show perspectives for implementation in the future conservation genetic studies. More specifically, we 
demonstrate how the current markers and techniques might contribute useful information for studies concerning resources 
sustainable exploitation and conservation using lhe East African Nile tilapia.
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to. their ubiquity in the genome, co-dominanl inheritance, 
high polymorphism and reproducibility (Sundaray et al. 
2016; Selkoc and Toonen 2006). Although there is a grow­
ing set of other markers and sequencing techniques. SSRs 
are still one of the leading genotyping options based on their 
methodological simplicity. Additionally, the use of these 
markers is further rendered reliable following the genesis 
of next-generation sequencing (NGS) technologies and the 
identification of numerous loci in non-model species accom­
panied by reduced costs (Guichoux el al. 201 1; Curio et al. 
2013). Nevertheless, many of lhe previous genetic studies 
on Nile Tilapia, have utilised linger print methods (Mwanja 
et al. 1996. 2008: Agnese el al. 1997; Seyoum and Korn- 
field 1992). These methods have limited information content 
(e.g. Liu and Cordes 2004; Miah et al. 2013: Okumus and 
Ciftci 2003; Guichoux et al. 2011). Traditionally developed 
SSR had been employed, but frequently with low number of 
loci investigated and the resulting low amount of statistical 
power, (e.g. Bezault el al. 2012; Lee and Kocher 1996; Has- 
sanien and Gilbey 2005: Tariq Ezaz et al. 2004).

Normally. SSRs are genolyped by using lhe fragment 
length variation, through capillary electrophoresis. In most 
cases, due to the high mutation rales of the repetition motifs, 
this is sufficient to generate adequate amounts of variation at 
the intraspecific level. However, considering lhe amplicon 
length (AL) variation alone might miss out other useful pol­
ymorphic information. By genotyping microsatellite markers 
via high throughput sequencing methods such as Illumina, it 
is possible to compare AL and whole amplicon information 
(WAI) allele calling procedures, and ascertain variations in 
lhe amount of genetic information generated (De Barba el al. 
2017). Other advantages of using high throughput sequenc­
ing for microsatellite genotyping include, lhe automation 
and replicability with low cost of the genotyping process (De 
Barba el al. 2017; Varlia et al. 2016; Zhan cl al. 2017). Using 
available bioinformatic tools, one can cither automatize or 
al least significantly decrease the level of artefacts in allele 
calling and thereby elevating information content of the 
marker. This p facilitates the reproducibility of the genotyp­
ing process, in comparison to the traditional electrophero­
gram length frequency (AL) procedures (Farrell et al. 2016: 
De Barba cl al. 2017). In the current study, we expect this 
method (WAI allele calling), which we refer to as SSR-GBS 
(Simple Sequence Repeats-Genotyping By-Sequencing), to 
become more informative and subsequently widely adopted 
as an important tool for genotyping. We test this assump­
tion using lhe East Africa Nile tilapia as a case study based 
on their historical dynamics (Balirwa 1992; Kaufman 1992; 
Ogutu-Ohwayo 1990).

The East African Nile tilapia (O reach romis nilaticus. L. 
1758) is an important species for augmenting aquaculture 
and capture fisheries. The cichlid is native to lakes Albert. 
George. Edward. Turkana. and Baringo among others, as

The East Africa (Uganda) Nile tilapia samples were col­
lected monthly overnight between July and December 2016. 
as part of commercial catches of local fishermen using lhe 
East Africa member stales recommended 127 mm of gill 
nets. The sampling sites were defined upon advice from law 
enforcement fisheries officers, together with local fisher­
men and sampling sites recorded using a Global Position­
ing System (GPS). On landing, muscle tissue samples were 
taken immediately, preserved in absolute ethanol and later 
stored under —20 °C. except during transportation. The 
species are not protected, but rather fished commercially, 
and sampling was performed by members of a government

well as the lower Nile River (Ogutu-Ohwayo 1990). How­
ever. human activities, might have had an effect on lhe 
native populations through the introduction of potentially 
maladaptive trails through translocations and promoting 
bottlenecks by overfishing. Additionally, the activities like 
transplantations of Nile tilapia into numerous non-nalive 
habitats including lakes Victoria. Kyoga. Nabugabo. many 
satellite water bodies and other systems, like aquacultural 
set-ups (Welcomme 1966; Balirwa 1992) might have altered 
the species’ genetic structure through admixture promoted 
by hybridization with closely related indigenous species. 
Broadly, the contrast between native and non-nalive Nile 
tilapia stocks in lhe context of anthropogenic influence 
remains under-documented (Mwanja 2000). Although Nile 
tilapia fishery is vital for lhe livelihoods in East Africa, 
management of this important resource against detrimen­
tal anthropogenic activities is unfortunately inadequate due 
to insufficient research (Njiru et al. 2007; Ogutu-Ohwayo 
1990). Therefore, the use of more informative microsalel- 
lile datasets, might contribute lo efficiently characterise lhe 
populations (Hedrick 2001; Oliveira et al. 2006).

Here, we investigate the potential of lhe SSR-GBS 
approach by describing the genetic variability and structure 
of East African Nile tilapia. This study is a proof of con­
cept testing the ability of SSR-GBS in producing genotype 
data with a higher statistical power than lhe traditional SSR 
amplicon length genotyping due to its potential in recovering 
SNPs associated with SSR motif variation. This provides a 
higher number of alleles and reduces the length homoplasy 
effect that is characteristic to this marker system. We demon­
strate this by comparing the importance and strengths of the 
two allele calling methods (WAI and the AL. similar to lhe 
traditional electropherogram methods). As a side product of 
this work, we develop a set of SSR markers for Nile tilapia 
and test their applicability on other tilapiine species.
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Table 1 Nile tilapia sample 
sources from East African 
freshwater bodies in Uganda Nloroko

Hamukungu
Kibuyc
Kamuwunga

Native
Native
Native 
Non-nali\c

O1.O52O6N 
00.01739S 
01.I8734N 
(X). 12747N

030.53464E 
O3O.O8698E 
032.96865E 
03L93999E

61S
916
1062
1139

A piece of ethanol-preserved tissue muscle (approximately 
0.1 g) was digested overnight in 500 pl lysis buffer (2% 
SDS. 2SJPVP 40. 250 m MNaCl. 200 M Tris-HCI. 5 mM 
EDTA. pH 8) containing 200 ng of proteinase K enzyme. 
Genomic DNA extraction was carried out using magnetic 
beads (MagSi-DNA beadsMagnaMedics) and a magnetic 
separator SL-MagSep96 (Steinbrenner. Germany) following 
a modified MagSi-DNA Vegetal kit protocol. DNA binding 
was carried out by' mixing 17 pl of beads with 500 pl each of 
binding buffer and clear lysate in a 2 ml 96 well plate. Bound 
DNA beads were then washed twice in 80S? 600 pl cold 
ethanol. Later. DNA was eluted twice by adding 50 pl (first 
elution) and 70 pl (second elution) of elution buffer (65 °C 
10 mM Tri.v-HCl. pH 8.3). following the above-mentioned 
kit protocol. The quality of the extracted DNA was inspected 
on 0.8S? agarose gel.

23
35
24
25

Albert
George 
River Nile
Victoria

institution (National Agricultural Research Organization of 
Uganda), hence no other permission was required. Apart 
from one non-native population (Lake Victoria), the other 
three populations (Lakes Albert and George and River Nile) 
are native. In total, we collected 107 Ugandan individuals 
(Table I). All animal rights were observed during the field 
excursions. Fish was obtained as part of commercial fishing 
operations by local fishermen and killed in this process.

For SSR development, we used a single Ethiopian Nile 
tilapia sample (Lake Ziway). which was accessed through 
a selective breeding project at the Institute for Integrative 
Nature Conservation Research-BOKU. Vienna. From this 
sample, fresh tin clips were taken, implying that there was no 
fish sacrifice. The Ethiopian sample was later used for low 
coverage total DNA shot gun sequencing for SSR marker 
discovery prior to East African sampling. We also sampled 
Ethiopian Tilapia zillii for cross-species amplification tests.

were done al the Genomics Service Unit. Ludwig-Maximil- 
ian’s-Universitat Munchen. Germany. Sequences generated 
by Illumina Miseq were quality checked using F/XSTQC 
(Andrews and FastQC 2010) and trimmed for the removal 
of adapter sequences and low quality regions (Phred<20) 
using CL’TADAPT vers. 0.11.1 (Marlin 201 1). Forward and 
reverse reads were merged using PEAR version 0.9.4 (Zhang 
et al. 2014) considering only minimum overlaps of 15 bp 
with a p-value below 0.01 for the highest observed expected 
alignment scores. Later, the sequences were screened for 
microsatellite motifs (from di to penta nucleotide repeals) 
using the SSR_pipeline program (Miller et al. 2013). Here, 
we considered sequences with al least 10 repeals for 2mers. 
eight for 3mers. and six for 4/5mers. A total of 6.724 SSR 
motif reads were revealed comprising 4.629 2mers. 818 
3mers. 868 4mers and 409 5mers. For subsequent primer 
design, sequences of equal or greater than 350 bp long and 
microsalellites with flanking regions longer than 30 bp were 
considered. This length was chosen to facilitate detection 
and elimination of primer dimer and other low molecular 
weight artefacts from the specific amplification products 
using the washing method described below. Considering the 
inclusion of 60 bp oligonucleotides in the PCR as a multi­
plex assay, such artefacts are difficult to suppress. Artefacts 
can be unequivocally detected using gel electrophoresis 
and discarded using magnetic beads. In addition, longer 
sequence information is higher chances of recovering extra 
information on the flanking sites that may contribute to the 
increase on the number of alleles. Raw reads w ere submitted 
to Sequence Read Archive (SRA) database with the refer­
ence number SRX3398501.

High quality extracted genomic DNA from the Ethiopian 
sample was sent for library preparation on the Illumina 
MiSeq paired-end (PE) 300 sequencing platform (San 
Diego. USA) as described in Shendure and Ji (2008); Cas- 
toe et al. (2012). Both library preparation and sequencing

Specific PCR primers were designed in Geneious software 
version 10.3 (Kearse el al. 2012) using the default Primer3 
program (Unlergasscr el al. 2012). Manual primer3 adjust­
ments were set al 55 °C for optimal primer melting tempera­
ture. with a GC content in the range of 20-50-80. optimal 
oligo length between 18—20—23 bp. and amplification prod­
uct size between 350 and 450 bp. We designed primers in a 
way that the complete primer motif would be included in the 
first or last 300 bp of the amplicon being able to be covered 
completely by one of MiSeq’s paired reads. This prevents
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that the repetitive unit is part of the overlap of the paired 
reads which would lead to difficulties with the merging step 
in the bioinformatics pipeline. Here. 48 primer pairs were 
designed. We decided to develop primers from own shot 
gun sequences instead of published Nile tilapia genomic 
information to increase the likelihood that markers lit on 
East African populations. However, the availability of a 
Nile tilapia genome from the GenBank accession number 
MKQE01000000, allowed us to screen the entire sequences 
containing microsalelliles used for primer design for poten­
tially duplicated markers, using BLASTn (Basic Local 
Alignment Search Tool for nucleotides). BLASTn outputs 
provide a list of pairwise alignment matches and sequence 
hits above which a statistical threshold is displayed (Xiong 
2006). In the current study. BLASTn-aligned sequences 
were selected if the E-values were zero. The E-value is 
comparable to the probability value p. as the least value 
suggests a lower likelihood that the database matches arc 
a result of random chance, but rather the database matches 
display a significant similarity (Xiong 2006). Only primers 
that originated from sequences showing single matches on 
the genome were considered because they were more likely 
to represent single copy regions. Of the 48 primer sequences 
initially mapped on the genome. 13 primers were found 
more than once in the genome and subsequently discarded, 
thus leaving 35 primer pairs. Although higher numbers of

PS Sequencing 
/ primer

P7 flow ed)

primers in the second PCR from 5' to 3’ arc constituted by: a region 
complementary to the linker corresponding to the Illumina sequenc­
ing primer (orange). Index information used for sample identification 
after pooling (yellow), and Illumina flow cell binding motif (white). 
(Color figure online)

microsate 1 lite markers can provide robust population genet­
ics results (Capote cl al. 2012; Ryman el al. 2006). generally 
a number of microsate I lite loci in the range of 8—20 are con­
sidered adequately informative to determine genetic struc­
ture between populations (Arthofer el al. 2018: Varlia et al. 
2014; Koskinen el al. 2004). In the current study, the initial 
48 primer pairs resulted in a number sufficient to test genetic 
structure patterns in east African Nile Tilapia. Nevertheless, 
more markers can be easily added with the procedure and 
resources presented here.

For Illumina sequencing, primers were extended by part 
of the Illumina adapters P5 (TCTTTCCCTACACGACGC 
TCTTCCGATCT) and P7 (CTGGAGTTCAGACGTGTG 
CTCTTCCGATCT) al the 5’ end of the primer forward 
and reverse, respectively (Fig. 1). These correspond to the 
Illumina sequencing primers and served as a linker for the 
second PCR where the remaining parts of the adapters are 
added. This procedure was conducted using primers con­
taining all the components necessary for Illumina sequenc­
ing. In this second (index) PCR, for each sample, we used a 
novel combination of two different indexes of 8 bp. P5-(/V17’ 
GATACGGCGACCACCGAGATCTACAC{ Index JACACTC 
r/TCCCTACACGACG) and P7-(CAAGCAGAA<7/1CGGC 
A TA CGA GA T[ Index]G TGACTGGA GTTCAGA CG TGT). 
This was vital for allowing the pooling of a large sample 
size in the down-stream analysis. After the second PCR.

Fig. 1 Amplicon library preparation approach. We used two-step 
PCR procedures: In the first PCR. the microsatcllile was amplified 
with locus specific primers (blue) and extended with part of the Illu­
mina adapter (orange). This motif serves as linker for the second PCR 
where the remaining parts of the Illumina adapter were included. The

KftoMell 
binding

I 
Indr*

PS
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(he resulting amplicons had following parts from 5' to 3* 
(Fig. 1): (1) P5 motif for flow cell hybridization. (2) index 
1 of 8 bp. (3) P5one sequencing primer. (4) specific for­
ward primer. (5) target DNA for sequencing: specific reverse 
primer: (6) P7 sequencing primer. (7) index 2 of 8 bp. and 
(8) P7 motif for flow cell hybridization.

Reads from Illumina were quality controlled and merged 
as described in “SSR discovery”. Overlap was only pos­
sible because SSR motifs were covered completely by one 
of the paired reads. The resulting sequences should start 
with the forward primer and end with the reverse and we 
used this criterion to de-multiplex the sequences accord­
ing to primer content, creating one faslq tiles per sample 
and locus using script 1 (Supplementary material Table S4). 
This script looks for mismatches between the amplification 
primers from the beginning (forward) and the end (reverse) 
of the sequences. Only reads with a mismatch to both prim­
ers below two base pairs were considered. From this step 
the allele calling was performed in two steps: first using the 
AL which resembles the traditional SSR genotyping, and 
then by considering possible SNP variation within alleles 
of the same length recovering the whole amplicon sequence 
information (WAI). After each step, a codominant matrix 
was produced allowing for a comparison between data that 
would be produced by tradition SSR genotyping to the one 
from SSR-GBS. Allele calling based on AL incorporates 
length variation at the repetition motif plus possible indels in 
the flanking regions. All types of length variation and SNPs 
are used as information with WAI because two amplicon 
sequences were only considered as the same alleles if they 
were equal.

To call alleles using AL. we calculated the length dis­
tribution per sample and per locus using script 2 produc­
ing files containing the number of times each length occurs 
per marker and sample (Supplementary material Table S4). 
Then we used the script 3 to automatically call the alleles 
and plot histograms based on sequence length resembling 
the chromatograms obtained in traditional SSR genotyping 
(Supplementary material Table S4). Only genotypes with 
a minimum depth of 10 reads were considered. Automatic 
allele calling considered homozygous genotypes if there was 
a length with a frequency equal or above to 90S? of the total

at HK)m temperature for live minutes and eluted in 17 pl of 
elution buffer (65°C10 m.Xl Tris-Hcl. pH 8.3).

The second (index) PCR was performed in a total reaction 
volume of 10 pl, containing 5 pl master mix. 2 pi each of 
index primer (I pM) P5 and P7. and I pl of template purified 
PCR products. PCR was run with the follow ing thermocy­
cler conditions: 95 °C for 15 min. followed by 10 cycles of 
denaturation al 95 °C for 30 s, annealing al 58 °C for 60 s, 
elongation at 72 °C for 60 s and final extension al 72 °C for 
five minutes. Finally, all the PCR products were pooled and 
sent for PE 300 bp sequencing in an Illumina MiSeq al the 
Genomics Service Unit al Ludwig Maximil lian Universital. 
Miinchen. Germany. The samples used in this work occupied 
11% of the .MiSeq run.

To ascertain the applicability and usability of the developed 
primers, we first amplified them in singleplex reactions to 
tested two scenarios: (I) transferability of the developed 
primers on East African Nile tilapia, and (2) cross-species 
amplification of T zillii. The amplification success rate of the 
candidate loci during PCR reactions was tested by assaying 
a Nile tilapia sample from Uganda. For cross-species ampli­
fication. only two genomic DNA samples for T. zillii were 
tested on a panel of 35 SSR loci. PCR reactions were con­
ducted in a 10 pl total volume. All primer pairs were tested 
using the QIAGEN Multiplex PCR Master Mix (Qiagen. 
CA. U.S.A) kit. PCR reaction volume during Nile tilapia 
amplification was composed of 5 pl Master mix. 4 pl primer 
mix and 1 pl genomic DNA. Primer mix was a combina­
tion of 1 pl Reverse primer 4- 1 pl Forward primer (100 pM 
each), plus 98 pl of waler. Finally, the cycler reaction mix­
tures were performed based on the following PCR profiles: 
initialisation al 95 °C for 15 min. followed by 35 cycles of 
denaturation al 95 °C for 30 s. annealing al 55 °C for 60 s. 
elongation al 72 °C for 60 s and final extension al 72 °C 
for 10 min. The success of the PCR products was tested by 
electrophoresis on 1.8S? agarose gel. Here. 33 primer pairs 
were successfully identified in specific PCR products, w hich 
subsequently were used for the multiplex PCR approach on 
Ugandan Nile tilapia populations. Successful markers for 
cross-species amplification were based on the PCR single­
plex gel products based on two replications.

All 33 gel-screened primers w ere combined in a single mul­
tiplex reaction. PCR reactions were carried out in a 10 pl 
total volume containing 5 pl Master mix, 2.5 pl water. 0.5 pl 
primer mix (1 pM each) and 2 pl genomic DNA. Thermal 
cycler profiles were analogous to the singlc-plex PCR. The 
resulting PCR products were purified using magnetic bead 
procedures, following slight modifications from Agen- 
counAMPure XP PCR Purification protocol. Here, we 
mixed 4 pl PCR products with 2.86 pl of AM Pure XP beads 
(Beckman Coulter. Inc. Bree. CA) and incubated for five 
minutes al room temperature. Bound DNA beads were cap­
tured by an inverted magnetic bead extraction device. VP 
407-AM-N (V&P SCIENTIFIC. INC) and washed twice in 
200 pl of 80S? ethanol for 45 s. Later, the beads were dried
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From the 2.404.293 paired reads generated for primer 
design. 6.724 contained SSR motifs and complied with 
our quality criteria. Out of the 35 developed SSR primer 
pairs, only 26 successfully amplified most of the Ugandan

Descriptive population genetics analyses for SSR loci were 
determined using various programs. The software Micro­
Checker version 2.2.O.3 (Van Oosterhoul el al. 2004). was 
used to estimate the presence of null alleles, evidence of 
allele drop-out. or stuttering during PCR amplification. Test 
for deviations from Hardy—Weinberg Equilibrium (HWE) 
and calculations of the fixation index (Fis) were performed 
in GenePop version 4.6.9 (Roussel 2008). Markov chain

parameters for all tests in GenePop were run at 10.000 
dememorizations, 100 batches and 5000 iterations per 
batch and Fis values were recorded (Weir and Cocker­
ham 1984). Fis was specifically determined to assess the 
type of HWE on the populations, in aspects of excess or 
deficiency heterozygosity (Dorak 2014). Here, positive or 
negative Fis values indicate excess homozygosity or excess 
heterozygosity (outbreeding) respectively (Dorak 2014). 
Observed heterozygosity (Ho), expected heterozygosity 
(He) and loci polymorphic information content (PIC) were 
determined using Ccrvus software version 3.0.7 (Kalinowski 
ct al. 2007). Allelic richness and number of alleles per locus 
were calculated with Fstal program version 2.9.3.3 (Gou- 
del 2001 J. To further assess the extent of informativeness 
and hence usability of the developed markers, we tested die 
genetic structure and principle coordinate analysis (PCoA) 
on the four Nile tilapia populations using STRUCTURE 
version 2.3.4 (Hubisz cl al. 2009) and GenAlex version 6.5 
(Peakali and Smouse 2006). respectively. STRUCTURE 
classifies populations by genetically allocating them into 
groups whose individuals share similar patterns of variation 
(Porras-Hurtado el al. 2013). The program further is ren­
dered useful as it can identify subpopulations of the whole 
population by maximizing HWE linkage within potential 
subpopulations (Porras-Hurt ado ct al. 2013). STRUCTURE 
was set al 100.000 burn-in period and the application of 
Markov Chain Monte Carlo (MCMC) was run al 500.000 
replications, with each cluster (K) assigned to 10 iterations. 
STRUCTURE default settings for the admixture model and 
allele frequencies correlated were implemented. For infer­
ence to the K that best suits the data, we ran STRUCTURE 
HARVESTER. Here, the program collates STRUCTURE 
results and validates multiple K values for optimal detec­
tion and thereby depicLs the best K value from lens or hun­
dreds of iterations (Earl and vonHoldt 2012). as indicated in 
the supplementary material Table SI. Fig. SI and Fig. S2. 
Similarly, for presenting informative genetic STRUCTURE 
outputs, we ran the CLUMPAK clustering Markov package 
pipeline across the K values for summation and graphical 
representation of the results obtained from STRUCTURE 
(Kopelman ct al. 2015). From these analyses, we present and 
compare the results regarding: PIC. number of alleles (Na), 
allelic richness (Ar). HWE per population. Fixation index 
(Fis). PCoA. and STRUCTURE based on the two allele call­
ing methods. AL and WAI.

number of reads. Heterozygous genotypes were assumed if 
the frequency of two lengths was above 90of the reads and 
if the frequency of both lengths did not differ by more than 
20zr. In case these criteria were not matched, the genotypes 
were marked for manual control. Nevertheless, all possible 
genotypes were manually controlled with the aid of the pro­
duced histograms.

For WAI allele calling, the sequences with the same 
length of the alleles defined in the AL step were extracted 
and used to produce a 70f/r' consensus sequence per length 
class. The extraction of sequences per length allele was done 
using the script 4 and the consensus sequence the script 5. 
In the 70*/* consensus, the positions with the most common 
nucleotide of frequency below 70S? were coded with the 
ambiguous base “N" and considered as potential heterozy­
gous SNPs. These sequences were divided into two files 
based on the two most frequent nucleotides for that position 
using the script 6. In case more than one potential SNP was 
found, these positions were considered as linked and the 
two most frequent nucleotide combinations were recovered. 
We observed, that chimeric sequences could occur between 
alleles that differed by more than one SNP. This causes the 
occurrence of sequence states intermediate between the 
alleles. In each case these intermediate stales were less fre­
quent and could be unambiguously resolved visually, cither 
by comparing them to other alleles in the sampling, or by 
including the sequence length as additional information. 
However, these occurrences were rare. Only in a few cases 
which were not considered due to low overall read counts 
more than two similarly frequent nucleotide combinations 
were found. Similarly, the two most frequent combinations 
between a SNP and length signal was called as allele in sam­
ples that were heterozygous with AL. WAI allele calling was 
finally done using scrip 7 where a number was attributed to 
each unique sequence (allele) and saving this information 
in a codominant matrix. All scripts are available in GilHub 
(https://github.com/mcurto/SSR-GBS-pipeline) and detailed 
description of script 1—script 7 is given in supplementary 
table S4. The sequence analyses resulted in 26 loci with 
genotypes for most of the samples that were used for further 
statistical assessment. Raw reads can be found in the SRA 
database with the references SRX3398667 to SRX3398776.

https://github.com/mcurto/SSR-GBS-pipeline
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four loci (TilO. Til 1. Ti21 and Ti25) that initially showed 
negative results following the Nile tilapia amplification 
reportedly tested positive with T. zillii (Table 2).

Test for Hards—Weinberg Equilibrium (HWE) for WAI 
and AL within the four Nile tilapia populations showed in 
lour markers consistent deviations in all populations (Ti. 22, 
Ti29. Ti31. Ti35). Congruence between results of tests for 
HWE and of Micro-Checker indicate that this stems from 
the presence of null alleles (Table 3 and Table S5—7). This 
is also supported by Fis values, indicating deviations from 
HWE due to heterozygosity deficiency (excess homozygo­
sity i for almost all loci. When all samples considered, the 
populations GN and RNK showed deviations at additional
4 and 3 loci respectively, of which 4 occurred with both 
allele call methods and three only with WAL. Populations of 
Lake .Albert and Lake Victoria indicated Lhe majority of loci 
deviating from HWE (additional 7 or 12 loci respectively). 
11 of the deviations occurred with both allele call methods.
5 only with WAI and 2 only with AL. The high amount of 
deviations from HWE in these populations is consistent with 
lhe subpopulation structure indicated in lhe STRL’CURE 
analysis.

In the STRUCTURE analysis using STRUCTURE HAR­
VESTER based on WAI and AL. K = 5 and K = 2 were, 
respectively, lhe best K values for lhe populations (Fig. 4; 
Fig. SI: Fig. S2: Table SI:). Results from K = 2 up to K = 5 
are shown, to include also the population number used in 
this study (Fig. 4). K values from 6 to 10 were uninforma­
tive and therefore w ere not considered based on STRUCTU 
RE HARVESTER outputs (Table SI. Fig. SI: Fig. S2). In 
comparison. STRUCTURE results in more ambiguous clus­
tering for AL than WAL (Fig. 4b). STRL'CTURE results 
indicated a separation among all populations only for WAI 
(Fig. 4). At K=5. the separation between lhe River Nile and 
Lake Albert populations for WAI was not evident in the AL 
results. Moreover, substructure within lhe Lake Albert and 
Victoria populations is indicated at K 4 and 5 by assigning 
single individuals w ithin one of lhe lakes to other clusters 
(AN 18 for Lake Albert, and VKM 10 and 13 for Lake Victo­
ria). Generally. STRUCTURE analy ses were consistent with 
PCoA results where a slight division between lhe popula­
tions is indicated (Fig. 5). Here. Lake Albert is connected 
to lhe Nile which is reflected also in the analysis. Albert 
and lhe Nile populations are assigned to lhe same cluster. 
Lake George individuals are assigned to their ow n cluster at 
K = 2 to K = 5. Lake Victoria populations seem less strongly 
divided from Lake Albert than George (Fig. 5).

Excluding lhe individuals in Lake Albert and Victoria 
populations that were assigned to different clusters, a test 
for HWE and for null alleles using Micro-Checker. indicated 
no pronounced deviations from HWE with no differences 
between lhe allele call methods (Table 3: Table S6). The 
only significant signals were for lhe above-mentioned four

Nile tilapia samples used (Table 2). Both 2mcrs and 3mers 
dominated (each eighi in number), followed by 4mers and 
5mers: each seven in numbers. For SSR-GBS. we gener­
ated a total number of 4.783.118 paired reads, of which 
1.738.315 passed our quality control procedure, yielding 
an average number of 181 reads per marker and individual. 
In total. 12% of lhe called alleles were flagged for manual 
control, between 0 and 73% per locus. However, only in 
four loci most genotypes could not be determined (39-73%). 
mainly because of a frequently occurring unspecific product 
or length poly morphisms out of frame of lhe microsatellite 
molif and thus easy to correct. Without these markers only 
about 3.5% were flagged.

Not all of lhe developed markers were very informa­
tive based on lhe genotyping results (Table 2; Fig. 2). For 
instance, two loci. Ti27 and Ti28. exhibited two alleles, 
which were lhe lowest number of alleles indicated by 
WAI. but with AL showing only one allele for locus Ti27 
(Table 2). The same loci. Ti27 and Ti28. indicated simi­
larly the least allelic richness of less than 2 considering both 
allele calling methods (Table 2). In general, lhe rest of the 
loci indicated allelic numbers and richness ranging from 3 
to 56 and from 1.8 to 13.9 respectively (Table 2: Fig. 2a). In 
total for the whole dataset. AL resulted in 270 alleles com­
pared to 407 alleles using WAI (Table 2). Similarly. WAI 
yielded a total of 157 allelic richness contrary to AL with a 
total of 140 (Table 2). The analy sis consistently recovered 
higher values for number of alleles when we used whole 
sequence information rather than sequence length for a spe­
cific population per locus (Fig. 3). For instance WAI gener­
ated. for Lake Albert. 212 alleles compared to 157 for AL: 
for Lake George. 222 compared to 187 for AL: for River 
Nile. 129 compared to 110 for AL: and for Victoria. 207 
compared to 170 for AL (Fig. 3; Supplementary material 
Table S3). Number of alleles based on lhe two allele call­
ing methods was congruent to allelic richness where WAI 
presented higher values than AL throughout the loci (Sup­
plementary material Table S2).

The PIC per locus generally varied from 0.03 to 0.94 with 
WAI and 0.00 to 0.93 based on AL (Table 2: Fig. 2b). The 
WAI procedure displayed 18 loci with a polymorphic infor­
mation conlenl (PIC) >0.50. contrary to the AL with 14 loci 
(Table 2: Fig. 2b). WAI exhibited four loci with a PIC > 0.25 
and <0.50 and four loci with a PIC <0.25. Contrary. AL 
revealed five loci with a PIC>0.25 and <0.50 and seven 
loci with a PIC <0.25 (Table 2: Fig. 2b). Based on WAI, 
lhe expected and observed heterozygosity ranged from 0.00 
to 0.94 and 0.00 to 0.89. respectively (Table 2. Table S8). 
On average. WAI recovered, respectively, an Ho and an He 
of 0.51 and 0.61. while AL an Ho and an He of 0.46 and 
0.51, respectively (Table 2). For cross-species amplification, 
a total number of 22 loci exhibited positive amplification on 
T zillii. albeit four indicated weak gel bands. Interestingly.
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Fig. 2 Comparison between 
allele calling methods; whole 
sequence information (dark 
grey) and amplicon length 
(white). This was performed 
using number of alleles (Na) 
and polymorphic information 
content (PIC) for each of the 26 
SSR loci. a. b represent PIC and 
Na per locus respectively

markers for all populations, besides that only three to four 
markers showed deviations in single populations. Of a total 
of 12 occurrences. 8 applied to both methods, and 3 only to 
WAI and 1 only to AL.

With the genesis of high throughput sequencing methods, 
the classical genotyping approaches can be modified to 
recover a high level of information and to increase automa­
tion. This decreases the necessity for technical expertise in 
SSR genotyping that remains one difficulty despite the wide­
spread use of the markers worldwide (Sunnucks 2(XX); De 
Barba ct al. 2017). Constraints in allele call for SSR geno­
typing include the occurrence of null alleles, stutter bands as 
result of the slippage artefact in PCR reaction or allele drop­
out caused by amplification or fragment measurement (Var- 
tia el al. 2016). In this study, we compared the information 
usually recovered from traditional electropherogram (AL)

1
0.9
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frequency distribution for scoring microsatellite genotypes 
with WAI for allele scoring/cailing procedures. To a greater 
extent, the two allele calling procedures varied in generat­
ing the number of alleles, allelic richness. PIC. and genetic 
structure, of the studied Nile tilapia populations. Here. WzM 
approach consistently indicated to be more informative in 
aspects of cataloguing these herein mentioned genetic char­
acteristics in contrast to the AL frequency procedure. How­
ever. this was unsurprising because unlike AL procedure. 
WAI approach systematically surveys the entire sequence 
hence summarising variability from the repetition motif and 
SNPs in the flanking regions. In our findings, the high level 
of variation also resulted in a genetic structure where every 
population could be characterized by its own cluster, which 
was not possible when AL was considered. One obstacle in 
the traditional microsatellite genotyping approach is attrib­
uted to genotyping artefacts and biases which originate from 
equipment specifications and different laboratory' methods. 
With SSR-GBS. because the entire sequence information 
is utilised, this may no longer be a problem. This approach

b
60
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Rg. 3 Comparison between allele calling methods based on number 
of alleles exhibited per population for each of the 26 SSR loci. Whole 
amplicon information (dark grey) and amplicon length (light grey).

Values in brackets indicate total number of alleles generated from the 
two allele calling procedures

(WAI) will allow for the creation of reliable and informative 
SSR genotype databases that can be used for meta-analyti- 
cal studies and long-term projects with the contribution of 
several research groups. For the reasons stated above, it is 
expected that SSR-GBS will become a standard practice in 
conservation genetics.

Despite a few loci indicating PIC values of less than 
0.25. most of the developed markers were polymorphic and 
informative. PIC values were congruent with the expected 
heterozygosity and allelic numbers/richness among the pop­
ulations. translating into their capability and reliability for 
molecular genetic analyses. In genetic marker development, 
heterozygosity and PIC are seen as important attributes to 
estimate information content of loci and their applicability 
in down-stream analysis (Nagy et al. 2012; Chesnokov and 
Artemyeva 2015). In the current study, our analysis indi­
cated 18 loci with PIC values above 0.5 and 4 loci with PIC 
values below 0.5 but above 0.25. Here, the informative loci 
summed up to 22. According to BoLstein et al. (1980). highly 
informative markers should have a PIC value of greater than 
0.5. reasonably informative markers a PIC of greater than 
0.25 and slightly informative markers of PIC of less than 
0.25. Therefore, even though 18 loci exhibited a PIC greater 
than 0.5. it is likely that the remaining loci (4) with a PIC

ji.h iillil Jill In.

greater than 0.25 are also useful if combined with the for­
mer during genotyping (Sunnucks 2000). Zane et al. (2002) 
showed that the use of several loci can increase the sensitiv­
ity of population genetic analyses and by using SSR-GBS 
the number of loci can easily be increased.

From the 26 tested loci, four loci deviated from HWE for 
most studied populations. Positive Fis and Micro-Checker 
results indicated that this might be caused by allele null 
alleles, a known limitation of amplification based geno­
typing approaches where one of the copies in a heterozy­
gote individual is failed to be detected and genotyped as 
homozygote (Selkoe and Toonen 2006). WAI did recover 
more information and might have allowed to observe unde­
tected subpopulation structure within the lakes investigated. 
Based on STRUCTURE results this was the case of the 
lakes Albert and Victoria, which harbour populations with 
individuals assigned to multiple clusters. In accordance to 
this, is the finding that a higher number of loci deviate from 
HWE in these populations. Given the translocation and 
artificial stoking background especially of lake Victoria, 
substructure might be caused within these populations due 
to human mediated admixture between distinct gene pools 
(Tibihika el al. 2018). Further studies will focus on how Nile 
tilapia stocks were affected by this anthropogenic activity.
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Fis1Fis1 P1P1P1 Fis1 Fix1P1 Fis*Fix" Fis*Locus Fis* P* P’P* P’

0.32 -0.020.79 0.03 1 (XITil 2 0.010.02 0.48 0 10 -0.08
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although species’ phylogenetic relationships or homoplasy 
could play a role (Bczault el al. 2012). The pattern of cross 
amplification between the species might here be explained 
by factors like outbreeding/hybridisalion or admixed popula­
tions (Barbara et al. 2007).
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-0.01
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Ti33

-0.12

-0.03

— 0.13

-0 09

The genotyping based on WAI showed slightly more loci 
deviating from HWE than with AL (3 vs 1 after exclusion 
of individuals that cause substructure within populations). 
Since the WAI genotyping is able to detect a higher number 
of alleles, such effects might become more likely using this 
method.

Cross-species amplification results were unexpected 
given the genetic distance between Nile tilapia and Tilapia 
zilli (Elghobashy el al. 2005). A lotal of 18 loci strongly 
amplified T zillii genomic DNA. Four loci (TilO. Till, Ti21 
and Ti25), which showed negative results for Ugandan Nile 
tilapia amplification, were positive with T. zillii. This sug­
gests the existence of allele drop out in Ugandan Nile tilapia, 
while the individual from Ethiopia shared alleles with T. 
zillii. The capacity of SSR markers to cross amplify spe­
cies might also be locus-dependent (Gen-Hua et al. 2010).

The development of SSR-GBS has enhanced microsatellite 
analysis. The Illumina approach genotyped SSR loci suc­
cessfully. demonstrated polymorphism and their usability 
in down-stream applications such genetic diversity and 
structure. We expect that also other analyses like pedigree 
analysis, gene flow and hybridisation, genetic linkage maps, 
etc. can be facilitated by lhe method. SSR genotyping that

Table 3 Tests for deviations of Hardy—Weinberg Equilibrium (HWE) per population and locus for both allele calling mellxxls without consider­
ing the samples contributing to subpopulation structure in Lakes Albert and Victoria

AV Albert; GH George. RNK Nile. VKM Victoria. NDL number of deviated loci from HWE. A'Lm i number of loci without information 
p1 probability value for WAI allele calling, p* probability value for AL allele calling. Fis1 and Fis* fixation indices for WAI and z\L respectively
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a long period of lime are directly comparable. STRUCTU 
RE. PCoA. PIC and He results suggest that the majority 
of the presented 26 loci, particularly the 22 polymorphic 
loci, are highly informative for comprehensively studying 
the Nile tilapia population patterns. In addition, this number

• AN

• GH

a RNK

VKM

Rg.4 Genetic structure bar 
plots for the four East African 
(Uganda) Nile tilapia popula­
tions based in cluster assign­
ment probability calculated in 
SRl.'C'I URE for the best values 
of K = 5 and K = 2. a represents 
Nile tilapia genetic structures 
inferred from whole ampli­
con information and b from 
amplicon length allele calling 
methods

Fig. 5 Principle coordinate analysis (PCoA). depicting genetic similaritics/variabilitics between the four East African (Uganda) Nile tilapia pop­
ulations. a represents PCoA results from whole amplicon information and b from amplicon length allele calling methods

uses automated WAI for allele calling: greatly reduced bias 
and artefacts, and thereby yielded more information than 
the commonly employed traditional AL. The reproducibility 
of the method could be vital for Nile tilapia breeding pro­
grams. because genotyping from multiple generations across

L. Albert

.

-/

L. Victoria
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Abstract

The need for enhancing the productivity of fisheries in Africa triggered the introduction of non­

native fish, causing dramatic changes to local species. In East Africa, the extensive translocation

of Nile tilapia (Oreochromis niloticus) threatens this species. Using 40 microsatellite loci with

genotyping by sequencing techniques, we amplified a total of 664 individuals to investigate the

genetic structure of O. niloticus from East Africa in comparison to Ethiopian and Burkina Faso

populations. Genetic structure analyses revealed four East African O. niloticus groups which were

consistently supported by Fst results. Moreover, the East African populations genetically differed

from their Ethiopian and West African counterparts. Moreover, O. niloticus from Lake Turkana was

observed isolated, while the Ugandan populations were rather closely related, albeit geographical

location and anthropogenic activities influenced some genetic clusters. On the other hand, one

Ethiopian population was found to be genetically distinct. Signals of genetic erosion were detected

in Ethiopian and some East African populations being likely a consequence of either bottlenecks

associated with fragmentation or founder effects. O. niloticus in Lakes Tana, Victoria and the

cluster of Lakes Edward, George as well as Kazinga Channel, may require further exploration for

taxonomic recognition. Apart from Lake Tana, the distinctiveness of the cichlid in Lake Victoria and

the western Rift Valley Lakes, have not been reported before. Finally, we show that anthropogenic

activities have partly contributed to a significant change in the genotypic composition of 0. niloticus

which may compromise the sustainability of its exploitation.

Keywords: cichlids, admixture, fish translocations, genetic structure, geneflow, bottleneck.
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Introduction

Nile tilapia, Oreochromis niloticus, is native to freshwater systems in Western Africa (e.g., Senegal,

Gambia, Niger, Benue, Chad) as well as to rivers in East Africa and many of the Rift Valley Lakes

(Agnese, Adepo-Gourene, Abban, & Fermon, 1997; Trewavas, 1983). For more than nine

decades, this species has been intentionally dispersed worldwide, in particular for aquaculture and

restocking programmes (Canonico, Arthington, McCrary, & Thieme, 2005; Trewavas, 1983). In

East Africa, various fish introductions are reported, starting in the 1920s. O. niloticus, and other

species like Tilapia nigra (Tilapia spilurus nigra) and Black bass (Micropterus salmoides) had been

used for stocking initially to build up fisheries in lakes considered as unproductive like the

southwestern Uganda high-altitude lakes, and Naivasha in Kenya (Agnese, Adepo-Gourene, &

Pouyaud, 1998; Worthington, 1932). For example, Lake Bunyonyi was stocked with individuals

from Lake Edward in 1920 (Worthington, 1932).

In the 1950s, several tilapiine species were stocked into Lake Victoria, Nabugabo and

Kyoga to counteract the decline of native fish species (Balirwa, 1992; Kaufman, 1992; Ogutu-

Ohwayo, 1990; Welcomme, 1966). The introduced species (O. niloticus, O. leucosticus, Tilapia

zillii and Tilapia melanopleura) were all suspected to originate from Lake Albert (Balirwa, 1992;

Ogutu-Ohwayo, 1990; Welcomme, 1966). However, some introductions might have also originated

from Lake Edward (Agnese et al., 1998; Balirwa, 1992). Following these introductions, the

indigenous fish species, such as O. variabilis and Ngege (O. esculentus), significantly declined

(Balirwa, 1992; Mwanja, 2000; Ogutu-Ohwayo, 1990). The reason for the declined native fish

species was suspected to a combination of factors including; competition, over fishing, as well as

predation pressures from another introduced species, the Nile perch (Lates niloticus) (Kaufman,

1992; Ogutu-Ohwayo, 1990). But one additional factor might have been hybridization with the

introduced O. niloticus (Balirwa, 1992; Mwanja, 2000; Welcomme, 1966). The expanded

distribution of O. Niloticus in East Africa complicates differentiation and identification of genetic
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units for management and conservation. For example, the population considered as nonnative in

Lake Victoria and Kyoga might have genetically changed into different populations (Balirwa, 1992;

Pullin, 1988; Welcomme, 1966). The loss of indigenous O. mossambicus due to hybridization with

the introduced O. niloticus has been reported in South Africa (Zengeya, Booth, & Chimimba, 2015).

The situation in East Africa may have worsened with the recent boom of fish hatcheries and

aquaculture production systems (Rothuis et al., 2014). Feral populations resulting from escape

might be an additional and serious threat to natural systems.

In nearly the last two decades, the East African countries have been developing measures for

fisheries sustainable exploitation through the implementation of co-management strategies

(Nunan, Hara, & Onyango, 2015). Conservation and management of the already admixed species

might not be achieved if the genetic structure of the species in question is not well understood, as

the stocks are difficult to define (Allendorf & Luikart, 2007). Therefore, in particular for the East

African O. niloticus, as the species especially were affected by various anthropogenic activities, a

thorough characterization of the populations might be needed.

The earliest studies in this respect used traditional morphometric and meristic analyses.

Using biometrics and counts, Trewavas (1983) described seven subspecies of O. niloticus in Africa

and associated them to different regions or lakes. Nevertheless, this classification was

contradicted as misleading (Seyoum & Kornfield, 1992; Vreven, Teugels, Adepo-Gourene, &

Agnese, 1998). For example, Vreven et al. (1998) used morphometric analyses accompanied with

allozyme markers and found that, contrary to findings from Trewavas (1983) , the strain from Lake

Edward was closely related to the lower Nile (Egypt). Moreover, Seyoum and Kornfield (1992)

using restriction endonuclease mitochondrial DNA, found O. niloticus in Lake Tana distinct,

contrary to findings from Trewavas (1983). Other earlier genetic studies concerning O. niloticus in

East Africa are reflected by Agnese et al. (1997); Mwanja et al. (1996); Mwanja, Booton, Kaufman,

and Fuerst (2008). Agnese et al. (1997) employed allozymes and restriction fragment length
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polymorphism (RFLP) of mitochondrial DNA (mtDNA) and Mwanja et al. (1996); Mwanja et al.

(2008) randomly amplified polymorphic DNA (RAPD). Interestingly, Agnese et al. (1997) reported

that O. niloticus populations from Albert Nile (the Egyptian stretch of River Nile) are distinct from

the West African populations, contrary to earlier reports by Trewavas (1983). Furthermore, Agnese

et al. (1997) indicated that O. niloticus in Lake Tana is clustered together with Lake Edward and

the Kenyan Lake Turkana system, which is contrary to the findings from Seyoum and Kornfield

(1992). These findings are conflicting probably because of the different methodological

approaches used, that comprised different information content (Guichoux et al., 2011; Hedrick,

2001; Liu & Cordes, 2004; Miah et aL, 2013; Okumu§ & Qiftci, 2003; Wirgin & Waldman, 1994).

Additionally, the markers used so far have low resolving power to characterize variation within and

between populations, and the genetic fingerprinting markers like RAPD cannot discern between

homozygotes and heterozygotes (Wirgin & Waldman, 1994). The lack of methodologies with high

discriminating power therefore suggests that the genetic structure patterns of the East African O.

niloticus may be insufficiently documented.

In the present study, we utilize nuclear microsatellite markers (SSR) to typify the O. niloticus

in East Africa. Using next generation sequencing, SSR loci have been proven to be robust when

determining the genetic structure of O. niloticus, particularly, using microsatellite genotyping by

sequencing (SSR-GBS) (Tibihika, Curto, et al., 2018). Albeit recent studies using SSR have also

focused on O. niloticus (Angienda et al., 2011; Ndiwa, Nyingi, & Agnese, 2014; Nyingi, De Vos,

Aman, & Agnese, 2009), their work was limited to few waterbodies in Kenya, with the broader

scope of the African Great Lakes missing. It is important, however to conduct a comparative study

of various waterbodies where O. niloticus is present (native and non-native with possible

admixture). Such research would not only be informative in the context of the cichlid’s genetic

structure and diversity, but also would establish a firm base for management and for conservation

options (Frankham, Briscoe, & Ballou, 2002). SSR-GBS approaches are useful in getting rid size
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homoplasy, which is one of the constraints characterised by the traditional amplicon length

explicitly investigate the genetic structure of O. niloticus, where we also compare the species to

populations from Ethiopia and West Africa (Burkina Faso), representing the Sub-Saharan African

Great Lakes. With this approach, the broad objective of our study was to investigate the impact of

anthropogenic activities on the O. niloticus' gene pool. We hypothesized that the anthropogenic

activities have contributed to the genetic divergent and differentiation of O. niloticus, particularly in

environments where the species was introduced. We further test the hypothesis that, given

interspecies translocations, the East African O. niloticus are genetically divergent from the ones

outside the region (i.e., Ethiopia and Burkina Faso). In a similar trend, we predict that the

geographical context exhibited by aquatic interconnectivity may influence the genetic homogeneity

of cichlid in such environments. We test these hypotheses by answering the following research

questions: 1) Does the genetic structure of the East African O. niloticus populations differ from

those outside the region? 2) To what extent does the genetic structure of the East African 0.

niloticus populations is related to geography and anthropogenic activities including the pathways

of the translocation processes?

Materials and Methods

Sampling/study areas

Following the earlier sampling design from Tibihika, Waidbacher, et al. (2018), we collected 0.

niloticus specimen from three waterbodyy types: a) those where O. niloticus is native, b) where it

using gill nets set overnight, at the location of LakeTurkana, a seine net was utilized. From Ethiopia 

and Burkina Faso, four and one native populations were sampled, respectively. Considering the

large extent of Lake Victoria and multiple O. niloticus introductions into the World’s largest tropical 

freshwater body, we sampled five locations to assess possible genetic heterogeneity within the

procedures (Narum, Buerkle, Davey, Miller, & Hohenlohe, 2013; Vartia et al., 2016). Here, we

was introduced, and c) from fish farms (Figure 1). Most samples were collected by local fishermen



83

system (Figure 1). Similarly, in other relatively large lakes like Lake Edward, Kyoga and Albert, we

sampled two locations each for subsequent subpopulation analyses. A total of 664 samples were

collected from 18 waterbodies during several field excursions in the year, 2016. From each single

fish, a muscle tissue (approx. 3 g) from the dorsal region was extracted, preserved in absolute

ethanol and later stored in a freezer until genotyping at the Institute for Integrative Nature

Conservation Research-University of Natural Resources and Applied Life Sciences Vienna

(BOKU), Austria. Sampling was conducted together with respective authorities per region and

obtained from the fishermen, therefore no special treatment for the animals was administered in

the process. The non-native and farm locations were only sampled in Uganda. Here, we refer to

the non-native populations as those found in the high-altitude satellite lakes of south-western

Uganda (Lakes Mulehe and Kayumbu) as well as in lower altitude lakes (Lake Victoria and Kyoga)

(Tibihika, Waidbacher, et al., 2018). The three sampled fish farms include; Rwitabingi (located near

River Nile and Lake Kyoga), Bagena and Sindi from South-western Uganda. The rest of the

populations are regarded as native (Figure 1).

therefore no special permission was required. In all cases, the fish were already dead when
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Genotyping

Genomic DNA extraction followed the modified MagSi-DNA Vegetal kit protocol, using magnetic

beads (MagSi-DNA beadsMagnaMedics) and a magnetic separator, SL-MagSep96 (Steinbrenner,

Gemiany). For a detailed description, see Tibihika, Curto, et al. (2018). We used microsatellite

markers (Tibihika, Curto, et al., 2018), to which we added 15 extra primers (Table 1). The SSR

primers were designed and tested analogous to Tibihika, Curto, et al. (2018), using the same shot

Figure 1 Sample sources and sizes. Natives are indigenous O. niloticus populations, non-natives 
are introduced, and farms are the pond culture systems. The top panel shows a map for the 
sampling locations with a focus on East Africa, Ethiopia and Burkina Faso. The bottom panel 
shows the details of the sampling sites and total number of individuals collected (Left) and Lake 
Victoria sub-population (right).

Lake Mctoria meta populations
Victoria Gabn
Mctoria Kakyanga
Mctoria Kamununga
Mctoria Masese
Mctoria Snngo Bay

S/No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16 
17
18
Total

37
31
49
35
30
21
66
25
29
24
25
35 
129
18
26
26
32
27 
664

N
A

Sample slie 
26 
30 
25 
23 
25 
129

Burkina Faso

Sample size Population nature

Native 
Farm 
Native 
Native 
Introduced 
Native 
Introduced 
Introduced 
Farm 
Native 
Farm 
Native 
Introduced - 
Native 
Native 
Native 
Native 
Native

Population

Albert
Bagena
Edward
George
Kayumbu
Kazinga Channel
Kyoga
Mulehe
Rwitabingi
River Nile
Sindi
Turkana
Victoria
Burkina Faso
Chamo
Hashenge
Tana
Ziway

S/No 
1 
2 
3 
4 
5 
Total 

— East Africa

y- West Africa, Burkina Faso 

j— Ethiopia
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gun sequencing data present in the short-read archive (SRA) under the reference number

SRX3398501. Screened primers were then grouped into three multiplexes and used to prepare

amplicon SSR-GBS libraries using the same approach and specifications of (Tibihika, Curto, et al.,

2018). The PCR products were then pooled and sent for paired-end 300bp sequencing in Illumina

MiSeq, at the Genomics Service Unit in Ludwig Maximillian Universitat, Munchen, Germany. Allele

calling was performed based on amplicon sequence information using the script from the SSR-

GBS pipeline (https://qithub.com/mcurto/SSR-GBS-pipeline). For subsequent analyses, all loci

and samples with missing genotypes £50% were excluded, leaving a total number of 40 markers

(supplementary materials, Table S1)

Repeat motif AsrR: Primer sequence (5'-3')Locus F: Primer sequence (5'-3')

TGCTCAGACTGGTCCCTTCT 368-420Ti39 TACCTGCCAGTCATGTGCTG
TTGTGCACGTGGACATGTTG 381-471Ti41 TCGCAGCTGCTCCTGTTTAA

TGCTAGCCCAGAGCATTTGA (GAATAJ6 425-478Ti43 ATTGCCATCACCAGGAACCA

GCAGCACTCTGACATGAAGCTi44 TGCTCCTGACTCAGCATCAC 419-469
Ti49 ACAACAACAACAGGTCGGGATCGAAGTAGCGTGGAAAACCT 395-403

Ti50 CCTGTGACAGACTGGTGACC ACACTGATGCGGTTTACGGT 442-517

Ti51 TGCTAAACGCCAGCTGATGA TTACCACACGATGTCGCAGG 401-428
Ti52 GAGAAACGTCCAGTGGCAGA TTTCGATCTGCTGCCCCTTr (TAT)8 373-429
Ti54 TTTCTTGCCAGCAAAAACAGT CAGATTCTTCCAGTGCTTGTGC (GGAT)7 390-480

GAGCCCAGACAGCAGACAATTi55 AGGACCTTCTATGGCCCTGT 417-491
TGCAGTGAATTTGGCACCTGTi56 AGCCTGAGATACCTGTGCCT 310-462

Ti57 CAGTGGGAGGAAGCTCCAAA GCTGCATGGATCCAATAGGC (TCCA)7 400-444
Ti59 ATGGACTTAAGCTGCACCCC TGAGCATTTGACCCCAGCAT (AGGA)6 429-461
Ti60 GAGCCGCCATAGTGTCACTT CCTGCTCTCACTCAAAGAGGG 473-516

GCTACACAGGAAAGCAGAGCTi61 ACTCAATGCTGGACGTGACC 474-501

F=Forward and R=Reverse, Asr=Allelic size range

Genetic Structure

Genetic structure was first assessed by calculating the absolute number of different alleles and

unbiased Nei’s genetic distance between individuals. These statistics were obtained and visualized

Table 1 15 new primer pairs developed in the present study. Other 26 tested primers developed 
by (Tibihika, Curto, et al., 2018) can be found in the supplementary materials section, Table S1.

(ATGG)8

(AAAC)11

(GAAAA)6

(TGT)8
(ATGG)7

(TGT)8

(TCTA)7
(TGTT)6

(ATCC)7

(TGGA)6

https://qithub.com/mcurto/SSR-GBS-pipeline
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through Principal Coordinate Analysis (PCoA), conducted in GenAlex Version 6.5 (Peakali &

Smouse, 2006). Genetic similarity between populations was evaluated by plotting neighbor

network based on Nei’s genetic distance using program, SplitsTree4 version, 4.14.8 (Huson &

Bryant, 2005). We also constructed UPGMA dendrograms for making inferences on the

hierarchical clustering between populations using PAUP* version 4.0a (Swofford, 2002). Neighbor

networks and UPGMA dendrogram were conducted with inclusion of subpopulations, when

applicable to evaluate possible substructure within the waterbodies. Genetic structure was further

investigated using the program, STRUCTURE Version 2.3.4 (Hubisz, Falush, Stephens, &

Pritchard, 2009). STRUCTURE clusters individuals into hypothetical populations through

optimization of Hardy-Weinberg equilibrium (Porras-Hurtado et al., 2013). STRUCTURE was run

from K=1 - 35 for 10,000 Markov chain Monte Carlo (MCMC) generations after a burn-in length of

10,000 generations (Evanno, Regnaut, & Goudet, 2005), whereby each run was iterated 20 times.

The program’s default settings for the admixture model and allele frequencies correlated were

implemented. Detection of optimal K was done with STRUCTURE HARVESTER (Earl & vonHoldt,

2012) using the delta K (AK) statistic, which is the second order rate of change (InP(D)) across

successive K values (Chaluvadi, Khanam, Aly, & Bennetzen, 2014; Evanno et al., 2005). In this

context, STRUCTURE HARVESTER uses AK to identify the highest value and henceforth the best

K. Results from multiple replicates were summarized using the online pipeline Clumpak program

& May rose, 2015) availableJakobsson, Rosenberg,Mayzel, at(Kopelman,

http://clumpak.tau.ac.il/. Similar analyses were performed for Lake Victoria within populations.

Migration rates and number of migrants per generation (Nm)

Recent migratory rates and number of migrants per generation, were determined as proxy

estimates of geneflow among the O. niloticus populations. However, recent migratory rates were

only estimated for the East African populations, since the corresponding water bodies are the most

affected by anthropogenic activities such as fish translocations. Pairwise recent migration rates

L

http://clumpak.tau.ac.il/
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were estimated using BayesAss Version 3.0 (Wilson & Rannala, 2003). Here, the program was

run for 200, 000,000 iterations, discarding the first 100,000,000 generations and sampling every

1000th generation (Curto, Puppo, Kratschmer, & Meimberg, 2017). Only results with a fraction of

above 0.01 individual migrants between populations per generation at 95% confident interval were

considered as vital migrants. Recent migration rates were used because most of the fish

translocations in the region, ostensibly were recent. Additionally, we estimated number of migrants

(Nm) per generation between population pairs to validate the recent migration rates using GenAlex

program. Consequently, we present both, the percentage of migrants estimated in BayesAss and

the number of migrants between population pairs against fixation index (Fst) values.

Genetic diversity, differentiation and isolation by distance (IBD)

Genetic diversity and differentiation indices between O. niloticus populations throughout East

Africa and beyond were examined using the following indices: expected heterozygosity (He),

observed heterozygosity (Ho), number of alleles (Na), allelic richness (Ar), fixation index (Fst),

private alleles, and Garza-Williamson index (G-W). Na, Fst, G-W and He per population were

analyzed using the program Arlequin Version 3.5 (Excoffier & Lischer, 2010). Ho, He, Na and PIC

per locus were determined through Cervus version 3.0.7 (Kalinowski, Taper, & Marshall, 2007). Ar

was analyzed using the rare-faction algorithm implemented in Hp-rare program (Kalinowski, 2005).

G-W was used to explore the possibility of bottlenecks amongst the populations. If G-W values are

closer to zero, it implies that the populations went through a bottleneck, but when the values are

close to one, the populations are in a stable phase (Excoffier, Estoup, & Cornuet, 2005). To test

whether the genetic diversity and differentiation of O. niloticus populations conform to isolation by

distance (IBD), we plotted genetic distance (Fst) against the geographical distance (GGD in

kilometers) and conducted correlation analyses using Mantel test (999 permutations) implemented

in GenAlex Version 6.5 (Peakall & Smouse, 2006).
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Results

Variability of SSR loci

In total, 13,530,228 paired reads were produced for genotyping, from which 9,579,578 passed the

quality control steps and were used for allele calling. Genetic variation results for the 40 SSR loci

are presented in supplementary materials, Table S2. The number of alleles per locus ranged from

seven to 84, with a total of 1,352 alleles generated across all loci. Overall, 80% of the loci exhibited

expected heterozygosity (He) values greater than 0.5. Polymorphic Information Content (PIC) was

generally congruent to He, with 78% of loci indicating values of greater than 0.5 (supplementary

materials Table S2).

Genetic structure

The UPGMA dendrogram showed that all East African populations were more similar to each other

than to the other regions (Figure 2.1). In this case, the three Ethiopian populations (Hasshenge,

Ziway, and Chamo) formed the most distant group followed by Burkina Faso and the other

Ethiopian waterbody, lake Tana. Among the East African natives, the largest separation was

between the Kenyan, Lake Turkana, and the Ugandan water bodies. In Uganda, with exception of

Lake Victoria and one Lake Kyoga sub-population, the nonnative lakes and fish farms grouped

with a native population: the southern Ugandan high-altitude Lakes (Kayumbu and Muiehe) with

Lake George; Kyoga-Kibuye and Sindi Farm with River Nile; and Bagena and Rwitabingi farms

with Albert. The three sub-populations of Lake Victoria (Gaba, Masese, Kakyanga) formed an

independent group while the other (Sango Bay) showed the highest degree of divergence in East

Africa.

Neighbor network results showed a similar pattern to the UPGMA dendrogram both at

regional and local levels (Figure 2.2). In this case, however, Burkina Faso was observed to be

closer to the Ugandan populations. In general, network results reflected two Ugandan catchment

the George, Kazinga Chanel, and Edward group together with the nonnative Ugandangroups:
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highland lakes, and on the other end, Albert and River Nile systems together with the nonnative

Lake Kyoga and all fish Farms. Interestingly Lake Victoria exhibited an intermediate position

between both groups with the subpopulation from Sango bay showing a long branch, suggesting

high genetic differentiation. Over all, most of the nonnative populations (including farms) showed

longer branches than the natives (Figure 2.2).

4

4

East Africa

r[

d
60

Figure 2.1 Genetic structure of O. niloticus populations based on UPGMA dendrogram
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separation of population groups based on geographic regions (Figure 3.1a). Samples formed four

groups when analyzed at regional/country level (Figure 3.1a): two groups with individuals from

 

Figure 2.2 Genetic structure based on unrooted network tree illustrating population relationships 
based on distance. § represents a tree for all the populations and U for only the Ugandan 
populations. Dotted oval and rectangular shapes depict closely related genetic groups.
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Ethiopia, one with individuals from East Africa, and another intermediate group with samples from

both regions. The composition of these groups was clearer when the distance between the native

individuals was plotted (Figure 3.1b). At this level, Lake Turkana clustered with Burkina Faso, and

a division between the three Ethiopian Lakes (Hashenge, Chamo and Ziway) and Lake Tana was

clearly observed. A further group containing lake Hashenge individuals was found when only

Ethiopian individuals were plotted (Figure 3.1c). Amongst East African, the separation between

lake Turkana and the remaining native populations was evident (Figure 3.1d). Individuals found in

the Ugandan native waterbodies divided into two main groups (Figure 3.1 e). One group was

composed by Lake Albert and River Nile individuals while the other by Lake Edward, Kazinga

Chanel, and George. This division was less evident when individuals from nonnative waterbodies

and fish farms were included in the analysis (Figure 3.1 f). Here, some individuals from Sango Bay

formed a separate group from the remaining Ugandan individuals. Substructure within same lakes

was only evident for Lakes Victoria and Kyoga (Figure 3.2).
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The Bayesian analysis with STRUCTURE was portrayed based on the optimal K values.

For all populations, the best K was 10, all native populations, K=7, East African native populations,

K=2, Ugandan native populations, K=2, and all Ugandan populations including farms K=4

(supplementary materials, Figure S2). Comparatively, we also present other K values representing

the total number of populations per analysis. O. niloticus populations from each African region

were assigned to different groups (Figure 4a). Within each region, the same assignments were

observed with Lakes Tana and Turkana isolated from the rest of Ethiopians and East African

populations respectively. Among the Ugandan native populations, clustering was also congruent

with the two water systems, as indicated earlier by both network and PCoA analyses, see Figure

4b and 4c. However, there were cases where the nonnative populations showed independent

clusters from the native. For example, in all analyses Lake Victoria clusters differed from other

populations even when only Ugandan O. niloticus were included in the analysis (Figure 4c).

Admixture was more evident amongst the East African populations, but mostly detected when

nonnative populations were considered than was for natives (Figure 4c).
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(27%), Kyoga to Albert (25%), Kyoga to Bagena farm (23%), Kyoga to Sindi farm, River Nile and

Rwitabingi farm (22%), George to Kazinga Channel and to Mulehe (21% and 20.4 %) respectively

(Figure 5). Migration rates estimated through Genalex were congruent with BayesAss, but with the

difference that Lake Victoria was also a source of migrants (Supplementary material Table S3).

1%

i.28.y».....2% Turkana

Kyoga N

NN
”1%
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& R. Nile
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Victoria
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Channel
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Figure 5 Bayesian inference of recent migratory rates for the 13 East African O. niloticus 
populations. Oval light blue and rectangular shapes indicate natural and farm populations, 
respectively. The arrows contain percentage values showing the direction and magnitude of 
geneflow. Darker and thick arrows represent stronger geneflow, while thin, dotted arrows indicate 
weaker geneflow. Native and non-native populations are indicated by the letters, “N” and “NN", 
respectively. This analysis is based on BayesAss program and for GenAlex program, see 
supplementary materials, Table S3
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Genetic differentiation, diversity and isolation by distance

Genetic differentiation was consistent with the STRUCTURE results. For instance, the Fst values

clearly demonstrated that the East African populations are genetically distant from the Ethiopian

and West African populations (Figure 6.1a). Despite River Nile and Lake Kyoga showing relatively

high Fst values, results from the East African populations generally showed low genetic

differentiation. Also, the East African populations were genetically more diverse when compared

to either Ethiopian or Burkina Faso (Fig. 6.1 b-d). Based on all statistics, the non-native Lake

Victoria and native Lake Turkana populations were the most genetically diverse. Lake Kyoga and

River Nile were consistently the least diverse even when investigated at subpopulation level

(supplementary materials, Figure S4).
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Results from the Garza-Williamson index (G-W), generally indicated that nearly all of the

studied populations went through a bottleneck, apart from the Ethiopian Lake Tana (Figure 6.2a).

In the analysis, only Lake Tana exhibited G-W values >0.5. Regarding population genetic diversity,

however, Lakes Victoria and Turkana showed the highest number of private alleles (Figure 6.2b).
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When we partitioned Lake Victoria to assess the genetic diversity patterns within the

ecosystem, generally one sub-population was distinguished from the others (Figure 6.3). Sango

Bay, in particular, was isolated based on Fst values, and consistently exhibited higher genetic

diversity indices (Na, He and Ar) (Figure 6.3).

I

Figure 6.2 Estimations of population bottleneck derived from Garza-Williamson Index (G-W) (a) 
and measure of genetic diversity based on private alleles (b). The genetic diversity indices are 
mean values over loci

Figure 6.1 Genetic diversity and differentiation indices, a number of alleles, b allelic richness, c 
fixation index (Fst) and d expected heterozygosity. The genetic diversity indices are mean values 
over loci
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Mantel tests for isolation by distance (IBD) across all samples showed a positive correlation

between geographical and genetic distance (R2=0.30) (Figure 7U). However, the strong correlation

(R2=0.67) between the populations was only found when Burkina Faso was excluded from the

considered (Figure 7$).

analysis (Figure 7f). The genetic differentiation between the East African and the Ethiopian 

populations appears to inflate this correlation. Similarly, a strong IBD was also found amongst East 

African populations (Figure 7§), which was not the case when only Ugandan populations were

Figure 6.3 Genetic diversity of Lake Victoria within population, a number of alleles, b allelic 
richness c expected heterozygosity, and d private alleles
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Discussion

Fisheries and fishery products are vital in the developing world, but heavily threatened through

various anthropogenic activities which may compromise the continuity of the resources

(Welcomme et al., 2010). One aspect of the anthropogenic threats is the change or alteration of

the natural genetic structure offish stocks through admixture (Rhymer & Simberloff, 1996; Todesco

et al., 2016). To understand admixture of stocks, it is only possible if the source populations can

be differentiated using genetic markers. We show the importance of SSR-GBS for deeper

Figure 7 Mantel tests for correlations between genetic distance (Fst) and geographical distance 
(GGD in km) for O. niloticus populations. 1) represents isolation by distance (IBD) between all 
populations, f all populations without Burkina Faso, § East African, and t only Ugandan 
populations
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understanding of population dynamics, in particular, O. niloticus, towards management and

conservation genetics. In this study, we investigated the phylogeographical patterns and we found

large differences between lakes e. g. lake Tana and also differences between natural water

catchments that allows to identify populations. Here, we discuss the current state of 0. niloticus in

reference to phylogeographical patterns and anthropogenic activities.

Phylogeography of East African O. niloticus

In all analyses, we found a clear differentiation among all three African regions included in this

study (East Africa, Burkina Faso, and Ethiopia), indicating a low degree of connectivity amidst

them and highlighting the high level of differentiation between regions. Tana was completely

distinct from the remaining populations. This applies not to only to Ethiopian populations but also

to the East African ones. So, the genetic distance in Ethiopia is higher than between the East

African and West Africa populations, indicating a divergence higher than we would expect within

a species. Seyoum and Kornfield (1992) with allozymes found this population to be different and

thus contradictng the subspecies treatment from Trewavas (1983). This high level of differentiation

was confirmed in concurrance to past studies and so the species concept is sugested.

Lake Tana lies in the Ethiopian mountains and is isolated from the Lakes in the Rift valley

(Vijverberg, Dejen, Getahun, & Nagelkerke, 2012). This might explain the high degree of

differentiation of this lake because of lack of connectivity and divergent ecological conditions.

Contrary, Lake Hashenge which is also in the Ethiopian mountains is related to the Rift Valley

lakes. Lake Hashenge is reported to have been stocked with O. niloticus following mass mortalities

of the native species (Tsegay, 2017). The native status of this lake is unclear since it could have

been restocked with O. niloticus that originated from the Rift Valley Lakes. Besides that, we see a

s-'ght differentiation in PCoA between Lake Hashenge and the Rift Valley Lakes in Ethiopia.
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In East Africa genetic structure reflected different catchments. The population from Lake

Turkana was genetically distinct from the Ugandan populations which is expected given its high

geographical isolation (Odada et al., 2003). Trewavas (1983) treated the population from this lake

as a different subspecies (O. vulcani). The high diversity and number of private alleles found in

Lake Turkana can be a consequence of isolation. The fact that the East African arid Lake naturally

does not seem to have any potential contact with other populations, it explains the current

observed remarkable genetic diversity. One additional factor might be introgression perhaps from

anthropogenic activities or influx of geneflow via River Omo (Ethiopia). However, this is not clear

and a better sampling from the region needs to be included to evaluate the extent of the observed

current genetic structure of the population.

In Uganda, three main groups can be described: 1) the western Rift Valley water bodies

(Lakes George and Edward, as well as Kazinga Channel), 2) Lake Albert, River Nile and Kyoga

and 3) Lake Victoria system. The 2nd and 3rd groups are discussed under anthropogenic activities

which also explains the high migration rates between these populations. Different genetic structure

between the western Rift Valley Lakes (Edward-George-Kazinga Channel and Albert) was

conserved despite being connected through River Semliki that flows from Lake Edward and Albert

(Dumont, 2009). The strong rapids and falls present in this river (Dumont, 2009; Ogutu-Ohwayo,

1990), might constitute a strong barrier to gene-flow, which maintains these systems apart. These

findings are congruent with recent work on O. niloticus geometric morphometries (Tibihika,

Waidbacher, et aL, 2018), but do not concur with past studies (Mwanja et al., 2008; Trewavas,

1983). This incongruity might be associated with different methodological approaches utilized

between the earlier studies and the current. For example, Trewavas (1983) using morphometric

and meristics treated O. niloticus from the Edward-George system and Albert as one subspecies

(O. niloticus eduardianus). However, use of traditional morphometries and counts have been

subsection. The 1st group, Lakes George and Edward are connected via the Kazinga channel
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strongly labelled as weak in identifying species due to the fact that the characters involved in the

method overlap among many subspecies (Seyoum & Kornfield, 1992). Similarly, while we used

SSR-GBS techniques, Mwanja et al. (2008) employed random amplified polymorphic DNA (RAPD)

markers, which due to their dominant nature reduce result reliability (Wirgin & Waldman, 1994).

For the 2nd and 3rd Uganda groups, see the next section.

Anthropogenic activities-fish translocations

In East Africa we know that O. niloticus was introduced into several water bodies through stocking

activities and here we show their genetic impacts. Referring to both genetic structure and migration

rate analyses, the two Ugandan groups (Western Rift Valley and Lake Kyoga) contributed to

stocking of different water bodies. Apparently, O. niloticus from the southwestern Ugandan high-

altitude Lakes; Mulehe and Kayumbu, originated from the Western Rift Valley Lakes - Edward and

George. For the 2nd group, Lake Kyoga and River Nile (Victoria Nile) are genetically similar to Lake

Albert, suggesting that, the latter waterbody might have contributed genes to the gene-pool of the

former systems. Although Lake Kyoga is connected to Lake Albert via River Nile, their genetic

similarity is unlikely related to the consequence of natural migration via waterflow. The main reason

is the natural occurrence of Murchison Falls on River Nile that acts as a barrier between the

systems (Dumont, 2009; Ogutu-Ohwayo, 1990). For this matter, the genetic similarity between

River Nile, Lakes Kyoga and Albert may translate to the descendants from the latter waterbody

during stocking regimes as reported by Ogutu-Ohwayo (1990).

Fish farms seem to have sourced seed from multiple populations, resulting in admixed

stocks. Our results show that, Lakes Albert, and Kyoga as well as River Nile contributed to the

gene-pool of the farmed populations. Based on genetic distance, Lake Albert was the main 

contributor to Rwitabingi and Bagena farms while Kyoga to Sindi farm. However, we also observed 

a high amount of geneflow from Kyoga to Rwitabingi and all these farms showed to be admixed 

with other populations including Lake Victoria clusters. Apart from farms, evidences of admixture
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anthropogenic activities. This is supported by the fact that when non-native populations were not

considered in the Structure and PCoA analyses, signals of admixture were reduced, and clear

genetic structure assignments could be observed. In East African admixture in O. niloticus,

populations may stem from three main processes: 1) translocation from multiple sources into the

non-native water bodies, 2) back translocation from non-native to native populations, and 3)

hybridization of O. niloticus with congeneric species promoted by translocations.

The first and third processes may explain partly the genetic variation found in the 3rd group;

Lake Victoria (see above the three Ugandan groups). Although O. niloticus in Lake Victoria is

generally isolated, in the distance Network tree, the population occupied an intermediate position

between the above described; 1S1 and 2nd, Ugandan groups. Thus, it is clearly possible that multiple

stockings might have contributed to the gene-pool indicated by Lake Victoria. Trewavas (1983)

suggests that introductions into Lake Victoria may have originated from Lake Edward, with other

authors suggesting multiple sources (Balirwa, 1992; Fuerst, Mwanja, & Kaufman, 2000; Kaufman,

1992; Pullin, 1988), which support our results. The highly diverse and differentiated gene-pool in

Lake Victoria could have originated from the admixture of several lineages due to multiple sources.

On the other hand, possible hybridization of the introduced O. niloticus with the indigenous relative

species in Lake Victoria may explain some of the genetic variation patterns found in this lake. First,

this lake together with Turkana, showed values of private alleles up to four times higher than the

remain populations. This genetic variation could have originated from introgression from other

species that have not been included in the analysis. Similarly, the probable hybridization may

explain the high genetic diversity and divergent gene-pool detected in the system.

Within Lake Victoria, Sango Bay subpopulation appears to be an extreme case from this

by showing a highest degree of genetic divergence. Remarkable genetic differentiation in Sango

Bay was not only noticed when compared with the remaining subpopulations within the Lake, but

were noticed in the East African natural populations, which seems to have been promoted by
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extirpated following the explosion of O. niloticus in Lake Victoria (Balirwa, 1992; Balirwa et al„

2003; Kaufman, 1992; Ogutu-Ohwayo, 1990), the observed genetic structure of the cichlid may

have undergone genetic swamping via introgressive hybridization. However, in this study we

cannot directly test for hybridization since we did not include samples of O. niloticus congenerics.

However, hybridization involving O. niloticus and other tilapiines has been reported to be relatively

frequent and it needs to be considered (Angienda et al., 2011; Deines, Bbole, Katongo, Feder, &

Lodge, 2014; Shechonge et al., 2018; Welcomme, 1966).

The reported admixture/hybridization especially in Lake Victoria, may have adaptive

consequences and compromise the sustainability of O. niloticus. Although hybridization may lead

to heterosis/hybrid vigor (Benvenuto et al., 2012; Dodson et al., 2015), admixture is usually

reported to have negative consequences (Allendorf, Leary, Spruell, & Wenburg, 2001; Rhymer &

Simberloff, 1996). In more drastic scenarios, hybridization can result in genomic incompatibilities

contributing to a fast reduction of population fitness (Roberts, Gray, West, & Ayre, 2010).

Alternatively, the hybrids my potentially exhibit more fitness and subsequently extirpate the

parental lines (Deines et aL, 2014). The observed genetic structure of O. niloticus populations in

Lake Victoria was unexpected and has not been reported before, which calls for further

investigations for taxonomic recognition.

Evidences for the second process of admixture were only found in Lake Albert. In the

structure analysis this waterbody showed to be admixed with Lake Kyoga. Besides we found

significant migrations from Lake Kyoga to Lake Albert. These results indicated that admixture in

respect to translocations do not only contribute to non-native populations but also to native ones.

The sequence of geneflow from Lake Kyoga to Albert is not clear as none of the previous reports

have indicated this. However, it is likely that aquaculture activities might be contributing to the

observed geneflow between Lakes Kyoga and Albert.

also with the other East African populations. The fact that, the indigenous congenerics were
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Anthropogenic activities-consequences of overfishing

Some water bodies, especially Lake Kyoga and River Nile showed signals of genetic erosion.

These were indicated by low genetic variability and evidences of bottleneck according to the G-W

estimations. In a previous study Mwanja et al. (2008) had already reported this to be the case for

Lake Kyoga. High loss of genetic diversity among populations, particularly, in fishes has been

attributed to over-exploitation (Allendorf, England, Luikart, Ritchie, & Ryman, 2008). This might be

the case for these populations, but other factors may also play a role. The low diversity in River

Nile could be linked to the hydro-electric power dams that have been constructed along the river

(Ugandan side, upper Nile), which might be restricting gene-flow and increasing the effect of drift.

However, this needs to be assessed in further analysis, especially when additional sampling is

conducted in sections of the lower Nile. In Lake Kyoga we detected population subdivisions and

so restrictions to gene-flow in the whole system might encourage founder effects which may

ultimately lead to genetic erosion. Although nearly all the populations equally indicated to be

bottlenecked, the high to moderate genetic diversity exhibited in the other East African populations

might be an indicator of recent population expansion or linked to earlier stages of genetic erosion.

Implications for management and outlook

Overall, we found evidences that anthropogenic activities affected the gene-pool of East African

O. niloticus. The main consequence was admixture and possible hybridization between different

stocks and species respectively. In a long term this may have negative effects on populations

fitness due to outbreeding depression and genetic swamping. Thus, management measures

should inhibit any form spread of fish in the aquatic ecosystems. The Western or Albertine Rift

Valley lakes (Edward-George) may be ideal brood stock sources for subsequent breeding

programs and aquaculture, as these systems seem un admixed from external sources. To avoid

influx of feral populations and other infrastructure developments, proper environmental impact

assessment should be prioritized before implementation. We also found evidences of genetic
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erosion that in the long term might lead to inbreeding depression and loss of adaptive potential

from these populations. Some of the potential causes were overfishing and the construction of

hydropower dams, which should also be taken into consideration in future managing practices.

Conclusions

Our results were congruent with the hypothesis that anthropogenic activities affected the genetic

structure of O. niloticus in East Africa. The genetic variation of some populations, especially from

Lake Victoria, corresponded with possible hybridization of O. niloticus with native congeneric

species, mediated by anthropogenic activities. This study also contributed to the knowledge of 0.

niloticus phylogeography in East Africa. In this case we found genetic structure in populations from

Lake Tana, Victoria and one genetic cluster in the western Rift Valley, that may require further

exploration for taxonomic recognition. Moreover, this study shows the importance of molecular

genetic markers in particular use of SSR-GBS in cataloguing populations. Further studies should

include O. niloticus samples from other regions such as lower Nile (below Murchison Falls), Lake

Kivu (Rwanda), Tanganyika and Baringo as well as the congenerics for a more comprehensive

picture.
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5. Chapter 5
5.1 General discussion

Advanced geometric morphometries was used in combination with microsatellite genotyping by 

sequencing (SSR-GBS). under next generation sequencing (NGS) based techniques, for exploring 

the phenotypic and genetic structure of Nile tilapia in East Africa. The studied species was 

particularly of interest as it inhabits different environments, many of which are heavily influenced 

by various anthropogenic activities. Principally, focus was directed on three environmental types 

occupied by the species; native, non-native and farms from East Africa, with the inclusion of the 

Ethiopian and Burkina Faso populations.

Sustainable exploitation offish species is a global concern and maintaining biodiversity is vital for 

conservation. Nonetheless, the fisheries subsector in the developing world are of more worry as 

they are immensely negatively impacted on due to poor law enforcements and weak regulatory 

policies. Additionally, the continued decline of fish stocks is due to inclusion of management 

options and by-laws which were developed by colonialists and are outdated in the modern fisheries 

(Ogutu-Ohwayo & Balirwa, 2006). The multiple influx of anthropogenic activities in the East African 

Great Lakes presents a good example of fish dilemma in the region, despite the subsector being 

a vital source of cheap proteins to the rapidly shooting riparian human populations (Lowe- 

McConnell, 2009). The open-access-fisheries policy in the sub-Saharan region, triggers a leeway 

for resource over utilization or mis-use. Although Nile tilapia is currently commercially exploited in 

all over East African countries, the anthropogenic activities (fish translocation, habitat destruction, 

overfishing, pollution etc.) involved with this species pose a big threat for the species’ sustainability. 

Given that overfishing may be regulated through co-management and enforcement of by-laws 

(Nunan, Hara, & Onyango, 2015), the problem of mixed species may be complex and difficult to 

manage/conserve for future generations. Even though restocking can be an important intervention 

to manage and reinforce overfished stocks or improve the naturally unproductive/fishless water 

bodies, the ultimate results from this intervention may hinder the evolutionary genetic integrity of 

the indigenous populations via admixture and or competition (McClure et al., 2008; Valiquette, 

Perrier, Thibault, & Bematchez, 2014). The East African O. niloticus presents a paradigm of 

threatened species underlying anthropogenic induced activities, accrued from translocations. For 

instance, the stocking of Nile tilapia and Nile perch into lakes Victoria, Nabugabo, Kyoga and 

additionally for the former species into other numerous minor lakes (Ogutu-Ohwayo, 1990). 

Generally, the stocking of Nile tilapia and Nile perch into Lake Victoria and Kyoga improved greatly 

fish productivity, in particular, the large marketable table sized fish, which used not to be the case
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with the abundant small-sized haplochromines (Kaufman, 1992). However, the transfer of non­

native species were at a cost of the indigenous species’ disappearance through mutual biotic 

interactions (Ogutu.Ohwayo, 1990; Balirwa, 1992; Balirwa et al, 2003). Apparently, the genetic 

structure of Nile tilapia is likely to have been affected following introductions and subequent 

admixture with the congenerics. In this general discussion, I elucidate the over-all demography of 

the East African Nile tilapia and point-out recommendations for relevant future work.

Morphological divergence and local adaptation of the East African Nile tilapia 

(Oreochromis niloticus, L. 1758).

In chapter 2, geometric morphometric analysis was applied to study the shape variation of the East 

African Nile tilapia. This analytical approach was considered, based on two major merits; the 

method is generally able to retain the geometry or shape of the organism in question based on 

coordinate data which is ideally impossible for the traditional methods that involve linear 

measurements like, lengths, depths etc. In traditional methods, there is always a challenge of 

variable overlap which renders the method problematic to depict shape changes in organisms. 

Unlike the traditional approaches, geometric analysis is generally less prone to biases during 

analysis considering the specimen size or weight, which is possible through Procrustes 

superimposition implemented in MorphoJ software (Breno, Leirs, & Van Dongen, 2011; 

Klingenberg, 2013; Maderbacher et al., 2008).

Like other organisms, fish are susceptible to both natural and anthropogenic environmental 

alterations which may ultimately impact the discrepancy in their phenotypic and genotypic traits 

amongst various populations. For any successful organism to exploit heterogeneous 

environments, it will depend on its ability to respond to varying conditions through phenotypic 

plasticity (Corse et al., 2012; Nyboer & Chapman, 2013; Ruehl, Shervette, & Dewitt, 2011). In this 

case, phenotypic plasticity triggered by environmental cues will enable a given genotype to 

produce varying phenotypes via ontogenic modifications (Corse et al., 2012). However, 

unconditionally an organism can still buffer against adverse environmental pressures/stressors 

and remain in a stable state to produce genetically predetermined phenotypes, a condition referred 

to as developmental stability (Carpentero and Tabugo, 2014; Clarke, 1998). But organisms in new 

environments may reflect reduced developmental stability (developmental instability) because of 

their inability to maintain a stable condition against environmental disturbances (Carpentero and 

Tabugo, 2014; Almeida, Almodovar, Nicola, & Elvira, 2008). In this scenario, gradual divergent 

selective pressures from the inhabited environments can drive plasticity within and between 

populations (Nyboer & Chapman, 2013). Critical studies linking ecosystem exploitation and
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functionality across environmental gradients may provide a central goal in understanding the 

evolutionary biology of organisms. Therefore, investigating Nile tilapia populations in the context 

of shape changes from various habitats can be vital for understanding the demography of the 

cichlid. For instance, if components of organisms are reproductively isolated, phenotypic variations 

among populations may be unfolded due to underlying differences in environmental and biotic 

stressors (Nyboer & Chapman, 2013). Also, genotypic composition of these populations can drift 

apart and consequently have an impact in their morphology.

The East African Nile tilapia presents a scenario of a species that has undergone isolations during 

stockings in natural water bodies and aquaculture production systems. In principle, organismscan 

colonize new habitats naturally like through river connections and this may eventually encourage 

varying morphological traits during local adaptation or drift. For example, in East Africa, the 

interconnection of lakes via rivers may ideally have impacts on the species’ phenotypes but 

perhaps not significantly different amongst organisms in the same catchment. Theoretically, this is 

because analogous abiotic and biotic factors in the habitats may be maintained over generations 

which may have similar selective pressures on the inhabited organisms. The interconnection of 

water bodies generally suggest that the systems may not differ in both physicochemical and 

biological conditions which explains why the organisms may not as well diverge between the 

systems. Additionally, the fact that the connected water bodies present high chances of geneflow, 

as supported by the current genetic data, it shows that these populations are less likely to drift 

apart and maintain similar genotypes.

However, it should be noted that when species are anthropogenically dispersed further from their 

putative ancestral homes like in the case of the East African Nile tilapia, new selective 

environmental pressures and unfamiliar indigenous organisms may pronouncedly affect the aliens. 

Here, the introduced organisms will definitely encounter new stringent environmental pressures 

which induce the species to local adaptation and consequent morphological variability (Digo et al., 

2015). In this same trend, morphological divergence can further be exacerbated by admixture 

where hybrids may evolve divergent morphotypes from the parental lines (Valiquette, Perrier, 

Thibault, & Bernatchez, 2014). Thus, it was expected that shape divergence was conspicuously in 

the waterbodies where Nile tilapia was introduced, e.g., in Lakes Victoria and Kyoga. However, as 

shown in chapter two, this was not entirely the case. Although morphological divergence was 

revealed pronouncedly in non-native water bodies; Victoria and Kyoga, similar morphotypes were 

also observed in some native environments like lakes Turkana, George and Albert as well as 

Victoria Nile. Moreover, shape divergent among the Lake Victoria sub-populations was evidenced
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The shape divergent within Lake Victoria sub-populations was a clear suspect of admixture of Nile 

tilapia with the indigenous species. For example, following Nile tilapia introduction from Lake Albert 
in the 1950s, the indigenous congenerics (O. vahabilis and O. esculentus), virtually disappeared 
from Victoria and Kyoga at a time when the biomass of the alien species was increasing (Balirwa 

et al, 2003; Ogutu-Ohwayo, 1990; Balirwa, 1992). It is suspected that the indigenous tilapiines 
became extinct due to hybridization with the introduced Nile tilapia, although competition could 
have been another factor (Ogutu-Ohwayo, 1990; Balirwa, 1992). Although Nile tilapia is native to 

Lake Albert, shape changes in this population might have been be attributed to the effects of 
aquaculture production facilities, in particular, cage farming on the lake (Mbowa, Odokonyero, & 
Munyaho, 2016). Cage farming on Lake Albert could have influenced effects analogous to non­
native environments as stocked fish frequently escape from holding systems into the surrounding 
waterbody where they then interbreed with natural populations. In reality, a combination of many 
factors might have contributed to shape change in the East African Nile tilapia. For example, the 
noted shape divergence in Lake Turkana might have been intensified because of isolations and 
by the adverse environmental conditions, such as water level decline exacerbated by extreme high 
temperatures (Seebacher, Webster, James, Tallis, & Ward, 2016). The clear morphological 
divergence in Lakes Victoria, Albert, Kyoga, Turkana and the upper Nile (Victoria Nile) may have 
also been influenced by the intense predation pressure from Nile perch. Predation risk avoidance 
can cause morphological change in fish in situations when the prey must seek refugia in habitats 
with lower risk, but at a cost of decreasing foraging efficiency (Eklov & Svanback, 2005).

particularly for Sango Bay. These findings were partly concordant with my hypothesis. A possible 
explanation is that Nile tilapia might have encountered similar environmental pressures in 

waterbodies where it is non-native as in the ones where it is native. In this respect, the 
environments (e.g. Edward and Kazinga Channel) where the species exhibited relatively low shape 
changes could be different from the above waterbodies and perhaps with less stressing 

parameters. Similarly, the low shape change exhibited in the southwestern Ugandan high-altitude 
lakes was suspected to be due to limited time to accumulate shape divergence as the species’ 

introduction happened rather recently. But the aspect of admixture with the congenerics in the non­

native ranges might have contributed to the species' shape change as well as in the natives.

In the subsequent sub-section of this general discussion, the relevant genetic markers were 
developed and thereby utilized to delineate the genetic diversity and differentiation of the East 
African O. niloticus. Also details of fish translocations in East Africa are explained in light of Nile 
tilapia genetic diversity.
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Overall, the current results contradict those of Trewavas (1983), who is perhaps the first scholar 

to comprehensively study the African freshwater cichlids and particularly the tilapiines (Noakes, 

1994). Trewavas (1983), categorized African O. niloticus into seven subspecies including; 0.

In all cases, the genetic diversity for a given population may be inclined on to fragmentation and 

admixture, among other factors. For example, the low genetic diversity indicated by Burkina Faso 

and Ethiopian populations may suggest strong effects of genetic drift leading to genetic erosion, 

resulting from populations fragmentation. This is associated to the probable absence or very limited 

potential of the contemporary dispersal of geneflow among the Ethiopian lakes (Vijverberg, Dejen, 

Getahun, & Nagelkerke, 2012). Apparently, all the studied Ethiopian lakes are not interconnected 

apart from the link between Lake Ziway and another unstudied Lake, Langano through Lake 

Abijata (Tudorancea & Taylor, 2002; Vijverberg et al., 2012). However, fragmentation among the 

Ethiopian populations is more pronounced in the mountainous Lakes Tana and Hashenge 

(Vijverberg et aL, 2012) which clearly explains the distinctness of Nile tilapia in the former water 

body. This is contrary to the Rift Valley lakes Chamo and Ziway of which their vicinity and similar 

climatic conditions (Tesfaye, 2010; Vijverberg et al., 2012) may contribute to their observed cluster. 

But the closely relatedness of the mountainous Lake Hashenge to the Rift Valley Lakes Chamo 

and Ziway may be associated to anthropogenic activities. Apparently, Lake Hashenge is reported 

to have been stocked with alien O. niloticus following mass mortalities of the native species in the 

waterbody (Tsegay, 2017). However, the seed source for stocking in Hashenge is not reported 

which might have originated from the Rift Valley lakes, hence explaining the present results.

5.1.2 Genetic diversity and differentiation of Nile tilapia among regions

In chapter 4, the genetic structure of the East African O. niloticus was explored with 40 SSR 

markers using GBS techniques. Results indicated that the East African populations were 

genetically diverse in comparison to, for example, the Ethiopian populations. Moreover, the Fst 

and genetic isolation by distance (IBD) analyses showed that the East African populations were 

more homogenous but distant from the Ethiopians. In the same analysis, the Ethiopian populations 

showed generally two divisions, with Tana evidently distinct and genetically distant from the cluster 

of, Ziway, Chamo and Hashenge. But in general, for all the analyses, the genetic structure 

corresponded with multiple divisions both at local and regional levels. However, high levels of 

admixture were observed mainly among the East African populations, which may be partly caused 

by fish translocation practices for stocking purposes (discussed below). Admixture levels 

dramatically declined when only the indigenous populations were analysed separately, an 

indication that the introduced populations were more admixed as would be expected.



119

niloticus niloticus (O. n. niloticus), O. niloticus eduardianus (O. n. eduardianus), O. niloticus 

cancellutus (O. n. cancellatus), O. niloticus filoa (O. n. filoa), O. niloticus vulcani (O. n. vulcani), O. 

niloticus baringoensis (O. n. baringoensis) and O. niloticus sugutae (O. n. sugutae). The author 

further characterised and associated these groups geographically (Figure 8). For example, 

according to Trewavas (1983), 0. n. niloticus is native to Yorkon River near the Mediterranean 

Sea, Nile below Albert Nile to the Delta, Lake Chad, Rivers Niger, Benue, Gambia, Volta and 

Senegal, O. n. eduardianus is native to Lakes George, Albert, Edward, Kivu, Tanganyinka and 

the Ruzizi River, O. n. cancellatus is native to Ethiopian Lakes Tana, Ziway, Omo River system 

and the Awash River, O. n. filoa is also native to the Ethiopian Hot Alkaline Springs of the Awash 

River System, O. n. vulcani is native to Lake Turkana and Loiengalani stream in Kenya, O. n. 

baringoensis is native to Lake Baringo, Kenya and O. n. sugutae naturally belong in Kapedo river 

and its warm alkaline springs of Kenya (Figure 8). While in this thesis, Albert looked rather 

undifferentiated from Victoria Nile and Lake Kyoga, but typically distant from the rest of the western 

Rift Valley lakes, Trewavas (1983) found that Lakes Edward-George system was similar to Albert 

(Uganda) and that Lake Tana is connected to other Ethiopian populations. Nonetheless, the 

current results regarding the distinctiveness on Nile tilapia from Lake Turkana concur with the 

findings of Trewavas (1983), who equally found the populations unique and considered the species 

in there to be O. n. vulcani. However, the work of Trewavas (1983) has not only differed from some 

of the current results, but also to other authors. For example, Vreven, Adepo-Gourene, Agnese, 

and Teugels (1998) using similar morphometries and accompanied with Allozyme genetic markers 

found the Lake Edward strain was closely related to the lower Nile (Egypt). Trewavas (1983) in 

contrast concluded that, the lower Nile strain in Egypt belonged to the West African strains 

collectively referred to as O. n. niloticus. However, the current results concerning the 

distinctiveness of Ethiopian Tana concur with the findings from Seyoum and Kornfield (1992). 

These authors employed restriction endonuclease mitochondrial DNA (mtDNA) to investigate the 

Ethiopian populations and similarly found Nile tilapia from Lake Tana genetically distinct and in 

fact they ruled out the name O. n. cancellatus which was previously assigned by Trewavas (1983). 

Therefore, the observed distinctness of the Ethiopian Nile tilapia in Lake Tana and the Ugandan 

Edward-George cluster may warrant future explorations for taxonomic recognitions.
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The present results regarding admixture was more markedly in the non-native populations 
especially Lake Victoria consistent with high numbers of private alleles. Based on the current 
genetic results, admixture of O. niloticus populations in East African may be attributed to three 
main anthropogenic induced processes: 1) translocation from multiple sources into the non-native

5.1.3 Nile tilapia geneflow patterns delineated by migration rates/anthropogenic fish 
translocations

The high genetic diversity and geneflow observed mainly in the East African populations are 
thought to be a consequence of re-stocking practices which may have partly promoted 
hybridization between O. niloticus and the native congenerics. Perhaps, this may explain why the 
indigenous and close relatives of Nile tilapia disappeared from Lake Victoria basin following the 

introduction of the alien cichlids through genetic swamping.
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Figure 8 Classification of seven subspecies of Oreochromis niloticus and their natural 
geographical ranges (source: Trewavas, 1983, with minor modifications).
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water bodies, 2) back translocation from non-native to native populations, and 3) hybridization of 

0. niloticus with congeneric species promoted by translocations especially in the non-native 

environment. In this context, the first and third anthropogenic mediated processes, may explain 

partly the genetic variation found in Lake Victoria. Although O. niloticus in Lake Victoria is generally 

isolated, in the distance neighbor network tree, the population occupied an intermediate position 

between the western Rift Valley lakes (the genetic cluster of Lakes Edward-George as well as 

Kazinga Channel) and another Ugandan cluster of Albert-Victoria Nile and Kyoga. Thus, it is clearly 

possible that multiple stockings might have contributed to the gene-pool indicated by Lake Victoria. 

This clearly explains why Lake Victoria (Ugandan waters) clustered independently from for 

example Lake Kyoga, despite both being non-native and reported to have received stockings from 

the same putative source (Ogutu-Ohwayo, 1990; Balirwa, 1992). In this case, Indeed Lake Kyoga 

might have received stocking seed from a single source. Apparently, the isolation of Lake Victoria 

may be linked to the past multiple stockings and subsequent genetic swamping, accrued from 

introgressive hybridisation from various lineages. Additionally, while the subdivisions in Victoria 

were expected to unfold low genetic diversity perhaps resulting from founder effects, this was not 

the case. Consistently, Victoria sub populations were genetically heterogeneous. In contrast, the 

meta-populations in Kyoga were less divergent and analogous to the upper Nile (Victoria Nile). 

The meta-populations in Lake Victoria might also emanate from the multiple reported 

introductions/stockings of Nile tilapia into Victoria ecosystem. On the other hand, considering that 

most populations appeared to be undergoing a bottleneck (mostly detected in Kyoga and Victoria 

Nile), the population in Lake Kyoga and Victoria Nile might be suffering from the effects of 

overfishing with subsequent founder effects. Population subdivision and related low genetic 

diversity among fish species have been associated partly with the impacts of over-fishing 

(Allendorf, England, Luikart, Ritchie, & Ryman, 2008). But the bottleneck effects in River Nile, 

might also be highly linked to the dams that were constructed along the river (Ugandan side, upper 

Nile), which might be confining the species. However, this can be subjected to further analysis 

especially when additional samples are taken below the Nile at Murchison Falls. Nevertheless, 

the observed genetic traits of Nile tilapia from the East African water bodies are thought to be from 

mainly anthropogenic induced activities which could have impacted on both the alien and recipient 

populations.

The idea of fish relocations in East Africa started rather earlier, even when the native tilapiine 

fishery (particularly the famous Ngege fishery) was still booming (Graham, 1929; Worthington, 

1932) explained by Anderson (1961). The initial plan was to introduce Nile perch in Lake Victoria. 

This was congruent with the high abundance of the cichlid haplochromines in both inshore and
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offshores of L. Victoria, which were supposed to be converted into useful and high market demand 

marketable table size fish through predation. However, Nile tilapia is reported to have been 

introduced earlier in the 1950s and later Nile perch in the 1960s, but against the advice from Fryer 

(1960) who had predicted a possible tragedy on the indigenous fishes of Lake Victoria. Even before 

this time, earlier ideas for fish introductions in the 1920s were still criticized by (Graham, 1929). 

Though both species; Nile perch and Nile tilapia, are to blame for the collapse of the native species, 

the former was mainly responsible for the decline of haplochromines (Kaufman, 1992). Albeit 

overfishing led to early declines in the preferred native tilapiines, the most pronounced decline of 

these species occurred in the 1980s when the stocks of Nile tilapia exploded (Balirwa, 1992). 

Consequently, this situation raised many questions and concerns, as most scientists and other 

stakeholders blamed Nile tilapia as the causative agent (Balirwa, 1992; Kaufman, 1992; Mwanja, 

2000; Ogutu-Ohwayo, 1990). It is likely that, based on arguments and advice against alien species 

from Fryer (1960), there was no consensus on how to conduct formal species introductions into 

the Lake Victoria region (see Table 1). In this context, what is perplexing is the incongruity in the 

historical reporting and it is not always easy to trace the putative source populations of Nile tilapia.

According to Welcomme (1966); Agnese, Adepo-Gourene, and Pouyaud (1998), Nile tilapia was 

first stocked in Lake Bunyonyi (South-western Ugandan highland minor lake) in 1936 from L. 

Edward and later to Lake Victoria in the 1950s via Koki lakes (Table 1). But Agnese, Adepo- 

Gourene, and Pouyaud (1998), explain that, some tilapiines (Tilapia nigra) was also introduced 

from Lake Naivasha (Kenya) into Lake Bunyonyi (see also table 1). Here it is unclear as to whether 

the stockings from Lake Bunyonyi are the ones which ended up into Victoria. In 1966, further 

massive stocking campaigns were conducted on the Ugandan side of Lake Victoria, whereby the 

brood stock source was unknown (Balirwa, 1992; Ogutu-Ohwayo, 1990). Trewavas (1983) 

reported that, in the 1950s, the species was stocked several times into Lakes Victoria and Kyoga, 

and that other introductions might have come from Lake Turkana. Other reports indicated that the 

stocking material came from the ponds at Kajjansi (Entebbe Road-Uganda) (Pullin, 1988; 

Trewavas, 1983). In general, Trewavas, (1983) and Balirwa (1992) reported numerous sources of 

Nile tilapia into Lakes Victoria and Kyoga. In contrast, Mwanja (2000) reported that, intentional Nile 

tilapia stocking in L. Kyoga was from a single source, L. Albert as opposed to multiple stockings in 

L. Victoria (Table 1). Although (Pullin, 1988) also indicated possible stocking from ponds at Kajjansi 

and Lake Turkana, the author suggests that Nile tilapia and O. leucostictus were mistakenly 

introduced when Tilapia zillii was translocated from Lake Albert into Lake Victoria. Pullin (1988) 

also reported that, in 1967, Nile tilapia was observed in Mwanza Prisons’ culture ponds near the
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shores of Lake Victoria (Tanzanian side), thereby suggesting other possible sources of feral

populations.

The massive and multiple introductions of Nile tilapia into particularly Lake Victoria may be linked

to the observed subdivisions indicated by both geometric morphometries and molecular data.

Additionally, high genetic diversity and private alleles observed in Lake Victoria may be in line with

multiple stockings or hybridization. However, the uniqueness showed by Nile tilapia from Lake

Victoria despite the population being non-native may signify that apparently the population is

speciated via introgressive hybridization. This is in line with, Balirwa (1992); Welcome, (1966) who

observed some unique phenotypic characters in the Northern Lake Victoria waters and suspected

them to hybrids between Nile tilapia and O. variabilis. Based on the current results, the

distinctiveness of Nile tilapia in Lake Victoria requires further exploration, particularly at

mitochondrial genome level for subsequent taxonomic recognition.

Table 1. Historical translocations of tilapiines in East African water bodies

Fish source Destination CitationSpecies Year

L. Edward Agnese et al 1998O. niloticus 1927 L. Bunyonyi
L. Naivasha O. spilurus nigra L. Bunyonyi Agnese et al 19981932

L. Edward O. niloticus L. Victoria & Kyoga Balirwa 19921950s

Kaufman 1992
P. Kajjansi U O. nilotictus fry 1956 & 1958 L. Victoria Balirwa 1992
L. Albert Tilapia zillii 1951 & 1962 L. Victoria Balirwa 1992
L. Albert O. leucostictus 1951 & 1962 L. Victoria Balirwa 1992
Zambia Tilapia rendalli 1952 & 1962 L. Victoria Balirwa 1992

1961 & 1966 L. Victoria Balirwa 1992
L. Albert 1950s & 1960s L. Victoria Ogutu-Ohwayo 1990
L. Albert Tilapia zillii 1950s & 1960s L. Victoria Ogutu-Ohwayo 1991
L. Albert O. leucostictus 1950s & 1960s L. Victoria Ogutu-Ohwayo 1992
L. Albert O. niloticus Pullin 1988
L. Albert Tilapia zillii Pullin 1988
L. Albert O. leucosticus L. Victoria Pullin 1988
P. Kajjansi U O. niloticus L. Victoria Pullin 1988
L. Turkana O. niloticus L. Victoria Pullin 1988
L. Edward O. niloticus 1924 L. Bunyonyi Trewavas 1983
L. Turkana O. niloticus 1951 P. Kajjansi U Trewavas 1983
L. Albert Tilapia zillii 1951 L. Victoria Trewavas 1983

I

Thousands of fry
O. niloticus

L, Victoria & Kyoga
L. Victoria
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-unknown source, P=ponds and U= Uganda

O. leucostictus

O. niloticus

O. niloticus

O. niloticus

1936
1954

1960s

L. Victoria

L. Bunyonyi

Koki lakes U

L. Victoria & Kyoga

Trewavas 1983

Welcome 1966

Welcome 1967

Welcome 1967;

Lowe-McConnel 

1975; Mwanja 2000

L. Albert

L. Edward

L. Edward
L. Albert

5.1.4 Nile tilapia genetic structure in the context of ecogeographical location

The genetic structure of the East African populations indicated to be consistent with geographical 

location and corresponded to water catchment interconnections. For example, the genetic link of 

George to Edward via Kazinga Channel and the connection between Victoria Nile with Kyoga. This 

was ideally expected based on the water connections in these systems. Moreover, the Edward- 

George cluster was unveiled to be connected to the South-western Ugandan high-altitude lakes 

which clearly explains the possible putative sources of stocking to the latter populations. Similarly, 

the distinctiveness of O. niloticus in Lake Turkana may be associated to its nature of isolation 

which prevents any possibility of geneflow from gene pools of other populations.

However, the low genetic diversity results from upper River Nile (Victoria Nile) and the non-native 

Kyoga were generally unexpected. But it is likely that the natural water connections between 

George and Edward via Kazinga Channel generally maintains the genetic diversity moderately in 

these systems for generations. This corresponds to explanations from earlier reports that, under 

natural population connectivity patterns, the evolutionary genetic potential of organisms may be 

kept to relatively higher levels than in the local populations (Palstra & Ruzzante, 2011). On the 

other hand, ideally, Lake Albert would be clustered to the Edward, Kazinga Channel and George 

cluster via River Semliki, which was not possible with genetic structure analyses. However, it 

appears that the strong rapids on R. Semliki falls (Dumont, 2009; Ogutu-Ohwayo, 1990) interrupt 

geneflow between these systems which maintain Albert apart. Similarly, the unexpected absence 

of genetic connectivity between Lake Victoria and Victoria Nile, given the former being the source 

to the latter, may stem from the obstruction at Owen Falls Hydro Electric Power Dam between 

these systems (Dumont, 2009). But the observed genetic link of Lake Albert, to the cluster of 

Victoria Nile and Kyoga in Uganda, may be a result of the geneflow influenced by anthropogenic 

activities, and rather not the naturally connectivity between the cluster and the Albertine waterbody. 

This is because the presence of Murchison Falls on Victoria Nile acts as a natural barricade against 

the possibility of fish migrations to downstream which conventionally allows un connectivity offish 

species between the upper Nile and Albert (Dumont, 2009). The cluster between these systems



125

may be elucidated by O. niloticus introduction from Albert to directly Victoria Nile in the 1950s as 

reported by Ogutu-Ohwayo (1990). Ogutu-Ohwayo (1990) further clarifies that, the Nile tilapia 

strain below the Murchison falls in Victoria Nile may be native contrary to the non-native one in the 

upper Murchison falls. These results tally with those of Mwanja, (2000) who argued that, Nile tilapia 

was directly introduced from a single source, Albert to Lake Kyoga system (and perhaps in Victoria 

Nile), which contrasts to multiple sources in Lake Victoria. Therefore, the interaction of many gene 

pools from various Nile tilapia strains together with the indigenous congenerics, may explain the 

current observed distinctiveness of the cichlid in Lake Victoria, compared to for example Lake 

Kyoga.

Expectedly, the non-native Lake Victoria population in general was found to be genetically 

divergent consistent with high private alleles. Although the population revealed numerous 

geneflow, only a few individuals from Lake Victoria appeared to cluster with other populations. The 

fact that Victoria is non-native, a pronounced cluster with the possible putative source of stocking 

would be expected. But rather, this was not the case and it could be a clear indicator that Nile 

tilapia in Lake Victoria might have undergone genetic swamping, as a result of introgressive 

hybridisation with the native congenerics. It should be noted that, although several reports indicate 

hybrids as commendable traits for adaptation and subsequence performance in diversified 

environments, in respect to heterosis (Dodson et al., 2015; Dowling et aL, 2016), on the other side, 

the consequences may be impractical and unsustainable over generations (Valiquette, Perrier, 

Thibault, & Bernatchez, 2014). For instance, consequences of admixture may lead to formation of 

transgressive segregation phenotypes which may be positive, and in extreme cases negative in 

terms of fitness. In this context, transgressive segregation may influence extinction either via 

parental line displacement, or gradual extinction through outbreeding depression (Rhymer & 

Simberloff, 1996; Dodson et al., 2015; Rieseberg, Archer, & Wayne, 1999). Moreover, erosion in 

genetic diversity and rapid loss in numbers of some wild fish populations have been condemned 

on to hybridization e.g. in Salmon (Salmo salar) (Bourret, O'reilly, Carr, Berg, & Bernatchez, 2011). 

Similarly, disappearance or extinction of South African indigenous O. mossambicus has been 

reported to the causal effects of introgression with nonnative O. niloticus (Zengeya, Robertson, 

Booth, & Chimimba, 2013). In East Africa, the fact that O. niloticus has been massively cultured 

over years, with some aquaculture production systems on or around various waters bodies (Blow 

& Leonard, 2007), escapees from these systems into natural water bodies could have had dramatic 

effects with indigenous species. This is in addition to the past direct restocking regimes that were 

implemented in these water bodies. It should be noted that, conclusive deductions on introgression
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is necessary with inclusion of species closely related to Nile tilapia in the analyses and such studies 

are ongoing but out of scope of this thesis.

The current results differed from other previous molecular studies on Nile tilapia in the region. For 

instance, in East Africa, Agnese, Adepo-Gourene, Abban, and Fermon (1997); Vreven et al. 

(1998); and Mwanja, Booton, Kaufman, and Fuerst (2008) studied the evolutionary biology of Nile 

tilapia using allozymes with restriction fragment length polymorphism (RFLP) of mitochondrial DNA 

(mtDNA), allozyme and random amplified polymorphic DNA (RAPD) respectively. Agnese et al. 

(1997) studied only three East African lakes; Edward (Uganda), Baringo and Turkana (Kenya), the 

rest of the samples were Ethiopian and West African. On the other hand, Mwanja et al. (2008) 

studied most of the major bodies in Uganda; Victoria, Kyoga, Edward, George, Albert and several 

satellites in central Uganda. Mwanja et al. (2008) showed that Nile tilapia populations from lakes 

Victoria and Edward were alike and they concluded that Lake Victoria population was most likely 

from Edward instead of Lake Albert as previously reported. Additionally, these authors noted that 

populations from George and Albert were similar than would be for George to Edward and 

attributed it to stocks planted from Albert to George. However, our results concerning the similarity 

of Lake Albert and Kyoga concur with those of Mwanja et al. (2008). These authors explain that, 

whereas both Lake Victoria and Kyoga are non-native, the introduction of Nile tlapia into the latter 

water body was much more recent than in Lake Victoria which may relate to the observed genetic 

variations in these systems. Agnese et al. (1997) reported that, Nile tilapia populations were 

clustered into three groups; i) West African populations (Lakes; Senegal, Niger, Volta, and Chad 

drainages), ii) Ethiopian Rift Valley populations (Lakes; Ziway, Awasa, Koka and Sodore hot 

springs in the Awash River, and iii) Nile drainage populations; River Nile, Lakes Tana and Edward 

and Kenyan Rift Valley populations; Turkana, Baringo and River Suguta). Interestingly, findings 

from Agnese et al. (1997) also deviated from both the studies of Trewavas (1983) and Seyoum 

and Kornfield (1992). While Seyoum and Kornfield (1992) for example, indicated that Nile tilapia 

in Lake Tana is distinct, Agnese et al. (1997) clustered the population to Lake Edward and the 

Turkana system. Trewavas (1983) associated Nile tilapia from the lower River Nile (Egypt) to West 

African strains, but Agnese et al. (1997) linked Nile tilapia from River Nile with the Edward and 

Turkana system.

Albeit trie aforementioned previous studies provide important contributions in understanding the 

demography of Nile tilapia in Africa, it is likely that the used methodological tools might have been 

constrained by either low resolving power or precision accompanied with limited narrow genome 

regions (Narum et al., 2013) in characterizing the populations and hence the observed
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One intriguing question would be, why the available/existing developed SSR markers from 
molecular data were not used? Or why not utilize the markers developed for other generically 
similar species (cross-species amplification) or even neutral markers? The development of new 
markers was partially necessary to acquire longer amplicon lengths to the maximum of 300 bp with 
traditional genotyping. This way more sequencing information can be recovered increasing the 
change of recovering SNP variation in the flaking region and consequently increasing the number 
of alleles. However, the main reason was to avoid consequences of high numbers of null alleles 
which result from cross-species amplification. It is indicated that even when cross-species 
amplification is successful, generally lower levels of variability may be exhibited than the previous 
species to which the markers were developed (Primmer, Moller, & Ellegren, 1996). The traditionally 
developed loci normally result into low number of loci and may be less taken into consideration

5.1.5 Use of microsatellite loci (SSR) and the strengths of genotyping by sequencing 

(GBS) under next generation sequencing (NGS)
Since the 1980s, SSR markers have been extensively employed in many biological fields, including 
population genetics, conservation genetics, parentage, molecular breeding etc on various 

organisms because of their proved robustness (Oliveira, Padua, Zucchi, Vencovsky, & Vieira, 
2006; Vartia et al., 2014). In principle, albeit SSR are utilized widely, they are not without 
bottlenecks, including labor intensive, time consuming, costs involved in genotyping and low 
marker yield. But this is more realized specifically when considering the traditional SSR 
development techniques that involve enriching and cloning procedures and genotyping based on 
fragment length analysis (Vartia et al., 2014; Zane, Bargelloni, & Patarnello, 2002). In the current 
work, 26 SSR markers were developed and genotyped using NGS with the aim of testing the 
genetic Structure of East African O. niloticus. Such an approach can overcome some of the 
limitations associated with microsatellites. This was done by comparing the traditional SSR 
sequence length analysis with genotyping by sequencing approaches.

discrepancies. Moreover, some of the earlier used markers like RAPD, have been labelled as loci 

with patterns of dominance inheritance which reduce result reliability (Wirgin & Waldman, 1994). 

The present patterns of genetic structure of Nile tilapia in East African based on SSR-GBS show 
the impacts of anthropogenic activities, which might not sustain the populations. Proper guidelines 
and environmental impact assessment for fish translocations and infrastructure development 

should be adhered to when deemed necessary for aquatic environments. This is important for 
avoiding the disruption of the natural genetic structure of the fish species through propelled 

geneflow between species or confinements with related founder effects.
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primarily in studies that involve undifferentiated populations because large numbers of SSR 

markers are required (Zane et al., 2002). With the use of next generation sequencing (NGS), the 

discovery of SSR markers has proved gradually more economical and faster especially on non- 

modal organisms (Curto et al., 2013; Vartia et al., 2014).

In this thesis, the use of SSR markers based on genotyping by sequencing (GBS) provided a 

greater advantage over the traditional amplicon length in resolving issues like size homoplasy 

(Vartia et al., 2016). The genotyping approach also revealed potentially the veiled genotypes in 

the amplicon/whole sequence information contrary to the conventional sequence length. 

Moreover, the SSR-GBS approach exposed more highly polymorphic loci and were all generally 

informative when the genetic structure of the East African O. niloticus populations was tested 

contrary to the traditional amplicon length (AL) method (Tibihika et al., 2018). The robustness of 

SSR-GBS was recommended for future studies involving evolutionary studies of cichlids 

particularly the East African O. niloticus. This is because the SSR-GBS analytical platform allows 

for high reproducibility and the genotyping of many individuals/populations may be very useful for 

monitoring stocks like the case of East African Nile tilapia.

Microsatellite markers with NGS under genotyping by sequencing (SSR-GBS) might be might be 

a choice by evolutionary biologists because of its promises as a common genotyping platform in 

future molecular studies (Narum et al., 2013). In comparison to other genotyping approaches and 

marker systems, GBS has proved beyond doubts in population genomics by unfolding thousands 

of SNPs throughout the genome that are prone to evolutionary trajectories including selection, 

recombination, mutation and genetic variability, inter alia (Narum et al., 2013). Moreover, GBS has 

proved robust at enhancing precision of structural inferences by increasing the number of neutral 

markers during genotyping (Narum et al., 2013).



129

6. Chapter 6
6.1. Conclusions and outlook

Overall, the combined geometries and molecular genetics methodological tools in this thesis 

revealed to be powerful in delineating the current state of the East African O. niloticus populations 

from various environments. Using geometric morphometries, it was difficult to differentiate the 

populations as they generally overlapped. However, populations from Victoria, Kyoga, Albert, 

Turkana, River Nile and George were observed morphologically divergent. In this analysis, two 

clusters, 1) River Nile, Albert, Kyoga and Victoria and 2) Kazinga Channel and Edward, were 

recorded. On the other hand, the shape variation in Lake Victoria sub-populations was revealed 

to be more pronounced in Sango Bay and Kakyanga. The rest of the sub-populations formed a 

cluster. I showed that application of SSR-GBS was a more powerful alternative to traditional 

fragment analysis by not only recovering a higher level of variation on Nile tilapia populations but 

also a more detailed genetic structure pattern. For this reason, this method was subsequently 

employed for analysing the genetic diversity and differentiation of all the East African, Ethiopian 

and Burkina Faso populations. Apparently, it was indicated that the Ethiopian Tana is distinct from 

all other Nile Tilapia populations studied which may require further exploration for taxonomic 

recognition. I also found the genetic structure of the East African population admixed, despite some 

isolations, but consistent with Geometric morphometries. Genetic diversity was remarkable in non­

native Victoria, though Kyoga unveiled to be less diversified. Despite geometric analyses indicating 

George divergent from Kazinga Channel and Edward, the molecular analyses indicated a cluster 

among these populations as one system. Genetic molecular analyses further showed Nile tilapia 

in Lake Albert is distant from Lake Victoria, unlike to Lake Kyoga and River Nile (upper Nile) which 

formed another cluster. The slight discrepancy between geometries and molecular genetic 

analyses in this thesis, is linked to obvious different tools, which was expected. This is because, 

traits observed at molecular level may not necessarily be reflected in phenotypes which actually 

explains the importance of molecular data. The south-western Ugandan high-altitude lakes, 

Mulehe and Kayumbu were found associated to Edward, Kazinga Channel and George, which 

suggests their putative source of stocking. We could not trace the clear putative source of native 

O. nilotics into Lake Victoria which is an indicator that Nile tilapia in this water body might have 

undergone genetic swamping, accrued from introgressive hybridisation with the native 

congenerics. Largely, all the populations were indicated somewhat bottlenecked but with severe 

indicators observed in River Nile and Kyoga consistent with low genetic diversity, which is a major 

challenge for management. While the challenges in the upper Nile might be related to bottleneck 

effects perhaps arising from the combined effects of constructed dams and overfishing, Lake
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Kyoga maybe be solely overfished. In all systems, apart from the Edward-George cluster, it is 

possible that anthropogenic threats are enormous which calls for proper management 
interventions. Aquaculture activities, especially cage farming may be discouraged from the major 
naturally productive East African water bodies, but rather be set in the satellite/minor water bodies 

which are somewhat characterized by discontinuities. In general, both chapters in this thesis have 
revealed that the East African O. niloticus populations are admixed, deduced by geometric 
morphometries and microsatellite genotyping by sequencing. The applied combination of 
morphometries and molecular genetic tools in analyzing the current state of the East African 0. 
niloticus, clearly indicate the relevance of the approach for providing adequate information for 
management and conservation. Albeit these approaches have shown to be strong, additional 
follow-up of these findings with mitochondrial genome analyses may sound vital (Mohanta et al., 
2016; Zhao, Gao, & Lu, 2015). I am currently optimizing the findings from this thesis with inclusion 
of samples from the lower Nile (below Murchison Falls), Kivu (Rwanda), Tanganyika and Baringo 
for a broader picture. The analyses will consider genetic introgression and phylogeny through 
mitochondrial DNA amplification for broadly understanding the extent of biotic interactions of 0. 
niloticus with congenerics and putative sources of O. niloticus.
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Appendix
Supplementary materials for chapter three

Application of microsatellite genotyping by sequencing (SSR-GBS) to measure genetic diversity of

the East African Oreochromis niloticus

Journal: Conservation Genetics
Table S1 Descriptions of the STRUCTURE HARVESTER output tables depicting the best K based

the best K. Tables a and b represent, respectively, to STRUCTURE HARVESTER outputs for

whole amplicon information and amplicon length allele calling approaches.

a
Delta K|Ln"(K)|Ln'(K)Stdev LnP(K)Mean LnP(K)K Reps

1.261789-8032.99101

77.31443193.252.499533 334.910 -7698.092

87.92157141.65 428.19-7556.44 4.8701363 10

-286.54 947.33 0.8101291169.3584 10 -7842.98

190.5002-7182.19 4.146873 660.79 789.985 10

-129.19 169.93 3.1283056 10 -7311.38 54.32016

142.36 2.8586077 10 -7270.64 49.80047 40.74

8 10 -7372.26 75.48525 -101.62 2 92 0.038683

9 10 -7476.8 94.61481 -104.54 20.28 0.214343

10 10 -7561.06 119.941 -84.26

b
K Reps Mean LnP(K) Stdev LnP(K) Ln’(K) |Ln"(K)| Delta K

10 -6685.7700001 1.095496

10 -6401.8700002 1.910236 283 900000 254 910000 133 444273

on Evanno’s methods. The highlighted rows show the largest value in Delta K corresponding to
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K Mean LnP(K)Reps Stdev LnP(K) Ln'(K) Delta K|Ln"(K)|

-6372.8800003 10 4.443422 28.990000 79.790000 17.956881

4 10 -6264.100000 4.616877 108.780000 4.09151018.890000

5 10 -6174.210000 38.198733 89.890000 1.64193962.720000

6 10 -6147.040000 65.745557 27.170000 16.470000 0.250511

7 10 -6103.400000 5.450382 43.640000 48.890149266.470000

8 10 -6326.230000 138.313204 -222.830000 0.55894977.310000

9 10 -6471.750000 119.782463 0.540062-145.520000 64.690000

10 10 -6552.580000 75.890913 -80.830000

Table S2 Allelic richness for the studied population based on 26 SSR loci. Figures with or
without superscript * indicate allelic richness from amplicon length and whole amplicon
information allele calling methods respectively

Loci Albert George VictoriaRiver Nile

Ti12 3.24 2.38* 1.81*3.04 1.37* 4.641.94 1.00*
Ti16 1.00 1.00* 3.425 3.87* 2.26 2.93*1.417 1.542*
Ti8 2.92 2.18* 1.84*1.29 1.38* 1.94 1.00* 2.85
Ti34 8.77*12.73 8.93* 6.43 6.84* 6.67 6.40* 8.74

1.98*Ti15 1.59* 2.60 1.881.46 2.00* 1.00 1.00*
8.52*T12 5.07 6.50* 8.24 4.84 5.37* 9.239.31*
3.98*Ti29 2.75 2.77* 4.36 4.53* 2.00 2.13* 4.81
3.53*Ti1 2.45 2.57* 3.84 2.85 3.53* 3.814.08*
10.08*10.41Ti18 9.72* 11.05 9.35* 8.62 8.77*11.1

6.28 5.97*5.32 3.95 3.99*Ti4 5.56 5.79* 5.49*
4.46 4.08*1.00 1.00*Ti13 2.81 3.20* 3.71 3.84*

5.46*5.893.69 3.88*Ti26 5.19* 4.70 5.14*4.85
9.05*8.556.88*T135 9.69* 9.24 7.58* 7.9610.63
1.12*1.00* 1.951.00Ti28 1.00* 2.00 1.00*1.69
6.37*5.52* 6.225.31Ti17 5.19* 6.43 7.03*5.38

4.28 3.47*3.36 1.99*Ti5 3.69*3.34 2.57* 4.91
6.74*5.30* 6.54Ti33 4.975.67 6.02*5.14 6.00*

I
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5.83*4.00* 5.975.30 6.26* 3.00Ti31 5.82 4.72*
15.36*12.0610.45*14.91*Ti22 12.5614.49 14.95*

6.49 7.71*4.98*Ti7 6.92 7.68*7.79 8.56*
2.56 3.37*3.72*Ti9 3.79* 1.775.12 4.15*

2.91*3.552.00*2.37* 3.73Ti14 2.99* 3.284.71
1.67 1.00*1.00*1.00* 1.00.Ti27 1.001.44 1.00*

6.52*2.80*8.45*Ti6 8 604.38 4.96*
3.36*5.84 2.00*9.86 3.69*Ti32 12.22 4.06*
8.46*7.87* 7.7410.22Ti24 7.04 6.83*11.31 8 44*

106.20 140.2099.10Total 137.51130.10

Table S3 Number of alleles per population based on 26 SSR loci. Figures with or without
superscript * indicate number of alleles from amplicon length and whole amplicon information
allele calling methods respectively

Albert VictoriaLoci George River Nile

Ti12 5 3* 2* 2 1* 8 4*4
Ti16 6* 2 3 4*1 1* 6 2*

Ti8 4 3* 2 2* 2 1* 5 4*

Ti34 20 10* 8 8* 8 11 6*
Ti15 2 2* 5 3* 1 1* 2 3*
Ti2 6 8* 14 14* 6 6* 13 14*
Ti29 3 4* 6 8* 2 3* 7 6*
Ti1 3 3* 5 5* 3 4* 5 3*
Ti18 17 12* 19 12* 10 IQ- 10*15
Ti4 7 6* 8 4 74*
Ti13 4 4* 4 4* 1 1* 5 6*
Ti26 6 6* 7 4 4* 7
Ti35 13 12* 16 11* 9 11 10*
Ti28 2 1* 2 1* 1 1* 2 2*
Ti17 8 6* 10 9* 6 6* 10 8*
Ti5 4 3* 8 6* 4 2* 5 4*
Ti33 6 7 7* 6 6* 7
Ti31 7 5* 7 8* 3 4* 7 5*
Ti22 26 20* 19 23* 17 13* 19 20*
Ti7 10 10* 10 10* 6 6* 9 11*
Ti9 7 5* 5 5* 2 4* 3 3*
Ti14 5 3* 4 3* 4 2* 3*4
Ti27 2 1* 1 1* 1 r 2 1*
Ti6 7 16 12* 3 3* 9 9*

144.28

5.61

12.43

2.67

| 149.42

3.50

10.94

4.51

. 150.87
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212 157 170Total 222 187 129 110 207

Script number 1

File name: primer_demultiplex.py

Requirements: python 2 or 3; Biopython

How to run: python extract_reads_correct_primer_merged.py [1] [2] [3] [4] [5]

maker name[TAB]sequence primer forward[TAB] sequence reverse primer

Markers should be named in the following way: MarkerName_RepetitionMotif (ex: HH1_AT)

[3] Maximum number of mismatches

[4] Minimum sequence length

[2] File containing primer information: this should be a tab separated text file containing one 

locus per line with the following information:

Table S4. Descriptions and procedures used in the in-house-scripts. We used the scripts one after 
the other and information concerning how this was done can be found in the material and methods.

Description: This script demultiplexes merged fastq files according to primer content. The 
outputs are one fastq file per sample and locus. This script allows for a user specified 
maximum number of mismatches between the primer and the reads. Only reads with a 
mismatch to both primers below to the defined are kept. In this case they are saved in a 
separate file. Moreover, sequences below a certain length can be excluded.

[1] Directory containing input fastq files. Files should be named without the underscored 

character (ex: Samplel .fastq)

[5] Directory to save output files. Files names are save in the following format: 
RepetitionMotif_SampleName_MarkerName.fasq (ex: Samplel _HH1_AT.fastq)

Ti32
Ti24

19
18

17

12

8
14

2*
9*

19
12

4*
9*

5*
10*

3*

10*



141

Script number 2

File name: CountLengths.sh

Requirements: Unix system

417 14

422 18

418 276

423 282

How to run: sh CountLengths.sh [1] [2]

Script number 3

File name: Rscript_Markerlength_develop_Color.R

[2] Directory to save output files. Output file is saved in the following format:
MarkerName_RepetitionMotif_SampleName statistics (ex: HH1_AT_Sample1_.statistics)

Requirements: R version 3.4.1 or newer, packages reshape and reshape2 (Wickham 2007) 
will be installed automatically by the R script.

Description: This script uses sequence length counts to call alleles and define genotypes. A 
homozygote genotype is considered if the relative read count of the most abundant allele is 
larger than the user defined alpha value (e.g. 0.7). A heterozygote genotype is considered 
when the sum of the relative abundance of two most abundant read lengths exceeds the user 
defined alpha value

[1] Directory containing input demultiplexed fastq files. Files should be as described in the output 
from script 1: RepetitionMotif_SampleName_MarkerName.fasq (ex: Sample1_HH1_AT. fastq)

Description: Per fastq file it counts the number of occurrences of each sequence length present. 

It outputs this information in a space separated text file being the first column the length and the 

second the number of occurrences. Example:
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[1] Directory containing length counts. This is the output from script 2.

[2] Minimum count of the total reads for a genotype to be considered.

[3] Path to directory where pdf file with length counts histograms will be saved.

[4] Alpha threshold for defining homo- and heterozygotes genotypes.

[5] Path to Csv matrix file containing genotypes of markers of the respective samples

[7] Minimum allele size length for plotting the results

[8] Maximum allele size length for plotting the results

References

(ii) and if the two most abundant potential alleles only differ in one repeat size length, the less 

abundant allele is considered true if it is longer than the most abundant allele.

1 iv) in addition, we also considered point mutations which lead to non-integer multiples of the 

repeat length, if their relative abundance was at least 0.6 of the most abundant allele.

If these criteria are not met the sample is considered for manual control. Genotypes are 

saved in a coma separate file and length histograms are plotted in a pdf file highlighting the 

called alleles with different colors: blue for the homozygous allele, green for the alleles in 

heterozygous samples and black for the other sequence lengths.

[6] Path to Csv file containing three columns with sample and marker name and respective 

allele

Wickham, H. (2007). Reshaping Data with the reshape Package. Journal of Statistical 

Software, 21(12), 1-20. URL http://www.jstatsoft.org/v21/i12/.

’i) and if the difference in length of the potential alleles is larger than one time the repeat motif 

length.

(iii) and if the second largest potential allele is just one time smaller than the repeat motif 

length, it is only considered if its relative abundance equals 0.75 of the most abundant allele.

How to run: Rscript -vanilla Rscript_Markerlength_develop_Color.R [1] [2] [3] [4] [5] [6] [7] 

[8]

http://www.jstatsoft.org/v21/i12/
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J
Script number 4

File name: extract_alleles.py

Requirements: python 2 or 3; Biopython.

Howto run: python extract_alleles_of_a_certain_length_v2.py [1] [2] [3]

HH1 T
samplename

HH2_TGT HH2_TGT HH4 AAACHH3_AAACHH1 TAA

418425 425 429 426 418Samplel

Sample2 423 425 429 429 0 0

Sample3 0 0 429 429 414 414

Sample4 427 427 426 426 418 418

2] Directory containing input fastq files. These are the output from script 1.

Script number 5

File name: get_consensus_and_freq.py

[1] Coma separated text file containing genotypes. This file should contain a header 

containing the marker information. The next lines it contains the genotype information. Th first 

column should contain the sample names while the remaining the genotype information. Two 

columns per markers should be added allowing for heterozygote genotypes. Missing data 

should be coded as 0. Example:

Description: It extracts all sequences with the same length of the alleles saved in the csv file 

produced by script number 2 and saves them in a fasta file per sample and allele.

[3] Directory to save output fasta files. These files are named in the following format:

MarkerName_SampleName_AI_SequenceLength.fasta (ex: HH1_AT_Sample1_AI_425.fasta)
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Requirements: python 2 or 3.

How to run: python get_consensus_and_freq.py [1] [2] [3]

[1] Directory containing input fasta extracted based on length genotype information (output 
from script 4)

[3] Similarity of frequency threshold in an integer form. The value of 0.7 will do a 70% 
consensus.

Description: It produces a consensus sequence per file keeping bases above a certain 
similarity threshold. For positions where this is not meet the script outputs a “N”.

[2] Directory to save the consensus files. Files will be named in the following format: Marker 
Name_Sample Name_Al_Sequence Length_C Numer Of Sequences Used_Consensus 
Threashold.fasta (ex: HH1_AT_Sample1_AI_425_C881_70. fasta)

Script 6
File name: correct_allele_sequence.py
Requirements: python 2 or 3
Description: In case a sequence has an ambiguous base (“N”) after the consensus and it is 
homozygote based on amplicon length (AL), it divides the sequence into two new ones. The 
Ns are corrected based on the frequency that the N position shows up in the reads extracted 
from script 4 taking the two most frequent nucleotide combinations. In case of heterozygote 
genotype based on AL the sequence is not divided but only corrected with the most frequent 
nucleotide information.
How to run: python correct_allele_sequence.py [1] [2] [3] [4]
[1] fasta file containing all consensus sequences from one marker. File name should be 
MarkerName.fasta (ex: HH1_AT. fasta). Sequences should be named in the following 
format:
MarkerName_SampleName_AI_SequenceLength_CNumerOfSequencesUsed_ConsensusT 

hreashold (ex: >HH1_AT_Sample1_AI_425_C881_70)
[2] Directory containing sequences extracted based on length genotypes (output from script 

4)
[3] Minimum number of sequence counts required for an allele to be considered
[4] Name of the output fasta file
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Script number 7

File name: call_alleles_from_fasta.py

Requirements: python 2 or 3.

Marker 1

Allele 1: Haplotype

Allele 2: Haplotype

Marker 2

How to run: python call_alleles_from_fasta.py [1] [2] [3] [4] [5]

[1] Directory containing haplotypes per locus in fasta format (output from script 7)

[2] Prefix common to all input files (ex: HH in marker HH1)

[4] Prefix that should be used to save output files

[5] Minimum number of sequences required to for a haplotype to be consider

[3] List of samples names to be considered. This should be a text file with one sample name 

per line)

Description: Uses the haplotypes obtained from the SNP correction process and converts 

them into allele's numbers. If a haplotype can be assigned to more than one allele it is saved 

as missing data. The results are saved in tab separated text file in the format of a codominant 

matrix (‘matrix.txt). Allele’s numbers and which haplotypes they correspond to are saved in 

file ending with ‘allelle_list.txt with the following format:
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NpH Np* Oo* NpH Np* Oo* Oo1NpT Np* Oo* NpU

Ti12 0.13 0.07 -0.06 -0.01 -0.060.15yes 0.22 0.00yes no no yes nono yes

Ti16 0.09 0.09 -0.01 0 20-0.01 0.23-0.02 -0.02yes yes no no no yesno yes

Ti8 0.11 0.14 0 20-0.01 -0.01 0.180.00-0.11yes yes no no no no yes yes

Ti34 0.04 0.04 0.00-0.02 -0.02 0.05-0.02 -0.03yes yes no no no no no no

Ti15 0.10 0.10 022-0.09 0.24-0.04 0.00 0.00yes no no no no yes yes

Ti2 0.03 -0.03 0.02 0.00-0.04 -0.05 0.03 -0.13no no no nono no no

Ti29 0.30 0.21 0 280.24 0.23 0.300.17 0.16yes yes yes yes yesno yes yes

Ti1 No 0.05 0.01 0.06 -0.050.01 0.02 0.10 0.04no no no no nono no

Ti18 No 0.02 -0.03 -0.04 -0 08-0.03 -0.03 0.04 -0.07no no no no nono no

Ti4 No -0.01 -0.02 0 00-0.12 -0.12 0 01-0.14 -0.11no no no no nono no

Ti13 0.17 0.15 0.010.13 0.090.13 0.00 0.00yes yes no no no no no no

Ti26 0.08 0.06 0.190.02 0.02 0.220.13 0.13yes yes no no yesno no yes

Ti35 0.21 0.16 0.20 0160.13 0.07 0.21 0.15yes yes no yesyes yes yes

Ti28 0 07 -0 020.00 -0.14 0.120.00 0.00 0.00no no no nono no no

T117 0.08 0.120.08 0.01 0.00 0.150.01 0.01yes yes no no yes yesno no

0.09Ti5 0.05 0.09 0.000.12 0.09 0.120.07no yes no no no no no no

-0.07Ti33 -0.060.05 0.05 0.00 0.00 -0.01 -0.01yes yes no no no nono no

0.26Ti31 0.330.35 0.26 0.37 0.25 0.29 0.26 yesyes yes yes yes yes yes yes

0.130.09 0.16Ti22 0.33 0.21 0.130.19 0.15 yesyes yes yes yesyes yes yes

-0.25-0.21 -0.27 -029-0.14Ti7 -0.14-0.13 -0.15 nono no nono nono no

-0.06-0 10-0.04 -0.140.09T19 0.100.07 0.02 nono no nonono nono

-0.250.07 0.040.110.170.07Ti14 0.11 0.12 nono nonoyesnoyes yes

0.000.00 0.00 -0.040.000.00Ti27 -0.01 0.00 no no nononono no no

-0.32-0.69 -0.75 -0.31-0.08-0.06Ti6 -0.18 no no no-0.23 nonono no no

0.090.00 -0.020.02-0.01 0.00Ti32 nono nono0.01 0.01 nono no no

AN

OoH

yes

No

yes

No

Table S5 Results of Micro-checker tests, including all samples, for the frequency of null alleles 
per population and locus based on the two allele calling methods: whole amplicon information 
and amplicon length.

Popns

Locus

GH

Oofl

RNK

OoU

VKMH

Np* OolJ
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0.08 0.090.02-0.010.02 no0.03 noTi24 0.04 0.05 nononoyes noyes

Oosterhout et al. (2004), AN=Albert, GH=George; RNK=River Nile and VKM=Victoria

Oos*NP*NP*NP*

0.13 -0.070.000.16Ti12 -0.05 no-0.020.14 nonoyes no

Ti22 0.130.12 0.11 0.13 0.170.35yes yes yes yesyes yes

6 4 4 3 5 65

VKM

Oos1

Table S6 Results of Micro-checker tests, excluding the three samples contributing for 
subpopulation structure from Lakes Albert and Victoria, for the frequency of null alleles per 

population and locus based on the two allele calling methods.
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NLnull=number of loci with null alleles, NP=Null allele present, H=Whole amplicon information, *=Amplicon length, Oo=null allele frequency based Van

Oostertrout et al. (2004), AN=Albert, GH=George; RNK=River Nile and VKM=Victoria

Populations AN GH RNK VKNI

P* Fis* P* Fis*

0.69 -0.02

0.81 0.04

0.210.13

FisT

0.79

Table S7 Tests for deviations of the Hardy-Weinberg Equilibrium (HWE) for heterozygosity deficit 

presented for two allele calling methods per population and locus. HWE probability (p) and Fis 
values with superscript 'fl and *’ indicate allele calling procedure based on whole amplicon 
information and amplicon length respectively, with all the samples included.
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NDL= number of deviated loci from HWE, NLv/i=Number of lod without information
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VKMRNKGHPopns AN
He’Ho’ Ho’He’He’Ho'He’ He’Ho’Ho’ Ho’ He’ He’Locus

0.120.12 0.520.030.030.09 0.04
0.080.00 0.00
0.080.000.190.000.19 0.05 0.29

0.74

0.05
0.790.780.740.800.83

0.350.120.210.490.21
0.53

0.90
0.800.780.760.91
0.520.390.580.46

0.45 0.720.360.77 0.83

0.460.74 0 75

0.89

0.94

0.56Ave 0.48 0.61 0.51 0.510.42 0.48 0.59
8.00NL <0.45 12.00 5.00 14.00 6.00 11.009.00

Ave=average gene diversity (Ho & He), NL <0.45=number of loci per population with gene diversity (Ho & He) of less than 0 45. Popns=populabons

Table S8 Genetic diversity (Ho and He) per population and locus based on two allele calling 

procedures. The superscript ‘5] and *’ represent, WAI and AL respectively.
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Figure S1 Mean Likelihood L(K) and variance per K values from STRUCUTURE summarized in 
STRUCTURE HARVESTER. The arrow represents the best K value: K=5. When the best K value 
approaches, L(K) plateaus or increases slightly up to a high variance (Rosenberg et al. 2001). 
Figures a and b show STRUCTURE HARVESTER outputs from whole sequence information allele 
and amplicon length allele calling methods respectively
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DeltaK = mean(|L"(K)|)/sd(L(K))

200 DeltaK = mean(|l"(K)|)/$d(L(K))
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Figure S2 STRUCTURE HARVESTER analysis for the detection of the best K like based on 
Evanno et al. (2005). The best K is denoted by the highest Delta K value (arrow). The value is 
calculated based on the second order rate of change of the likelihood K (Evanno et al. 2005). 
Figures a and b show STRUCTURE HARVESTER outputs from whole sequence information allele 
and amplicon length allele calling methods respectively.
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Supplementary materials for chapter four

Table S1 Final List of 40 SSR primers utilised in PGR reactions

Locus F: Primer sequence (5’-3') R: Primer sequence (5'-3‘) Repeat motif Asr

Ti1 TTATCACTGCTGAACGTCTT GTTTTGGCTGCTACACATTC 393-411(TG)10

Ti2 TTCTGGGCTAACACACAAG AAGGTGTCACACAGTTTAGG 396-438(CA)18

Ti4 TGTGCAGAATAGAATAGCCC GAAAGGAAAAATGTTGGTGGT (GT) 18 384-436

Ti5 AAGGAGGATGATCAGGACAC AGACCTCCACTGTGATCTTA (CA)10 401-423

CAGCTCTCATGAACACTTGATi6 ACCCATAAATCACACCAGTC (GA)23 384-437

TCTTTGTGTCAGAACTGTGTTi7 ACTCTGCTTTTAGCCAATCA (AC) 17 385-430

CTGAAGTCCTGCTGAGATTTTi8 CATTGTTCTTGGCACCTCTA (AC) 15 400-446

CTCAGTGACGAAGCCAAATi9 CCTGGCAATCAAAAGAACAA (AC) 10 409-419

GCCACCAAAATATTCGTGTTTi12 CCATGTTCTGTCTCCTTGAA (TAC)12 377-431

Ti13 AATCCGTTAGCTGCAGATAG GCTGATTAAACACAAAGTTGG (ATG)10 369-427

TCCCTAAAATATGCCACCAAT114 TAGTGCTTTAATGGCTCTGG (TAA)19 340-408

GCTGTGATCATCTGGAGAAATi15 AGGATCTAGAACCTCCAACC (TGC) 10 385-406

Ti16 CAGACGTAGGCGATAAATCT GAACACATCCATTTCCACAC (AAC)10 368-428

Ti17 AACTGAAGAAGAAGCCTTGG ATCATCTTCCTCTACTGCCT (GAA)21 361-430

AGCAAGTGAGATAAGCACTGTi18 TACATAGCAGTGCAGTTTGC (ATCT)8 373-461

Ti24 ACTGACAACATAAAGACATATGC CACAGTTTGAATCCACCATC (TTAC)9 403-483

ATTGCTTCATCCCTTGAGTT ACACGGAAAACCTAATGACATi26 (ACAA)10 402-475

CTGTCTTTCTTGATGTGGGA ATGCACAAATTTTAAGGGCC (TTTG)6Ti27 391-405

TGTCTTGGGATTTGAGATCA CGGAGGTTTCTTCCTGTTAA (ATTCA)8 307-409Ti28

CATCAACATAATTCAGTGTG GA (TAAAA)10AGGTCAAGATCAAGCAGTTT 321-400Ti29

AGGCTTCTTACAGTTGGATG (CTAAT)7GAAACTATCCACAGAAGCCA 302-395Ti31

TTGTAGCTAGGAATCAGTGC (AAAAT)7CAGGAAATGGCTCCAAAATG 325-361Ti32

CGACTTCTGTTGTGATTTGG (TTCAA)6 382-427GCTTATGGCTGTATGGAGTTTi33

CTGATGAGAAAAACAGACGC (TCTCT)10 355-448GCTTACAGTACATTGTGTGCTi34

AAACTAAGTGCAGCTCATGA (AAAAG)14 364-434TCAACCACAAACTCCTCTTTTi35

(ATGG)8TGCTCAGACTGGTCCCTTCT 368-420TACCTGCCAGTCATGTGCT GTi39

TTGTGCACGTGGACATGTTG (AAAC)11 381-471TCGCAGCTGCTCCTGTTTAATi41
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425-478(GAATA)6TGCTAGCCCAGAGCATTTGATi43 ATTGCCATCACCAGGAACCA

419-469(GAAAA)6GCAGCACTCTGACATGAAGCTi44 TGCTCCTGACTCAGCATCAC

(TGT)8 395-403ACAACAACAACAGGTCGGGATi49 TCGAAGTAGCGTGGAAAACCT

(ATGG)7 442-517ACACTGATGCGGTTTACGGTTi50 CCTGTGACAGACTGGTGACC

(TGT)8 401-428TTACCACACGATGTCGCAGGT151 TGCTAAACGCCAGCTGATGA

(TAT)8 373-429TTTCGATCTGCTGCCCCTTTTi52 GAGAAACGTCCAGTGGCAGA

(GGAT)7 390-480CAGATTCTTCCAGTGCTTGTGCTi54 TTTCTTGCCAGCAAAAACAGT

(TCTA)7 417-491AGGACCTTCTATGGCCCTGTTi55 GAGCCCAGACAGCAGACAAT

(TGTT)6 310-462AGCCTGAGATACCTGTGCCTTi56 TGCAGTGAATTTGGCACCTG

(TCCA)7 400-444GCTGCATGGATCCAATAGGCTi57 CAGTGGGAGGAAGCTCCAAA

TGAGCATTTGACCCCAGCAT (AGGA)6 429-461Ti59 ATGGACTTAAGCTGCACCCC

CCTGCTCTCACTCAAAGAGGG (ATCC)7 473-516Ti60 GAGCCGCCATAGTGTCACTT

ACTCAATGCTGGACGTGACC (TGGA)6 474-501Ti61 GCTACACAGGAAAGCAGAGC

F=Forward and R=Reverse, Asr=Allelic size range

Loci Na Ho He Ht PIC

Ti1 17 0.377 0.571 0.601 0.500
Ti2 54 0.704 0.854 0.864 0.844
Ti4 22 0.757 0.842 0.862 0.823
Ti5 19 0.438 0.644 0.671 0.614
Ti6 50 0.866 0.841 0.879 0.828
Ti7 35 0.843 0.820 0.833 0.801
Ti8 29 0.197 0.387 0.469 0.375
Ti9 10 0.156 0.597 0.589 0.558
Ti12 36 0.306 0.552 0.633 0.527
Ti13 12 0.224 0.449 0.485 0.431
Ti14 18 0.341 0.618 0.708 0.591
Ti15 14 0.138 0.417 0.461 0.381
Ti16 30 0.126 0.423 0.507 0.407
Ti17 64 0.661 0.820 0.861 0.804
Ti18 76 0.652 0.951 0.950 0.948
Ti24 68 0.654 0.879 0.900 0.873
Ti26 20 0.480 0.735 0.734 0.696

Table S2 Variation of the final set of 40 SSR loci. Loci Ti1 —Ti35 were taken from Tibihika et al. 
(28) while loci Ti39-Ti61 were developed in the current study
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T127 7 0.060 0.325 0.390 0.310
Ti28 15 0.201 0.420 0.361
Ti29 39 0.808 0.675
Ti31 24 0.830 0.828 0.811
Ti32 84 0.938 0.931 0.929 0.926
Ti33 18 0.606 0.832 0.823 0.809

79 0.940 0.936
56 0.951
33 0.384 0.644 0.686

T141 50 0.880 0.904 0.871
Ti43 61 0.729 0.647
Ti44 29 0.600 0.850 0.821
Ti49 24 0.303 0.427 0.370

22 0.616 0.584
40 0.759 0.737
14 0.694 0.651
47 0.920 0.914
29 0.728 0.905 0.902 0.897
24 0.200 0.784

0.803
22
17

Total 1,352 80%>0.5 82.5>0.5

Ti34
Ti35
Ti39

Ti50
T151
Ti52
Ti54
Ti55
Ti56
Ti57
Ti59
Ti60
T161

16
28

0.230
0.191

0.811
0.562

0.539
0.364

0.434
0.545
0.271
0.677

0.054
0.596
0.531
0.127

0.386
0.718

0.737
0.259

0.654
0.839
0.381

0.747
0.401

0.695
0.789
0.776
0.932

0.476
0.835
0.740
0.307

0.946
0.951

0.697
0.250

0.721
0.370
0.778

0.948
0.615

78%>0.5
Na = number of alleles, Ho = observed heterozygosity, He = expected heterozygosity, Ht = total 

expected heterozygosity, PIC = Polymorphic Information Content.
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NmPopulation pair Fst
Kyoga
George
Kazinga Channel 
Sindi Farm 
Bagena Farm 
Kazinga Channel 
Sindi Farm 
Mulehe 
Sindi Farm 
Kyoga 
Sindi Farm 
Victoria 
Sindi Farm 
Rwitabingi Farm 
Mulehe 
Victoria 
Victoria 
Victoria 
River Nile
Bagena Farm 
Bagena Farm 
Kayumbu 
Mulehe 
Victoria 
Kayumbu 
Mulehe 
Sindi Farm 
Bagena Farm
Victoria

Table S3 Matrix for the number of migrants per generation between population pairs as evidenced 
by Fst values. Bold values (>10) indicate vital number of migrants explained by Fst values: Note 
the variations in boldness which explains the level of important migrations between population 
pairs

0.009 
0.010 
0.014 
0.017
0.017 
0.018 
0.021 
0.023
0.025 
0.025 
0.027 
0.027
0.028 
0.029 
0.029 
0.029
0.030 
0.030 
0.031 
0.032
0.034 
0.035 
0.035 
0.036
0.036 
0.037 
0.037 
0.038
0.038

26.495 
23.754 
17.627 
14.628 
14.341 
13.735 
11.447 
10.466 
9.878
9.604
9.178 
8.972 
8.764 
8.431 
8.418 
8.242
8.129 
8.034 
7.837 
7.485 
7.206 
6.965
6.950 
6.745 
6.649 
6.581 
6.568 
6.398
6.319

Figure S3 Bayesian clustering for genetic assignments of O. niloticus populations, a represents 
East African native, b Only Uganda native populations and c Lake Victoria subpopulations. K 
values with a superscript symbol (TJ) indicate the optimal K value based on STRUCTURE 
HARVESTER analyses.

River Nile
Edward
Edward
Kyoga
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George
Albert
George
River Nile
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Bagena Farm
Albert
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Edward
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George
Kyoga
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Kyoga
Victoria
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River Nile
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Rwitabingi Farm 
River Nile 
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Figure S4 Within population genetic diversity of Albert, Edward, Kyoga and Victoria. Vic=Victoria, 
Na=number of alleles, Pa=Private alleles and He=expected heterozygosity
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