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SUMMARY 

Extreme environments such as soda lakes are largely unexplored habitats where a surprising 

number of often endemic species thrive regardless of multiple co-occurring abiotic stresses, 

depleted food resources and restricted dispersal abilities. Their distinct geochemistry, 

ecological boundaries, simplified biota and high levels of endemism strikingly resemble the 

features found on islands that have long been used for evolutionary studies. Extreme 

environments thus represent prime natural laboratories to test various hypotheses related to 

the evolutionary processes shaping the origin and distribution of biodiversity. In this thesis, I 

used a multidisciplinary approach to examine how extreme aquatic habitats shape the 

evolutionary trajectories of their fish populations, using the Magadi tilapia (Alcolapia grahami) 

as a model species. This small-bodied cichlid fish has evolved to tolerate extreme water 

conditions (salinity: ~60% seawater, pH above 10, titration alkalinity > 300 mM, osmolality = 

525 mOsm, and temperatures often exceeding 40 °C) in the Lake Magadi basin, Kenya. 

In the first part of my research project (Chapter three), I used neutral markers to 

characterize five populations of Magadi tilapia representing the entire species range, and to 

infer the phylogenetic position of the species. With the exception of a single population that 

is isolated by a land barrier, all the other populations are isolated by trona (expansive layers 

of floating solidified sodium carbonate salts). The results suggest high genetic diversity and 

strong genetic structuring of Magadi tilapia populations into three distinct clusters: Little 

Magadi, Fish Spring Lagoon, and Rest of Magadi. The physically isolated Little Magadi 

population was the most genetically distinct, whereas three populations separated by trona 

were genetically indistinguishable (these constitute the Rest of Magadi cluster). Interestingly, 

one population (Fish Spring Lagoon), which is also isolated from the populations within Lake 

Magadi by trona, displayed clear genetic differentiation suggesting that trona may play a key 

role in shaping the genetic structure of Magadi tilapia populations. Phylogenetically, Magadi 

tilapia grouped closely to a freshwater tilapiine cichlid, Oreochromis variabilis, from Lake 

Victoria. This is consistent with previous suggestions that the Alcolapia, the genus of which 

Magadi is a member of, is descended from a freshwater ancestor. 

In the second part of my research project, building on the results of the first study, I 

examined the potential occurrence of eco-morphological differentiation among Magadi 

tilapia populations, taking their past demographic history into account (Chapter four). To 

achieve this, I integrated data from population genomics, geometric morphometrics, stable 
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isotopes, and demographic analyses. The results again suggested that the physically isolated 

Little Magadi population is the most genetically distinct. It has a narrow niche breadth and a 

characteristically upturned mouth, which is likely an adaptation to feeding on prey suspended 

on the water surface. Subtle ecomorphological differences exist between the populations 

within Lake Magadi. Notably, the results suggest that the three genetically distinct 

populations of Magadi tilapia diverged simultaneously rather recently about 1 100 

generations ago. 

In the third component of my research project (Chapter five), I examined gene 

expression responses of Magadi tilapia to contrasting water conditions (its natural 

hypersaline water vs. freshwater) and against its closely related freshwater species, 

Oreochromis leucostictus. A high level of gene expression variation was observed especially 

between Magadi tilapia and its freshwater relative. Significant expression differences were 

also observed between wild and freshwater-acclimated samples of Magadi tilapia in genes 

related to metabolism, osmoregulation and chemical detoxification. This suggests that 

changes in gene expression may play a role in the adaptation of Magadi tilapia to the extreme 

environment. Additionally, a set of genes with physiological functions related to responses to 

water stress and which were surprisingly not differentially expressed were found to be under 

positive selection in Magadi tilapia. This suggests that evolution of stress tolerance in Magadi 

tilapia may be driven by both alteration in gene expression and coding sequences. 

Importantly, I found for the first time, the expression of the complete set of genes in the 

pathway responsible for urea synthesis in the gills of a teleost fish. This may represent a 

major physiological adaptation in Magadi tilapia to increase the rate of urea excretion to 

avoid accumulation of ammonia, which is lethal given its highly alkaline habitat. The 

differentially expressed genes and the genes showing positive signatures of selection are 

promising candidate genes for future studies on the genetic adaptations of Magadi tilapia. 

Taken together, the results of my PhD research revealed strong patterns of 

population structuring and rapid ecomorphological diversification in an evolutionarily young 

cichlid lineage as well as important insights into the genomic responses involved in fish 

adaptation to multiple stressful conditions. Conservation of the Magadi tilapia populations 

should focus on maintaining the integrity of the unique gene pools identified in this 

phenotypically distinct group of cichlid fishes. 
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ZUSAMMENFASSUNG 

Extreme Umgebungen, wie Soda-Seen, sind größtenteils unerforschte Habitate, in denen 

eine überraschende Anzahl an oftmals endemischen Arten trotz verschiedener abiotischer 

Stressfaktoren, knapper Nahrungsressourcen und eingeschränkter Möglichkeiten zur 

Ausbreitung, gedeihen. Ihre charakteristische Geochemie, ökologische Abgrenzung, 

vereinfachte Flora und Fauna und der hohe Grad an Endemismus, spiegeln bemerkenswert 

die Merkmale von Inseln wider, welche lange für evolutionäre Studien genutzt wurden. 

Extreme Umgebungen stellen daher exzellente natürliche Laboratorien dar um verschieden 

Hypothesen über die evolutionären Prozesse zu testen, welche die Entstehung und 

Verteilung biologischer Vielfalt gestalten. In dieser Abschlussarbeit wandte ich einen 

multidisziplinären Ansatz an um zu untersuchen, wie extreme aquatische Habitate die 

Evolution ihrer Fischpopulationen beeinflussen. Dafür benutzte ich Magadi tilapia (Alcolapia 

grahami) als ein Modelsystem. Diese kleinwüchsigen Buntbarsche (Cichliden) haben sich 

daran angepasst die extremen Wasserbedingungen (Salinität: ~60% Salzwasser, pH über 10, 

Titrationsalkalinität > 300 mM, Osmolarität = 525 mOsm, und Temperaturen oftmals über 40 

°C) im Magadi-See Becken zu tolerieren. 

Im ersten Teil meines Forschungsprojekts (Kapitel drei) nutzte ich neutrale 

genetische Marker um fünf Populationen von Magadi tilapia, die das gesamte 

Verbreitungsgebiet umfassen, zu charakterisieren und phylogenetisch einzuordnen. Mit der 

Ausnahme einer einzigen Population, welche durch eine Landbarriere isoliert ist, sind alle 

anderen Populationen durch Trona (ausgedehnte Schichten von aufschwimmendem, festem 

Natriumhydrogenkarbonat) voneinander getrennt. Meine Ergebnisse deuten auf eine hohe 

genetische Diversität und starke Populationsstruktur in Magadi tilapia hin, welche in drei 

genetisch unterscheidbaren Clustern vorliegen: Little Magadi, Fish Spring Lagoon und Rest 

von Magadi. Die physisch isolierte Population Little Magadi war dabei genetisch am 

unterschiedlichsten, während drei von Trona abgetrennte Populationen im Rest von Magadi 

genetisch nicht unterscheidbar waren. Interessanterweise zeigte jedoch eine Population (Fish 

Spring Lagoon), die durch Trona abgetrennt ist, eine deutliche Differenzierung. Dies deutet 

darauf hin, dass Trona eine wichtige Rolle bei der Formung der genetischen Struktur der 

Magadi tilapias spielen könnte. Phylogenetisch wurden die Magadi tilapias nahe einer 

Süßwasser-Tilapia-Art aus dem Victoria-See, Oreochromis variabilis, eingeordnet. Dieses 

Ergebnis ist in Übereinstimmung mit vorherigen Annahmen, dass die Gattung Alcolapia, zu 

denen die Magadi-Tilapia zählen, von einem Vorfahren aus dem Süßwasser abstammt. 



    Zussamenfassung  

 
viii 

 Auf den Ergebnissen meiner ersten Studie aufbauend, habe ich im zweiten Teil 

meines Forschungsprojekts das Vorhandensein von ökomorphologischer Differenzierung und 

die vergangene demographische Geschichte untersucht (Kapitel vier). Um dies zu erreichen, 

habe ich Daten von Populationsgenomik, geometrischer Morphometrie, stabiler Isotope und 

demographischer Analysen zusammengeschlossen. Die Ergebnisse deuteten wiederum 

darauf hin, dass die physisch isolierte Population Little Magadi genetisch am stärksten 

differenziert ist. Sie nimmt des Weiteren eine schmale ökologische Nische ein und das Maul 

solcher Fische ist charakteristisch nach oben gewandt, was vermutlich eine Anpassung an die 

Nahrungsaufnahme von der Wasseroberfläche darstellt. Feine ökomorphologische 

Unterschiede existieren auch zwischen den Populationen innerhalb des Magadi Sees. 

Bemerkenswerterweise fand ich heraus, dass sich alle Populationen gleichzeitig und in 

jüngerer Zeit vor nur ca. 1 100 Generationen trennten. 

Im dritten Teil meines Forschungsprojekts (Kapitel fünf) untersuchte ich 

Genexpressionebene Reaktionen von Magadi tilapias auf unterschiedliche 

Wasserbedingungen (ihr natürliches hypersalines Wasser gegenüber Leitungs-Süßwasser) 

und im Vergleich zu einer nah verwandten Süßwasserart (Oreochromis leucostictus). Starke 

Genexpressionsunterschiede, vor allem zwischen Magadi-tilapia und dem Süßwasser-

Verwandten, wurden festgestellt. Des Weiteren wurden signifikante Unterschiede in Genen 

zuständig für Metabolismus, Osmoregulation und chemischer Entgiftung zwischen den 

wilden und den an Süßwasser angepassten Magadi tilapias festgestellt. Dies deutet darauf 

hin, dass Änderungen in der Genexpression eine Rolle in der Anpassung an die extreme 

Umgebung im Magadi-See darstellen könnten. Zusätzlich zeigte eine Anzahl an Genen, die an 

der Anpassung an Wasserstress beteiligt sind, jedoch nicht unterschiedlich exprimiert waren, 

Anzeichen von positiver Selektion in Magadi tilapias. Dies deutet darauf hin, dass die 

Evolution von Stresstoleranz in Magadi-Tilapia durch Änderungen in Genexpression als auch 

durch Änderungen in kodierenden Sequenzen angetrieben wird. Im Besonderen wurde durch 

meine Forschung zum ersten Mal die Expression aller Gene, die an der Harnstoff-Synthese 

beteiligt sind, in den Kiemen eines Teleosten im Süßwasser gezeigt. Die Erhöhung der 

Harnstoffexkretion stellt möglicherweise eine bedeutende physiologische Anpassung von 

Magadi-Tilapias dar, um die Anhäufung von tödlichem Ammonium in ihrem höchst alkalischen 

Habitat zu verhindern. Gene, die unterschiedlich exprimiert sind, und Gene die Anzeichen von 

positiver natürlicher Selektion aufzeigen, stellen interessante Kandidaten für zukünftige 

Studien über die genetischen Grundlagen der Anpassungen von Magadi tilapias dar.  
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Zusammengefasst offenbarte meine Forschung während meiner Doktorarbeit starke 

Populationsstrukturen und eine schnelle ökomorphologische Diversifikation in einer 

evolutionär jungen Stammeslinie von Buntbarschen. Des Weiteren ermöglichte meine 

Forschung signifikante Einblicke in die Anpassung Fischen an verschiedene stressvolle 

Umweltbedingungen durch Genexpressionsänderungen. Maßnahmen zum Schutz der 

Magadi tilapias sollten darauf abzielen, den Bestand der unterschiedlichen Genpools in dieser 

phylogenetisch einzigartigen Gruppe von Buntbarschen zu erhalten.  
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GENERAL INTRODUCTION 

Extreme Environments and Evolution 

To date, a generally accepted definition of “extreme environment” remains elusive (Schulte 

2014), because life has been found in virtually all known habitats (Weber et al. 2007). This 

ambiguity is probably best captured in an assertion by Clarke & Crame (2010): “an extreme 

environment is not necessarily a rare habitat”. From an anthropogenic perspective, 

environments with physicochemical conditions that inhibit eukaryotic life are regarded as 

extreme (Weber et al. 2007; Bell & Callaghan 2012; Riesch et al. 2015). Thus, until recently, 

studies on extreme environments focused almost exclusively on prokaryotes (Weber et al. 

2007; Bell & Callaghan 2012). However, increasing evidence demonstrates that several 

eukaryotes, and in particular teleost fish, thrive in extreme habitats (Riesch et al. 2015). 

The role of environmental stress in evolution has been a subject of major discussion 

among evolutionary biologists (Hoffmann & Hercus 2000; Lexer & Fay 2005; Bijlsma & 

Loeschcke 2005). Although Darwin acknowledged the role that environment-species 

interactions play in his theory on evolution by natural selection, he largely believed that biotic 

interactions (intra- and inter-specific competition) are more important (Darwin 1875). 

However, pioneering studies on Drosophila in the 1940s and other subsequent studies 

changed this perspective by demonstrating that extreme abiotic factors (e.g. high ambient 

temperatures) may have considerable impacts on evolutionary processes that affect and 

shape the genetic structure and the evolution of species (Calow & Berry 1989; Hoffmann & 

Parsons 1991; Lexer & Fay 2005). 

Extreme environments are prime evolutionary laboratories in which to test 

hypotheses related to processes affecting species distribution, natural variation, and 

speciation. Similar to islands, which have long been used in evolutionary studies (Losos & 

Ricklefs 2009), extreme environments often have distinct ecological boundaries, 

geographical isolation, simplified biota, and high levels of endemism. Moreover, comparable 

extreme environments can function as natural replicates to test for convergent evolution, as 

species in similar environments tend to show similar adaptive traits (Losos 2011). Additionally, 

most extreme environments were formed following evolutionarily recent natural calamities 

or human-mediated interventions with well-known geological history, making them ideal 
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systems to study the initial stages of evolution. Their physical isolation and the rarity of the 

events leading to their formation further ensures that following the first colonization events, 

lineage evolution will likely proceed rapidly. 

Evolution in extreme environments is consistent with the process of ecological 

diversification, in which evolution proceeds via divergent natural selection that drives not 

only adaptive trait divergence, but potentially speciation as well (Schluter 2000; Rundle & 

Nosil 2005). While explicit studies of ecological speciation in extremophile fish are lacking, 

emerging studies, such as those on fish inhabiting sulphide springs and caves provide 

compelling cases of ecological speciation under extreme conditions (Riesch et al. 2011; 

Borowsky & Cohen 2013; Plath et al. 2013). Adaptation to extreme environments through the 

evolution of key innovations, a characteristic often shared by rapidly radiating lineages, is a 

topic of major interest (Riesch et al. 2015). Substantial evidence of novel traits spanning the 

entirety of biological organization has been described in extremophile teleost species. For 

example, it has been shown that the evolution of antifreeze proteins in notothenioid fishes 

enables them to persist at subzero temperatures (Fletcher et al. 2001), whereas evolution of 

obligate ureotelism in Magadi tilapia permits life in an extremely alkaline environment 

(Randall et al. 1989). However, it remains largely unknown how chronic environmental stress 

shapes genetic structure, speciation, and evolution. A promising approach towards 

understanding these processes is to examine extremophile species drawn from lineages in 

which evolutionary processes have been widely studied such as in cichlids. There is also a 

need to combine studies on multiple levels of biological organization, from the genome to 

whole-organism phenotypes (Sørensen & Loeschcke 2007). 

Fish provide numerous advantages over other organisms to study the evolutionary 

causes and consequences of stress tolerance (reviewed by Cossins & Crawford 2005; Oleksiak 

2010). Compared to other animals, fish are likely to be more sensitive to abiotic stress 

because of their around-the clock dependence upon their surrounding environment (Cossins 

& Crawford 2005). Fish also share numerous metabolic pathways; physiological mechanisms 

and organ systems with other vertebrates suggesting that results obtained using fish models 

may provide useful insights into the evolutionary responses associated with stress in other 

vertebrates. Teleost fish (class Actinopterygii), with over 30 000 described species, display a 

variety of unique lifestyles that have enabled them to colonize extreme habitats (Riesch et al. 

2015). Among teleosts, the cichlid fishes of East Africa have been established as models for 

evolutionary and ecological studies because of their phenotypic diversity, rapid speciation 
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rates, and parallel evolution during adaptive radiation (Salzburger & Meyer 2004; Seehausen 

2006; Kuraku & Meyer 2008; Salzburger et al. 2014). In addition to their compelling 

evolutionary advantages, cichlids have emerged at the forefront of the efforts to dissect the 

genome-wide mechanisms underlying evolutionary processes. 

Adaptive Phenotypic Plasticity and Local Adaptation, a 

Raging Debate 

To counter the effects of environmental stress, animals can respond via migration (dispersal), 

behavioural, phenotypic plasticity or evolutionary adaptation strategies. However, animals in 

extreme habitats experience ecological and physical barriers to dispersal and therefore 

depend largely on phenotypic plasticity and evolutionary responses (i.e., local adaptations), 

and to a small extent on behavioural strategies (Badyaev 2005; Lande 2009). If phenotypes 

exhibit plasticity, then organisms can often modify their physiology to match prevailing 

environmental conditions (DeWitt et al. 1998). Evolution of plasticity in response to 

environmental stress may involve traits at all levels of biological organization including 

morphological, physiological, life history and behavioural aspects. Phenotypic plasticity is 

favoured when habitats are heterogeneous in time and space, so that selection in contrasting 

environments produces different phenotypes. This means that no single phenotype has 

optimal fitness across diverse habitats. Several studies suggest that populations may initially 

respond to stressful conditions through behavioral and phenotypic plasticity (reviewed in 

Lande 2009). In such cases depending on the intensity and duration of the stress, these 

responses may be followed closely by genetic assimilation (canalization), which fixes any 

beneficial traits that have been environmentally induced in the population in response to the 

stress (Badyaev 2005; Lande 2009). Nevertheless, despite its role in enabling organisms to 

respond to extreme environmental stress, the costs associated with adaptive phenotypic 

plasticity may substantially constrain its evolution (DeWitt et al. 1998; Reed et al. 2011). These 

include regulatory and metabolic costs required to effectively track and respond to stress 

(DeWitt et al. 1998). 

The constraints associated with phenotypic plasticity have led to suggestions that 

local adaptation, i.e. adaptation responses involving genetic changes, may be a more 

successful evolutionary strategy for coping with chronic environmental stress under 

temporal and stable conditions (Kawecki & Ebert 2004; Hoffmann & Willi 2008). Local 
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adaptations may result from novel mutations or from selection on existing (standing) genetic 

variation, leading to different evolutionary rates and distinct outcomes (Barrett & Schluter 

2008). Like phenotypic plasticity, local adaptation has its constraints, in that locally adapted 

genotypes have reduced fitness in non-local environments (Kawecki & Ebert 2004). 

Nevertheless, growing evidence shows that in most cases, local adaptation and phenotypic 

plasticity may evolve together, making it difficult to disentangle their relative contributions 

(Yampolsky et al. 2014). Consequently, a major question in evolutionary biology studies is 

whether the genes involved in plastic responses are the same as those underlying local 

adaptations. While finding a concise answer to this question remains a challenge, recent 

developments in genomic and analytical tools allow the design of studies in non-model 

species to test the genetic basis of both phenotypic plasticity and local adaptations. 

“Omic” Approaches to Decipher Genomic Variability of 

Fish in Multi-Stressor Aquatic Environments 

In their natural habitats, fish rarely encounter single stressors. Rather they are most often 

faced with multiple co-occurring stressors in various combinations and at varying intensities. 

Owing to the complex interaction of multiple stressors, these extreme conditions might have 

surprising non-additive (i.e. synergistic or antagonistic) effects on fish populations (Ban et al. 

2014). Until recently, research on stress in fish was dominated by studies examining 

molecular responses to single stress parameters using targeted (candidate gene approach) 

and medium-throughput (microarrays) gene expression analyses (Prunet et al. 2008). This has 

been revolutionized by the development of rapid and cost-effective high-throughput next-

generation sequencing “omic” technologies that allow for the screening of populations on a 

genome-level, thus gaining insights into the molecular basis of adaptations as well as the 

evolutionary processes driving them (Bozinovic & Oleksiak 2011, 2012). These approaches are 

particularly useful as they enable the tracking of evolutionary processes at various spatial and 

temporal scales. For example, in a particular species exposed to a certain environmental 

stressor such as heat stress, molecular responses may occur at various levels of organization. 

At the individual level, responses to stress could involve plastic responses. Across several 

generations, epigenetic responses could allow lineages to adjust to stress. Finally, across 

many generations, stress adaptations may involve evolutionary (genetic) changes that 

become fixed in the population (Schulte 2014). Thus, by using the modern technological 

advances in molecular biology, we can investigate how environmental stress shapes 
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evolution at various levels of biological organization, from molecules, to cells, to organisms, 

and to populations. To increase the robustness of ”omic” studies in deciphering the 

molecular mechanisms underpinning adaptation to extreme environments, a comparison of 

genomic data of extremophiles and their closely related non-extremophile species is 

necessary. 

The Magadi Tilapia (Alcolapia grahami) as a Model for 

Evolutionary Biology Studies 

Soda lakes represent some of the most extreme natural aquatic environments on earth 

(Melack 1996; Grant 2004). Despite their significant abiotic stresses, notably high pH, salinity, 

temperature, UV radiations, and ionic concentrations, several fish species have colonized and 

maintain viable populations in these habitats (Coe 1966; Seegers & Tichy 1999; Tichy & 

Seegers 1999). To gain insights into the evolutionary processes promoting and maintaining 

diversification in these and other multiple-stressor environments, I have chosen to study the 

Magadi tilapia (Alcolapia grahami), a remarkable example of teleost adaptation to extreme 

environmental conditions. 

The Magadi tilapia is a small cichlid fish (standard length of 3-12 cm and weight of 1 - 

16 g, depending on collection site) endemic to the Magadi Lake Basin in Kenya. Extant Magadi 

tilapia populations are restricted to small isolated pools interspersed between long stretches 

of trona (crystalline salt deposits of sodium carbonate and sodium bicarbonate) and 

inhabitable water (Coe 1966; Wilson et al. 2004). Chemical analyses of the lagoons inhabited 

by Magadi tilapia have revealed some of the most extreme conditions known to support fish 

life: salinity (60% seawater), pH ~10, titration alkalinity > 300 mM, osmolality = 525 mOsm, 

temperatures often exceeding 40 °C, and oxygen levels fluctuating diurnally between 

extreme hyperoxia and anoxia (Narahara et al. 1996; Wilson et al. 2004). 

Several attributes of the Magadi tilapia make it a suitable model system for 

evolutionary biology studies. First, its successful colonization of extreme environment can 

allow for examination of the processes that shape adaptation in animals exposed to chronic 

environmental stress. Second, the Magadi tilapia is a member of the tilapiine lineage, the 

second major tribe within the African cichlid fishes after haplochromines (Klett & Meyer 2002; 

Schwarzer et al. 2009). Together with its congenerics from Lake Natron, the Magadi tilapia is 
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descended from a common ancestor that inhabited paleolake Orolonga roughly about 13 

000-9 000 years ago, making it one of the youngest known cichlid radiations (Seegers et al. 

1999). Despite this seemingly young evolutionary age, numerous physiological and 

morphological adaptations have been described in the species, suggesting rapid rates of 

phenotypic evolution. Third, unlike its conspecifics in Lake Natron, there exists a vast amount 

of knowledge on the biology and habitat of the Magadi tilapia, accumulated over several 

decades of research (reviewed in Pörtner 2010). For instance, the considerable information 

exists on the physiological adaptations of Magadi tilapia, which could aid in interpretation of 

patterns observed using molecular studies. Similarly, knowledge of the geological and 

climatic history of the Magadi ecosystem is important in interpreting demographic data. 

Fourth, the Magadi tilapia’s close phylogenetic relationship with the aquaculturally important 

tilapia species (Oreochromis and Sarodotheron), including the Nile tilapia whose genome has 

been sequenced, should provide a robust evolutionary framework for understanding how 

stress tolerance arises in this species. 

Open Questions in the Evolution of Magadi Tilapia 

Despite the potential that the Magadi tilapia offers as an attractive model for evolutionary 

biology studies, few studies have been conducted on the species and several important 

questions on their evolutionary history remain to be addressed. In this thesis, I will attempt to 

answer some of the questions including:  

1. What is the genetic ancestry of Magadi tilapia (and Alcolapia as a whole)? 

2. What are the patterns of population structure, phylogenetic relationships and historical 

demography of the Magadi tilapia populations?  

3. Has genetic variation within Magadi tilapia been substantially affected by recent 

fragmentation of their populations? 

4. How does genetic structure correlate with ecomorphological differentiation, divergence 

times and population size changes, and to the geological history of the Magadi Lake 

basin?  

5. What is the genetic basis of Magadi tilapia’s adaptation to multiple environmental 

stressors?  
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Objectives of the Thesis 

The overall objective of this PhD research was to enhance our understanding of the 

evolutionary processes shaping genetic structure and enabling adaptations of fish 

populations to environmentally stressful habitats. The specific objectives were to:  

1. To determine the phylogenetic position of Magadi tilapia relative to other tilapiine 

species 

2. To characterize the patterns of genetic diversity and population structure of Magadi 

tilapia populations  

3. To determine the patterns of ecomorphological differentiation among Magadi tilapia 

populations 

4. To reconstruct the evolutionary history – phylogenetic relationships, divergence times, 

population size changes and diversification of Magadi tilapia populations 

5. To determine the patterns of genomic-wide responses to extreme environmental stress 

in Magadi tilapia, both at the sequence and expression level 

Thesis Structure and Advancement of Knowledge 

My thesis consists of six chapters including this introductory chapter, a literature based 

chapter, three chapters reporting primary research projects and a final chapter in which I 

highlight the key findings of this thesis. The Appendices include supplementary material cited 

in the text (and labeled by with an S). The introductory chapter serves to introduce my study 

system and some key concepts on the role of abiotic stress in shaping the evolution of 

species. The chapter also outlines some key research questions and the objectives that I set 

to achieve with my PhD research project. Importantly, it serves as a guide to lead the reader 

through the rest of my thesis. 

In Chapter two, I conducted a literature review to: (i) provide an overview of the 

saline lakes of East Africa concerning their importance to fish and fisheries, (ii) draw attention 

to the potentials of saline lake fishes (e.g. in aquaculture and scientific research), iii) provide 

an overview of previous scholarly work on the focal species of my thesis, the Magadi tilapia, 

(iv) outline challenges facing East African saline lakes (EASL) fisheries and (v) provide 

suggestions for better conservation and sustainable use of these fish and their habitats. The 
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review not only serves as a background for the present study, but also a baseline for future 

scholarly work and for conservation managers working with saline lake fish populations. 

In Chapter three, I examined the genetic structure of Magadi tilapia using a combined 

data set from ten microsatellite loci and mitochondrial (control region and NADH 

Dehydrogenase 2 (ND2)) markers. This study provides evidence of strong population 

structuring of the Magadi tilapia populations into three genetically distinct groups, contrary 

to previous studies that have suggested a lack of genetic differences in the species. I present 

empirical evidence that trona, inhabitable water and a small land barrier provide sufficient 

barriers to gene flow among the Magadi tilapia populations. The study also reveals a close 

phylogenetic relationship of Magadi tilapia to Oreochromis variabilis a freshwater tilapiine 

species endemic to Lake Victoria. The study demonstrates the need for use of molecular 

markers with distinct modes of inheritance and mutation rates to provide complementary 

information when examining relationships among closely related populations/species. 

In Chapter four, building on the results of Chapter three, where I found strong 

genetic structuring among the Magadi tilapia populations despite their micro-scale physical 

separation, I explored the potential role of ecological diversification in shaping the observed 

patterns of genetic structure in Magadi tilapia. I employed an integrated approach including 

genome-wide analysis of SNP data (RADseq), geometric morphometric analysis of body 

shape, and analysis of ecological factors (diet composition) using stable isotopes. This study 

reveals for the first time ecomorphological diversification of Magadi tilapia acquired within 

relatively young evolutionary times since the populations diverged. Indeed, inferences of 

demographic history of Magadi tilapia are a major contribution of this thesis, as most genetic 

studies require knowledge of the demographic history of the species in question. 

In Chapter five, I performed a comparative transcriptomic study to identify genes 

putatively involved in the adaptation of Magadi tilapia to its multi-stressor habitat. I used an 

RNA sequencing (RNAseq) approach to compare gill transcriptomes of: i) wild-acquired vs. 

freshwater-acclimated samples of Magadi tilapia (within species comparison), and ii) wild-

acquired vs. freshwater-acclimated samples of Magadi tilapia and a closely related obligate 

freshwater species Oreochromis leucostictus (between species comparison). Several genes 

with known functions related to physiological responses to stress were upregulated in 

Magadi tilapia samples compared to the freshwater species. A key finding of this study is that 

I demonstrate, for the first time, the expression of the entire complement of the urea 
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pathway genes in the gills of a teleost fish. Previously, the expression of the complete set of 

the urea pathway genes had been shown only in the liver and muscle. From this study, it is 

also evident that 100% ureotelic ability is sustained in the gills of freshwater acclimated 

Magadi tilapia fish, suggesting that the species may have acquired some species-specific 

mechanisms to deal with difficulties of ammonia excretion in its normal high pH environment. 

In Chapter six, I provide a synthesis of the results of this thesis, highlighting the key 

findings of this study with suggestions for future studies and recommendations on the 

conservation strategies that will ensure minimal genetic disturbances to the extant 

populations of Magadi tilapia. 
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Abstract 

The biodiversity of saline lakes is a topic of increasing interest among biologists, ecologists 

and conservation managers in East Africa. In spite of their extreme conditions and remote 

locations, East African saline lakes (EASLs) support fish populations of considerable 

ecological, economic and biological importance. Among these are several endemic fish 

species, which are highly specialized to survive in their individual lakes. Although there is a 

growing concern that increasing human activities and projected adverse climatic conditions in 

the region may decimate these unique species, information on the status of individual fish 

populations remains scarce. In recognition of the important ecosystem services they provide, 

some EASLs have been designated as World Heritage Sites (WHS) and are protected by the 

Ramsar Convention. To complement these conservation efforts of EASLs and to ensure full 

realization of the potential of their fisheries, there is need for up-to date information of their 

fish population status. This chapter therefore presents an overview of the status of fish 

populations in EASLs with special emphasis on the Magadi tilapia Alcolapia grahami, a teleost 

fish thriving in extreme hypersaline alkaline water conditions that would easily kill other fish 

in a matter of minutes. We show how several decades of research on this small cichlid fish 

inhabiting Lake Magadi, Kenya reveal astonishing “snapshots” on how fish can survive under 

challenging environmental conditions, which, in this rare instance, are actually close to their 

physiological optima. As climatic models predict a decline in freshwater sources and an 

increment in adverse water conditions, studies on fish inhabiting saline lakes could aid 

scientists in modeling how species may evolve to adapt to extreme conditions in their 

changing habitats. We highlight conservation challenges facing the long-term existence of 

EASLs’ fish populations. Finally, an integrated multidisciplinary approach is recommended to 

ensure the preservation and sustainable management of EASL’s fish populations and 

fisheries.  

Keywords: endorheic lakes, endemism, extreme conditions, conservation  
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Introduction 

Worldwide, the fauna of saline lakes are often neglected in research endeavors, management 

initiatives and conservation efforts. Fish communities in East African saline lakes (EASLs) are 

no exception in this respect. Nevertheless, the EASLs harbor several unique and endemic fish 

communities of great economic, aesthetic, ecological and biological value (Williams 2002). 

Unlike their counterparts in freshwater lakes, natural fish populations in saline lakes remain 

largely unaltered by species introductions, overstocking and overexploitation (Melack 1996). 

These populations could thus provide a rare opportunity to conserve and study fish 

communities in their original abundance and diversity. In recognition of the significance of 

saline lakes for in-situ conservation of both threatened and endangered species, four Kenyan 

rift valley saline lakes (Lakes Turkana, Nakuru, Elementaita and Bogoria) are listed as World 

Heritage Sites (WHS) (UNESCO 1971). Additionally, these lakes are protected by the Ramsar 

convention (signed in Ramsar, Iran in 1971) on Wetlands of International Importance, as well 

as by various government initiatives in close collaboration with local communities (UNESCO 

1971; Harper et al. 2003). In spite of these initiatives, some economically driven developments 

in and around the lakes such as mining, geothermal exploration and farming continue to 

exert considerable pressure on saline lake fish populations through habitat loss and 

fragmentation, pollution and introduction of pathogens and parasites (Williams 2002; Zinabu 

2002; Jellison et al. 2004). 

There is growing concern that, if not abated, the current trend of human mediated 

degradation of saline lakes could lead to massive species losses. Since saline lakes have been 

less studied, the magnitude of such losses may even be greater, as they may affect the 

species whose existence is still undocumented (Jellison 2005). Additionally, the ecological 

and potential financial impacts of such losses may be irreversible (Costanza et al. 1997; Harper 

et al. 2003). To strike a balance between sustainable economic development, scientific 

research and conservation of EASLs’ fish populations, there is a need for scientists, 

conservation managers, governments, local communities, industry, and other stakeholders to 

work together closely. New paradigms that promote collaborative efforts could indeed go a 

long way in averting many threats facing saline lake fisheries. To the best of our knowledge, 

to date, such a framework has not been established for EASLs. In fact, very little information 

exists on saline lake fish populations including their distribution, abundance, life history, 

stocking levels, threats and conservation status. Moreover, except for fish populations in a 

few lakes such as Lakes Magadi and Turkana, much of the current knowledge about fish 
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communities in EASLs lies with local residents, fishermen or in grey literature such as museum 

records and institutional reports. 

A comprehensive review of this subject is therefore important; here we aimed to 

highlight some of the most important aspects of saline lake fish populations. The purpose of 

this chapter is thus to (i) provide a brief overview of saline lakes of East Africa as far as their 

importance to fish and fisheries is concerned, (ii) draw attention to the potentials of saline 

lake fishes, (iii) review published information on saline lake fish populations in East Africa 

with special emphasis on the Magadi tilapia, and (iv) outline challenges facing EASLs fisheries 

and suggestions for better conservation and sustainable use. 

East African Saline Lakes 

The EASLs consist of a series of alkaline-saline lakes located along the Eastern arm of the 

African Great Rift Valley, which stretches from northeastern Ethiopia through Kenya to 

Tanzania (Figure 2.1) (Hughes & Hughes 1992; Melack 1996). The Ethiopian rift valley has 

several saline lakes including Abijata, Shala, Alfdera and Chilotes (Grant 2004). The Kenyan rift 

valley contains five major saline lakes of varying salinity levels. In the order of increasing 

salinity they include Lakes Turkana, Bogoria, Nakuru, Elementaita and Magadi. Lake Turkana 

is the world’s largest desert lake and the fourth largest lake in Africa after the Great Lakes 

(Lake Victoria, Tanganyika and Malawi) (Ferguson & Harbott 1982). In the Tanzanian rift 

valley, the main saline lakes are Lakes Eyasi, Manyara, Natron, Singinda, and Kitangiri (Hughes 

& Hughes 1992). Other small saline lakes are also found in the region. A comprehensive list of 

these and other saline lakes of the world is provided in (Grant 2004). EASLs are endorheic, 

and high temperatures associated with the rift valley lead to high evaporation rates of the 

lakes’ water resulting in high concentrations of Na+, HCO3
- and CO3

2- salts (Cole 1994). The 

highly alkaline nature of surrounding soils further adds to the high saline levels of the EASLs 

(Cole 1994). Unlike their freshwater counterparts, most saline lake basins along the rift valley 

do not constitute a single continuous mass of water but rather a series of small isolated pools 

(Seegers et al. 1999). EASLs are mainly recharged by direct precipitation and underground 

seepage facilitated by hot springs located along the margins or at the floor of the lake basins. 

In exceptional cases, the lakes may acquire water through surface runoff and riverine delivery 

by affluent streams and rivers (Goerner et al. 2009). 
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Figure 2.1 Distribution of fish populations in East African saline lakes. 

As most of the EASLs lack obvious inflows and outflows, they are often considered to 

be “amplifier lakes”, because of their dramatic response to climatic variability (Street-Perrott 

& Roberts 1983; Olaka et al. 2010). Recent studies have revealed extensive shifts in climatic 

patterns and accompanying changes in hydrology of most of these lakes following the onset 

of Holocene period about 13 000 years Before present (yr BP) (Legesse et al. 2002; Issar 

2003). These shifts have led to marked variation in sizes, salinity and temperature regimes, 

UV irradiation penetration, dissolved oxygen concentration, ionic composition and biotic 

assemblages of the lakes (Melack 1996; Verschuren 1996; Verschuren et al. 2000; Oduor & 

Schagerl 2007). Saline lakes are well known for their high primary productivity and large 

microbial and invertebrate diversity (Harper et al. 2003; Grant 2004). However, their extreme 

conditions, simple food webs and physical isolation (see below) limit the abundance, 
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composition and distribution of vertebrate species (Vareschi 1979; Williams et al. 1990; Herbst 

2001). EASLs are of particular interest for fish biologists as they represent all the described 

salinity classes (Cooper & Wissel 2012). As such, these lakes provide excellent opportunities 

to study many aspects of fish biology along the salinity continuum. 

Fish Communities in East African Saline Lakes 

Generally, compared to invertebrates, fish fauna in saline lakes are limited (Brauner et al. 

2012). This has been attributed to lack of direct water links to other basins, which in turn limit 

the dispersal ability of their fish populations relative to invertebrates, that can disperse over 

land, mainly facilitated by dispersal vectors such as wind and migratory birds (Hammer 1986; 

Frisch et al. 2007; Brauner et al. 2012). Therefore, in the absence of human intervention, 

dispersal of fish relies entirely on rare chances such as during floods or by accidental transfer 

by fish-eating birds (Zaccara et al. 2014). Indeed, instances of floods and discharges following 

heavy rains may occur only in a few saline lakes (e.g. Lakes Natron and Turkana) that have 

temporary connections to rivers or streams. Species richness and abundance of saline lake 

fishes is therefore correlated to dispersal opportunities (Brauner et al. 2012), food availability 

and the physical complexity of individual lakes (Hammer 1986). 

More often than not, less alkaline lakes (salinity 3-5 ppt e.g. Lake Turkana, Kenya) 

have more species, whereas hypersaline lakes (salinity ~21 ppt e.g. Lakes Magadi and Little 

Magadi, Kenya) have fewer species (Hammer 1986; Seegers et al. 2003). The negative 

correlation of salinity to fish diversity has been reported in several studies (Sosa-López et al. 

2007; Cooper & Wissel 2012). Owing to the intimate physiological relationship fish have with 

their environment (Cossins & Crawford 2005), saline lake fishes are of great global 

significance as biological models to study adaptation and response to a wide variety of 

natural and anthropogenic environmental conditions. 

As EASLs are geographically isolated and often lack inlets and outlets, the origins of 

the initial fish populations that seeded the lakes are not obvious. Thus, it is often difficult to 

state with certainty whether populations in individual lakes are natural or have even been 

stocked by humans in ancient times (Hammer 1986; Brauner et al. 2012). Nevertheless, owing 

to relatively long periods of isolation, most saline lake fish fauna are evolutionarily quite 

divergent from their closest freshwater relatives and have evolved unique adaptations to 

subsist in their individual lakes. Consequently, saline lake fish exhibit varied morphological, 
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behavioural, physiological and ecological adaptations. Additionally, morphological 

diversifications have also occurred among populations of the same species within individual 

lakes probably as a result of occupying diverse environments (Seegers & Tichy 1999; Tichy & 

Seegers 1999). This may in turn lead to fish populations showing substantial intraspecific or 

interspecific morphological differentiation even in the presence of gene flow. This has been 

reported for Lake Natron, Tanzania where the lake’s three morphologically distinct species, 

Alcalicus alcalicus, A. ndalalani and A. latilabris exist in sympatry (Seegers & Tichy 1999). The 

most prevalent species, A. alcalicus displays considerable intraspecific morphological 

variation (Seegers & Tichy 1999; Tichy & Seegers 1999). Nevertheless, genetic analyses 

(mtDNA and microsatellites) have revealed considerable gene flow among these species and 

morphotypes (Zaccara et al. 2014). Owing to their characteristic restricted ranges, small 

population sizes and stressful habitats, fish species in EASLs are thought to be at a great risk 

of extinction. Model studies in other saline lakes of the world have predicted a decline in fish 

populations as a result of unprecedented environmental threats to their ecosystems (Jellison 

et al. 2004). This has been attributed to a decline in annual precipitation leading to 

deterioration of water quality and contraction of habitats mainly driven by anthropogenic 

activities (Jellison et al. 2004). 

Fish species of Ethiopia’s saline lakes 

Although little is known about the fish communities in the Ethiopian saline lakes, there have 

been suggestions that the lakes may hold a few endemic species. The cichlid Danakilia 

franchettii (Trewavas 1983) and cyprinodontid Lebias stiassnyae (Getahun & Lazara 2001) are 

endemic to Lake Alfdera (Stiassny & Getahun 1998; Golubtsov et al. 2002) (Table S2.1). Lake 

Chilotes (also referred to as Hora Kilole) has an indigenous Oreochromis niloticus population. 

However, following recent diversions of freshwater from River Mori into Lake Chilotes, 

several riverine species (mainly Barbus) have colonized the lake within the last decade 

(Lemma 2003). 

Fish species of Kenya’s saline lakes 

Compared to all other EASLs, Lake Turkana has the highest number of species (Table S2.1). 

Over 50 species have been described, 30% of which are endemic to the lake (Table S2.1) 

(Hopson 1982; Kolding 1989; Seegers et al. 2003). The non-endemic species are derived from 

the Nile drainage (Kolding 1989, 1995) as a result of past connections of the Turkana Lake 

basin to River Nile (Johnson & Malala 2009). The high diversity of fishes in Lake Turkana is 
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attributed to its mild saline conditions, a well-mixed water column and well-oxygenated 

waters among other factors (Ferguson & Harbott 1982; Kallqvist et al. 1988). Recent studies 

have however suggested a decline in the lake’s fish populations owing to fishing pressures 

(Muška et al. 2012) and fluctuations in water levels (Kolding 1995). In contrast to Lake 

Turkana, the other saline lakes of Kenya have very limited fish fauna. The hyper-saline Lake 

Magadi contains only a single species, the endemic tilapia, Alcolapia grahami. The Magadi 

tilapia was introduced to Lake Nakuru between 1952-1962 to combat mosquito larvae 

(Vareschi 1979) and probably also in Lake Elementaita (Okeyo 2006). However, massive 

deaths of the introduced fish were reported in 1991 for unknown reasons (Githaiga 1997). In a 

recent expedition (March, 2010) to Lake Elementaita, a thriving population of tilapia 

resembling Alcolapia grahami but with slightly bigger body sizes was found (Geraldine D. 

Kavembe, personal observation). The current population status of Alcolapia grahami species in 

Lake Nakuru is, however, unknown. Although Lake Bogoria does not have endemic species of 

its own (Harper et al. 2003), fish from affluent streams have been found to “stray” into the 

lake following heavy rains that make the water less saline. 

Fish species of Tanzania’s saline lakes 

Lake Manyara is the most important of the Tanzanian saline lakes in terms of fisheries. The 

lake is dominated by the endemic Lake Manyara tilapia Oreochromis amphimelas (Figure 2.3). 

This species is also found in other soda lakes in Tanzania such as Lakes Kitangiri, Eyasi and 

Singida (Froese & Pauly 2014). A sharp decline of fish catches in Lake Manyara has been 

recorded, from a high of 1,800 tons in 1970s to a low of 0.5 tons in 1990 (Mugisha et al. 1993). 

The decline was attributed to a drought that wiped out most of the populations of O. 

amphimelas (Mugisha et al. 1993). Nevertheless, more recent surveys suggest that Lake 

Manyara still supports a significant population of O. amphimelas (Yanda & Madulu 2005). 

However, information on the status of the species in other Tanzanian saline lakes is scanty. 

Catfish (Clarias gariepinus) have been reported in Lake Manyara (Yanda & Madulu 2005) and 

Lake Kitangiri (Bwathondi 2002). Oreochromis esculentus and Tilapia rendalli were introduced 

from Lake Victoria to Lakes Kitangiri and Singinda (Thieme et al. 2005) (Table S2.1). 

Bwathondi (2002) reported sightings of Protopterus aethipicus and Oreochromis niloticus, as 

well as some unspecified Haplochromine species, in Lakes Kitangiri and Singinda respectively. 

Lake Natron, which displays extreme conditions (similar to but less extreme than those of 

Lake Magadi) is well known for its three endemic soda lake tilapia of the genus Alcolapia: A. 

alcalicus, A. latilabris and A. ndalalani (Figure 2.3, Table S2.1) During the wet season, several 
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riverine fish species have been reported to stray into Lake Natron from rivers (Ewaso Nyiro, 

Peninj, Moinik and Engare Sero) and seasonal streams that feed the lake (Seegers & Tichy 

1999). 

 

Figure 2.2 Representative fish species from East African Saline Lakes: a) Alcolapia grahami from 
southern lagoons of Lake Magadi; b) Alcolapia alcalicus from Shompole swamps, north of Lake Natron; 
c) Alcolapia aff. alcalica from south western lagoon of Lake Natron; d) Alcolapia ndalalani from 
Olomotony, southern Lake Natron; e) Alcolapia latilabris from Olomotony, Lake Natron; f) Oreochromis 
amphimelas from Mto wa Mbu, northern affluents of Lake Manyara; g) Oreochromis niloticus vulcani 
from Loyangalani springs, eastern shore of Lake Turkana; h) Haplochromis rudolfianus from south of 
Loyangalani, Lake Turkana, i) Hemichromis exsul from south of Loyangalani, eastern shore of Lake 
Turkana; j) Clarias gariepinus from Mto wa Mbu, Tanzania northern affluents of Lake Manyara. 
Photographs kindly provided by Dr. Lothar Seegers. 
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Potential Uses and Value of Saline Lake Fishes 

Aquaculture value 

Compared to freshwater species, the fisheries sector of saline lakes is poorly developed and 

there is only scant information available on the actual exploitation of the fish in these lakes. 

Global shortage of freshwater brought about by climate change and competition for the 

available freshwater resources by the ever-growing human populations has increased the 

need to develop aquaculture in brackish, saline and wastewaters (Sala et al. 2000; El-Zaeem 

et al. 2012). The need for such initiatives is even greater in East Africa where unprecedented 

rates of population growth, often in combination with natural and human-mediated 

stressors, continue to put strain on available freshwater resources. Fish fauna of saline lakes 

could undoubtedly offer one of the solutions to dwindling freshwater fisheries. Apart from 

direct benefits from saline lake fish catches, saline lake fish stocks could also be used in 

breeding programs for genetic improvement of common freshwater species. For instance, 

the freshwater tilapia Oreochromis niloticus is one of the world’s leading aquaculture species. 

However, like most teleost species, it excretes ammonia as its major nitrogenous waste, and 

ammonia buildup can cause sublethal toxicity manifested as impaired growth when water 

supplies are limited (El-Shafai et al. 2004). Possibly, it could be crossed with Magadi tilapia, 

which produces only urea, a much less toxic nitrogenous waste product (see below). For such 

attempts to be successful there is a need to establish well-planned programs including 

extensive research on the species biology, compatibility and prior assessment of the negative 

effects such programs may have on the long-term survival of either species. Similar efforts 

using other stress-tolerant tilapia for improvement of common tilapia species have yielded 

impressive results (Kamal & Mair 2005). 

Scientific and educational value 

Over the past decades, there have been many studies involving fish species living in extreme 

environments. For instance there have been several studies on adaptation to hyper-saline, 

exceptionally alkaline conditions in Magadi tilapia (A. grahami) (Pörtner et al. 2010) and to 

hydrogen sulphide-contaminated caves in the Shortfin Molly fish Poecelia mexicana (Tobler et 

al. 2011). Global climate change scenarios predict a steady increase of salinity in East African 

freshwater ecosystems. Saline lakes and their fish populations offer a natural laboratory for 

multidisciplinary studies that may provide the much-needed management solutions. The 
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simplicity of saline lake ecosystems and the less species-rich nature of saline lake 

communities are some of the aspects that make these systems good models for biological 

studies. 

Cultural, aesthetic and economic values 

Most EASLs are found in remote, dry areas and as such, they are the main source of livelihood 

for the local communities. The communities are predominantly pastoralists but dwindling 

land resources and declining annual precipitation have resulted in decreased livestock 

productivity. For instance, over 200 000 indigenous pastoralists and agro pastoralists are 

estimated to depend entirely on Lake Turkana (Avery 2010). If exploited, fish populations 

could provide a complementary resource to improve food security of such communities. 

Almost inseparable from other values associated with the fish populations, is the 

contribution of fish fauna to the economy of their respective countries. This could either be in 

the form of direct contributions from fish sales, proceeds from tourism, or from indirect 

contributions such as increased local expenditures associated with research activities. To 

maximize returns from the few saline fish species and to ensure conservation of their 

biodiversity, there have been suggestions to develop recreational fisheries as opposed to 

commercial fisheries. For instance, in Issyk-Kul Lake in Kazakhstan, several studies have 

proposed that recreational fishing would impart less fishing pressure but yield major financial 

gains compared to industrial fishing (Alamanov & Mikkola 2011). The economically successful 

sport fishery for endemic cutthroat trout in the saline alkaline Lake Lahontan in Nevada, USA, 

managed by an aboriginal community, is a good example of this strategy (Coleman & 

Johnson 1988). 

Ecological value 

Although it is the most difficult to quantify, the ecological value of saline lake fish is highly 

significant. The fish constitute an irreplaceable component of the saline lake food chain. For 

instance, the fish in saline lakes support significant populations of fish-eating birds (Vareschi 

1979). Additionally the fish prey on some saline lake organisms such as mosquito and dipteran 

larvae, as well as on other fish, invertebrates and micro-organisms such as cyanobacteria 

(Coe 1966; Vareschi 1979). Most importantly, most fish in saline lakes are endemic and 

adapted to specific lakes; hence, each single species represents an invaluable genetic 

resource that should be conserved.  
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Current Research on Fish Populations of Saline Lakes in 

East African Rift Valley 

Although research activity is increasing, fish in EASLs have attracted relatively limited 

attention from scientists and their fisheries sector are poorly developed, relative to 

freshwater fisheries (Kolding 1995; Muška et al. 2012). This may be attributed to several 

factors. First, there is generally a low awareness among relevant stakeholders on the 

importance of saline fish populations, particularly their potential in aquacultural production. 

Secondly, the remote geographical location of saline lakes and their associated adverse 

conditions may limit access to the lakes’ fish populations by scientists. Lastly, research on 

saline lake fish may require sophisticated methods and equipment, particularly in cases 

where on-site or laboratory manipulations of populations are required. Most scientists also 

may be wary of incurring huge expenses against high risks of failed projects, especially when 

it is often expensive, difficult, and time-consuming to acquire the necessary permits from 

national and local regulatory authorities. 

In spite of the relatively sparse previous research conducted on fish of EASLs, there is 

growing interest among biologists, ecologists, ichthyologists and conservation managers, 

resulting in enhanced understanding of saline lake fish populations. For instance, recent 

taxonomic revisions of the Magadi-Natron soda tilapias by Lothar Seegers and Herbert Tichy 

(Seegers & Tichy 1999; Tichy & Seegers 1999) using modern genetic tools have greatly 

improved on the classical descriptions of the species by earlier ichthyologists such as Franz 

Hilgendorf (Hilgendorf 1905), George Boulenger (Boulenger 1912) and Ethelwynn Trewavas 

(Trewavas 1983). Several studies on other aspects of saline lake fish in EASLs have also been 

undertaken in the recent years (Pörtner et al. 2010; Muška et al. 2012; Zaccara et al. 2014). As 

an example, we restrict our discussions to studies that have been undertaken on the single 

teleost species that thrives in Lake Magadi, Kenya, the Magadi tilapia, Alcolapia grahami 

(Boulenger 1912). 

The Lake Magadi Tilapia as a Case study 

Lake Magadi is a hypersaline, highly alkaline, endorheic basin found at the southern tip of the 

Kenyan rift valley section (Figure 2.1). Historically, the lake has been joined and separated 

several times from Lake Natron, another saline lake in Northern Tanzania (Tichy & Seegers 
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1999). In fact, the two lakes are believed to have been parts of a large Paleolake Orolonga 

(Butzer et al. 1972). This paleolake is thought to have held a large population of freshwater 

cichlids, probably similar to Alcolapia grahami (Boulenger 1912) (Tichy & Seegers 1999). 

Complete separation of Lake Magadi from Lake Natron is estimated to have occurred not less 

than 8 000 years ago (Butzer et al. 1972; Tichy & Seegers 1999). Lake Magadi further split ~7 

000 years ago to form a satellite Lake Little Magadi to its north. Today, the Lake Magadi basin 

is a large shallow lake covered mainly (~80%) by “trona” (a solid crust of precipitated sodium 

carbonate and bicarbonate separating shallow lagoons of varying physicochemical properties 

(Coe 1966; Wilson et al. 2004). Compared to Lake Natron, which harbors three species of 

tilapia Alcolapia alcalicus, A. latilabris and A. ndalalani (Figure 2.2; Table S2.1), the Lake Magadi 

basin has only one described tilapia species, Alcolapia grahami. In the older literature, this was 

variously referred to as Oreochromis alcalicus grahami, Sarotherodon alcalicus grahami or 

Tilapia grahami. 

Magadi tilapia is the only teleost, and indeed the only vertebrate, known to inhabit 

the hypersaline lagoons of Lake Magadi and its satellite Lake Little Magadi (Coe 1966; Wilson 

et al. 2004). As mentioned earlier, some populations of the tilapia were transplanted to Lake 

Nakuru (Vareschi 1979) and probably to Lake Elementaita (Okeyo 2006). Throughout its 

distribution range, the Magadi tilapia is subjected to incredibly extreme conditions: pH ~10, 

alkalinity 300 mmol L-1, temperature up to 42 ºC, high UV radiation, daytime hyperoxia and 

nighttime hypoxia, ionic concentrations equivalent to those of ~ 60% sea water, and intense 

predation by birds (Coe 1966, 1967; Narahara et al. 1996; Johannsson et al. 2014). 

Nevertheless, this species thrives in a number of isolated hotsprings and lagoons around the 

edge of the lake. Indeed these conditions, which would quickly kill most other teleost fish, 

appear to be optimal for this species, as Magadi tilapia often deteriorate and die when 

transferred to other water qualities which “standard” teleosts inhabit (Reite et al. 1974; 

Wood et al. 1989, 1994; Laurent et al. 1995; Wright & Wood 2009). 

Dispersal of fish between individual lagoons is hampered by the presence of trona, 

inhabitable water and in the case of Lake Magadi versus Little Lake Magadi, a land barrier 

separating the two lakes (Coe 1966, 1967; Wilson et al. 2004); also see Chapter three. There 

have been suggestions that occasional mixing of fish between these lagoons could be 

possible especially following floods (White 1953; Coe 1966); however several studies support 

the hypothesis of little or no gene flow (Wilson et al. 2004; Kavembe et al. 2014). Since the 

publication of the first monograph on Magadi tilapia (Coe 1966), the fish has been the subject 
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of a range of studies on its physiology, taxonomy, morphology, behavior, ecology and lately 

genetics, a selection of which are discussed below. 

Physiological studies  

Because of its extreme environment, the Magadi tilapia is exposed to huge and diverse 

physiological challenges. Consequently, the fish has acquired several adaptive mechanisms to 

deal with physiological stresses associated with ionic balance, acid-base balance, nitrogenous 

waste management, gas exchange, high temperature and reactive oxygen species (ROS) 

(Pörtner et al. 2010; Wood et al. 2012; Johannsson et al. 2014). 

a) Osmoregulatory and ionoregulatory adaptations 

Magadi water has exceptionally high pH (10) (Johansen et al. 1975) and osmolality of ~580 

mOsm (Wood et al. 1989). The dominant anion is HCO3
- /CO3

- (290 mequiv L-1) rather than Cl- 

(112 mmol L-1). Similarly, the dominant cation Na+ (356 mmol L-1) is exceptionally high in 

concentration, while Ca2+ and Mg2+ are negligible <1 mmol L-1 (Wood et al. 1994, 2012). To 

minimize the high cost of acid-base regulation, which is about 50% of its resting metabolism 

(Wood et al. 2002a), the Magadi tilapia maintains an exceptionally high blood (8-9) and tissue 

pH (7.6) (Wood et al. 1994). Plasma ions and osmolality are regulated at levels typical of other 

teleosts (Maloiy et al. 1978; Eddy et al. 1981; Eddy & Maloiy 1984; Wright et al. 1990a; Wood et 

al. 2002b). Although the fish is ureotelic (see below), regulation of plasma urea plays only a 

quantitatively small role in its osmoregulatory strategy, unlike ureotelic elasmobranchs 

(Wood et al. 2002b). Instead, drinking of alkaline water at exceptionally high rates (8 ml g-1 h-1) 

enables this fish to balance its osmolality by replacing water lost across the gills to the 

hypertonic environment (Maloiy et al. 1978; Skadhauge et al. 1980; Wood et al. 2002b; 

Bergman et al. 2003). To avoid neutralization of the stomach gastric acids by the alkaline 

water, Magadi tilapia’s gut is uniquely modified to include a pyloric bypass (Bergman et al. 

2003). The presence of the pyloric bypass also ensures that the fish can imbibe water 

regardless of a full stomach (Bergman et al. 2003). Most of the solutes in the imbibed water 

(Na+, HCO3
-, and lesser amounts of Cl-) appear to be absorbed in the gut and then excreted 

through the gills (Bergman et al. 2003). Intestinal fluid absorption occurs mainly in the 

anterior portion of the digestive tract, driven mainly by NaHCO3 absorption, with a 

contribution from NaCl absorption in more distal portions of the tract. Building on the 

original model of Laurent et al. (1995), Wood et al. (2012) provided evidence that the active 

excretion of HCO3
- could explain the electrogenic component of the transepithelial potential 



Chapter 2 Fish Populations in East African Saline Lakes 

 
23 

(TEP) across the gills observed in Magadi tilapia. Active excretion of HCO3
- would in turn 

facilitate passive efflux of Na+ across the gills by creating a positive TEP in the blood relative 

to the external water (Maloiy et al. 1978; Eddy et al. 1981; Wood et al. 2012). As Cl- is actually in 

higher concentrations in the blood plasma than in Lake Magadi water, it too probably 

effluxes passively across the gills (Wood et al. 2012). 

b) Nitrogen excretion 

Nitrogenous waste excretion is a crucial aspect for survival of fish in aquatic environments. 

The Magadi tilapia is a unique teleost in this aspect – it is the only 100% ureotelic fish- simply it 

normally excretes all its nitrogenous waste as urea (Randall et al. 1989). Indeed the ability of 

the Magadi tilapia to excrete urea has been equated to that of terrestrial mammals. Virtually, 

all other adult teleosts excrete their nitrogenous wastes primarily as ammonia (Wright & 

Wood 2009). In fact, most embryonic stages of teleosts excrete urea as the primary 

nitrogeneous waste, but switch to excrete ammonia at a relatively early stage (Wright & Fyhn 

2001). Thus, the presence of ureotelism in adult Magadi tilapia appears to reflect the 

retention of an embryonic characteristic. Consequently, the Magadi tilapia has been shown to 

express all enzymes of the ornithine-urea cycle (OUC) (Randall et al. 1989; Walsh et al. 1993). 

A unique feature of urea production in Magadi tilapia is the expression of urea cycle enzymes, 

primarily in the white muscle and to a lesser extent in the liver, the primary organ where the 

OUC enzymes are expressed in the few other fish species that excrete substantial amounts of 

urea (Lindley et al. 1999). Continuous excretion of urea is achieved through a facilitated 

diffusion mechanism involving urea transporters found in the gills (Walsh et al. 2001; Wood et 

al. 2013), which give this species the highest gill urea permeability of any fish species, even 

greater than that of the marine toadfish, which is a facultatively ureotelic species with similar 

gill urea transporters (Walsh et al. 2000). Although urea production is a metabolically 

demanding process, this remarkable adaptation ensures that the tilapia can excrete its 

nitrogenous waste across the gills into its highly alkaline and buffered aquatic habitat 

(Randall et al. 1989; Wood et al. 1989, 1994, 2002a; b). As originally pointed out by Randall et 

al. (1989), ammonia excretion should be theoretically impossible against an external pH of 10, 

at least by passive mechanisms. Nevertheless, it is remarkable that the Magadi tilapia 

expresses Rh proteins and an NH4
+ activated Na+-ATPase in its gills (Wood et al. 2013). Such 

mechanisms are thought to be associated with active ammonia excretion in other teleosts 

(Wright & Wood 2009), raising the prospect that the Magadi tilapia may actively excrete 

ammonia under ammonia-loading conditions. This, together with the ability of the OUC to 
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detoxify ammonia by accelerating its conversion to urea (Wood et al. 1989, 2013) confers an 

exceptional ammonia tolerance on this species (Walsh et al. 1993). These conditions are 

common in areas of the lake where bacterial action converts the uric acid from flamingo 

guano deposits into ammonia (Wilson et al. 2004). 

c. Respiratory adaptations 

Magadi tilapia have exceptionally high rates of oxygen consumption (Franklin et al. 1994; 

Narahara et al. 1996), reflecting their very active lifestyle (Coe 1966, 1967), the high cost of 

living in this hostile environment, and the high environmental temperatures. Their 

mitochondria appear to be adapted to function optimally at these high temperatures 

(Johnston et al. 1994). Not surprisingly, the fish has a relatively high capacity for sustained 

exercise (Walsh et al. 1993; Wood et al. 2002b). As mentioned above, Magadi tilapia are 

exposed to extremes of oxygen concentration, namely daytime hyperoxia and nighttime 

hypoxia (Narahara et al. 1996; Johannsson et al. 2014). These hyperoxic and hypoxic states 

result, respectively, from photosynthetic activity of cyanobacteria during the day and 

respiration at night (Narahara et al. 1996). To deal with low oxygen concentration, 

hemoglobin (the oxygen carrier protein) in Magadi tilapia is adapted to extract oxygen even 

at near-anoxic conditions (Lykkeboe et al. 1975). This is reflected in a blood with a very high 

oxygen affinity (Narahara et al. 1996). Their hemoglobin has a high thermostability (Franklin 

et al. 1994). Additionally, the gills have a very high surface area and a relatively thin water-to-

blood diffusion barrier, such that their branchial diffusing capacity for oxygen is exceptionally 

high (Maina et al. 1996). In addition, the Magadi tilapia has developed a highly vascularized 

physostomus swim bladder that allows the fish to perform facultative air breathing (Maina et 

al. 1996). In a recent study, it was observed, that air breathing occurs not only under hypoxia, 

but also under normoxic and hyperoxic conditions (Johannsson et al. 2014). Since air 

breathing was manifested more in fish exposed to sunlight, the authors suggested that the 

extremely high reactive oxygen species (ROS) in Magadi water during the peak of the day 

could act as an irritant to the gills, therefore, air breathing could be an adaptive strategy in 

Magadi tilapia to avoid ROS damage (Johannsson et al. 2014). Air breathing, however, is 

costly as it may predispose the fish to greater risk of predation by birds (Narahara et al. 1996; 

Johannsson et al. 2014). Nevertheless, it seems to be a major behavioural adaptation uniquely 

exploited by Magadi tilapia to survive in its adverse environment. More studies are however 

required to test this hypothesis. 



Chapter 2 Fish Populations in East African Saline Lakes 

 
25 

Genetic and Phylogenetic studies of Magadi tilapia 

A question of great evolutionary importance has been the origin of the proto-A. alcalicus 

ancestral population that seeded the Magadi-Natron species flock (Seegers & Tichy 1999; 

Tichy & Seegers 1999). Owing to the close geographical proximity and similar water 

conditions in the Magadi-Natron basin and Lake Manyara, their species would be expected to 

have a common ancestry. Trewavas (1983) reported the sharing of some characters between 

the species, such as low gill raker numbers, absence of microbranchiospines and remarkably 

small, thin scales on the chest, belly and nape. But based on several striking differences 

between O. amphimelas and the Alcolapia genus (Table 2.2), she concluded that the two 

groups were indeed separate groups. She proposed that the shared characters may just be as 

a result of the occurrence of both species groups in similar water conditions (Trewavas 1983). 

Other shared characteristics among saline lake fish thought to be associated with thermal 

and alkaline lake conditions include; small sizes at maturity and small maximum sizes, low 

number of vertebrae relative to putative ancestral species, and low dorsal fin rays (Trewavas 

1983). 

Table 2.1 Some differences between Alcolapia spp. and Oreochromis amphimelas 

Character Alcolapia species Oreochromis amphimelas 

Vertebrae 27-30 (mode 28) 30-32 (mode 31) 

Scales lateral line 27-30 (mode 27 or 28) 30-34 (mode 31-33) 

Dorsal spines slender stout 

Postorbital part of the head often < 50% often> 50% 

Depth of preorbital bone deep shallow 

Texture of preorbital bone naked scaly 

Table adopted from Trewavas (1983). 

Seegers et al. (1999) used cytochrome b and control region (D-loop) markers to 

investigate the genetic diversity and infer the phylogenetic relationships of Magadi tilapia, its 

three sister species (Natron tilapia: A. alcalilicus, A. ndalalani and A. latilabris) and those of the 

closely related genera Oreochromis (O. niloticus and O. amphimelas). Compared to the 

outgroups (Oreochromis species), the soda tilapias formed a clear monophyletic group. The 

possibility of O. amphimelas being the close relative to the Alcolapia species was also ruled 

out in another study that included more taxon groups (Nagl et al. 2001; see also Chapter 

three). In this latter study, several Oreochromis species lineages appeared between the 

branches leading to Alcolapia species and Oreochromis amphimelas. 
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Albrecht et al. (1968) reported similar breeding pit shapes between Alcolapia grahami 

and Oreochromis variabilis (Trewavas, 1983). In a detailed revision of the taxonomy of the 

Oreochromis and Sarodotheron species, Trewavas (1983) noted a similarity in the snout shape 

of Alcolapia and O. variabilis. O. variabilis species is an endemic species in Lake Victoria, which 

is located more than 300 km away from the Magadi-Natron basin. However, at the closest 

points, the lake basins are separated by active volcanic rocks that could be younger than the 

fish populations themselves (Trewavas 1983). In relation to their huge geographical 

separation, Trewavas, drawing from a study by (Fryer & Iles 1972), argued that high levels of 

human-mediated dispersal of Oreochromis variabilis could have facilitated its colonization of 

distant water bodies. In their study, Fryer & Iles (1976) tested the dispersal ability of O. 

variabilis by tagging females of species at known brooding grounds. After shedding their 

young, the fish were found to traverse long distances. For instance, the furthest dispersed 

individual recaptured 28 days after tagging had covered a distance of about 96 km (~3.4 km 

per day) away from the point of release (Fryer & Iles 1972). Despite these speculations, the 

presence of tassled genital papillae only in the males of O. variabilis convinced Trewavas to 

retain the Alcolapia species and O. variabilis in separate genera. 

 Other genetic studies in Magadi tilapia have examined their genetic diversity 

(Seegers et al. 1999; Wilson et al. 2000b, 2004) and structure of the soda tilapias (Wilson et al. 

2000b, 2004). Generally a high genetic diversity is found in soda tilapias (Seegers et al. 1999; 

Wilson et al. 2000b, 2004; Zaccara et al. 2014). A single common haplotype is shared between 

Lake Magadi and Lake Natron tilapia species while the rest of the haplotypes were specific 

either to Magadi or Natron (Seegers et al. 1999; Wilson et al. 2000b, 2004; Zaccara et al. 2014). 

Within lakes however, the haplotypes were shared between populations and species. The 

authors propose that the common haplotype could have been present in the ancestral fish 

population that occupied the Paleolake Orolonga, which split to give rise to the present day 

Lake Natron and Lake Magadi basins about 13 000 years ago (Butzer et al. 1972). In relation to 

genetic structure, two studies yielded contrasting results (Wilson et al. 2000b, 2004). Wilson 

et al. (2000b) found strong genetic differentiation between two populations from Lake 

Magadi using variable number tandem repeats (VNTRs). In fact, the two populations of 

Magadi tilapia were as distinct from each other as they were from samples of a Lake Natron 

tilapia population that were analyzed in the same study (Wilson et al. 2000a). In subsequent 

study, the same authors using a set of mitochondrial markers and sampling from more 

populations, suggested limited genetic differentiation between the populations of Magadi 
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tilapia (Wilson et al. 2004). The authors attributed the differences in their results to the few 

number of samples used in their earlier study. 

Taxonomic and morphological studies 

The systematics and classification of Alcolapia, the genus to which Magadi tilapia belongs to, 

has been contested by many systematists and taxonomists (Seegers & Tichy 1999). Since the 

first record of Magadi tilapia as Tilapia grahami (Boulenger 1912) in the early 20th century, the 

species taxonomy has been revised several times. Other names that have been used to refer 

to Magadi tilapia include: Tilapia grahami (Boulenger 1912), Sarotherodon alcalicus grahami 

(Boulenger 1912) and Oreochromis alcalilus grahami (Boulenger 1912). Alcolapia grahami 

(Boulenger 1912) is currently the accepted name for Magadi tilapia (Seegers & Tichy 1999). 

Although all fish populations in the Magadi basin are currently recognized as Alcolapia 

grahami, the consistent occurrence of a slanted mouth in Little Magadi population relative to 

a terminal mouth in Lake Magadi lagoon population calls for a close examination of the 

species for other lake-specific differences (Wilson et al. 2004; Kavembe et al. 2014). 

Most morphological studies on Magadi tilapia have focused on organs associated 

with its physiology such as the gills, gas bladder and the gut. The gills have been most studied 

owing to their importance in excretion, ionoregulation, and respiration in Magadi tilapia 

(Maina 1990, 1991; Laurent et al. 1995; Maina et al. 1996; Johannsson et al. 2014). Unique 

features of the Magadi tilapia gills include: a relatively large number of mitochondria-rich cells 

with a profuse intracytoplasmic microtubular network (Maina 1990, 1991), the presence of 

accessory chloride cells (Laurent et al. 1995), and a very high surface area and thin water-to-

blood diffusion distance yielding a very high O2 diffusing capacity (Maina et al. 1996). 

Interestingly however, the presence of an interlamellar cell mass (ILCM), which would tend 

to restrict gill-diffusing capacity but protect against the harsh external environment was 

recently reported in fish in some lagoons (Johannsson et al. 2014). Other studies on Magadi 

tilapia have focused on the gut because of its dual role in food-processing and 

osmoregulation (Bergman et al. 2003), the swim bladder (Maina et al. 1996; Maina 2000a) 

because of its role as an accessory air-breathing organ (Narahara et al. 1996), the epithelium 

of the buccal cavity, both as a possible respiratory structure (Maina et al. 1996) and a 

secretory structure for nutrition of offspring (Maina 2000b), and the spermatozoa for its role 

in reproduction (Papah et al. 2013). The spermatozoon was shown to possess several 
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adaptive morphological features thought to confer the ability to function in the lake’s 

extreme water conditions (Papah et al. 2013). 

Behavioral studies 

Several aspects of behavior in Magadi tilapia have been described and may form a basis for 

more in depth studies. These include air-breathing and surface-skimming, fighting in males 

(Narahara et al. 1996), feeding mainly during daylight hours (Bergman et al. 2003), evasive 

actions from avian predators, and diurnal migrations within the lagoon systems (Coe 1966, 

1967). Additionally, Coe (1966) provided extensive information on their reproductive behavior 

(see next section). Recently, Johannsson et al.(2004) reported a form of cooperative social 

behavior in Magadi tilapia in which all fish that performed air breathing formed intact groups 

referred to as pods. The authors noted aggressive attacks on those fish that attempted to air 

breathe outside the pods. The negative social interaction was useful in maintaining the 

integrity of the pods. The behavior may also be adaptive, as it could minimize chances of 

predation on air breathing individuals by fish-eating birds (Johannsson et al. 2014). 

Studies on reproductive aspects 

Magadi tilapia is a mouth-brooder (Coe 1966). Breeding males and females display distinct 

colors during the breeding period. The most conspicuous feature is a fleshy, brilliant white 

coloration of the lower lip in males. But generally, both males and females of Magadi tilapia 

display bright colors during courtship (Coe 1966). The males build pits at the floor of the 

lagoons and exhibit courtship behaviors similar to those of other tilapia. Territorial behaviors 

among males have been documented (Coe 1966). Bigger males have been reported to invade 

and replace young males from their breeding pits (Fryer & Iles 1972). Females may mate with 

several males such that a brood released by a single female may consist of babies sired by 

different males (Trewavas 1983). In Fish Springs Lagoon, females have been observed to 

deposit their young in small pools around the springs where the water is cooler and is less 

concentrated with salts (Geraldine D. Kavembe & Chris M. Wood, personal observations). This 

may be a strategy to allow the young fish to develop in less harsh conditions. Alternately or 

additionally, it may serve to protect the offspring from being eaten by conspecifics, as 

snatching and foraging of eggs and young from mouth-brooding females by other fish of 

both sexes have been observed (Coe 1966). This cannibalistic behavior has also been 

documented in Lake Natron cichlids (Seegers et al. 2001) and in other mouth-brooding 

cichlids (McKaye & Berghe 1996). Since the waterways leading to these “nursery pools” are 
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very shallow and exposed, this behavior involves air exposure of the brooding females as 

they wriggle up to the “nursery pools”. Interestingly, this behavior was observed only in the 

evening and may be a strategy by the females to avoid the scorching UV radiations, 

dehydration, and predator attacks, all of which would be higher during the day. Other 

observers have also reported observing brooding females voluntarily enter and remain for 

long periods in water as hot as 44 oC, temperatures that are avoided by males and non-

brooding females (Albrecht et al. 1968; Fryer & Iles 1972). 

Spermatogenesis in Magadi tilapia was recently examined (Papah et al. 2013). Despite 

the extreme conditions to which the fish are exposed and the occurrence of external 

fertilization (involving similar exposure of the sperm), the males were found to exhibit 

normal spermatogenesis comparable to those of other mouth-brooding tilapia. However, 

one particular specialization was the sidepiece, with no cytoplasmic sheath, which ends 

blindly distally in a lobe-like pattern around the flagellum. The apparent absence of the 

cytoplasm sheath and indistinct side fins/ridges in the spermatozoa of the Magadi tilapia 

compared to other cichlids may help accelerate sperm swimming performance, which could 

be of adaptive significance in the harsh environment. Furthermore, Papah et al. (2013) 

speculated that the presence of a thin membrane heavily laden with a dark pigment on the 

parietal peritoneum of the male could serve to protect the testis against high levels of UV 

radiation. 

Studies on feeding  

Only a few studies have investigated food and feeding habits of fish populations in EASLs so 

far. It is generally agreed that EASLs support simple food webs (Figure 2.3) with complexity 

increasing with decreasing salinity levels (Harper et al. 2003; Cooper & Wissel 2012). Owing to 

the extreme water conditions in these lakes, their algal communities are restricted to a few 

species. The dominant benthic algal species are cyanobacteria (notably Arthrospira platensis) 

and the pelagic algal species are dominated by free floating Dunaliella spp. (Cooper & Wissel 

2012). The diversities of zooplankton, large bodied crustaceans, birds and vertebrates are also 

limited (Melack 1996). Stomach content analysis of Magadi tilapia revealed that it derives 

most of its diet (90%) from cyanobacteria and a small but significant proportion (10%) from 

dipteran larvae and copepods (Coe 1966; Johannsson et al. 2014). The fish also obtain food 

from the mud, especially in the southern lagoons where huge flamingo guano deposits are 

found (Pörtner et al. 2010). Cyanobacteria are the main food source for the tilapia. Coe (1966) 
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provides a vivid description of Magadi tilapia feeding on these algae. The fish fed up to a 

certain temperature gradient bounded by a browse line at about 41 ºC. This browse line 

marked the maximum temperatures at which fish could withstand while browsing (Coe 1966, 

1967). Feeding was observed even in brooding females (Albrecht et al. 1968). Magadi tilapia 

was also observed to display cannibalistic behaviour. Young Magadi tilapia attempted to 

follow breeding females to collect and eat the deposited eggs (Trewavas 1983). Non-

breeding conspecifics were also observed to snatch and consume eggs and young from 

breeding females (Coe 1966). There is need for more comprehensive studies on the food and 

feeding habits of saline lake fishes, as it will provide information for successful fisheries 

management of the lakes. 

 

Figure 2.3 Food web of Magadi tilapia. Each arrow represents a transfer of food, or energy from one 
organism to another. Arrows point to the consumer. Thick arrows depict the food resources that are 
consumed by Magadi fish. More or less similar webs are expected in the other EASLs. 

Studies on diseases and parasites 

Magadi tilapia, like many other fish species, is susceptible to a range of diseases and 

parasites. However, to date, no detailed studies have been conducted on this important 

aspect of the fishes’ wellbeing. A single parasitic worm, Contracaecum multipapillatum 

(Drasche 1882) has been found to infest Magadi tilapia (Figure 2.4) (John Maina, unpublished 

results). The nematode resides in the pericardial cavity of the fish (Figure 2.4) but larval 
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stages may be found in tissues or in the abdomen (Florio et al. 2009). Fish-eating birds that 

serve as definitive hosts for the parasite have been proposed as the main vectors for 

transmission of the parasite from one water body to another. Surprisingly, in an expedition 

undertaken between July and August 2010, C. multipapillatum worms were observed only in 

fish in Fish Spring Lagoon and were notably absent in fish from other lagoons (John Maina, 

Geraldine D. Kavembe & Chris M. Wood, personal observations). This was despite an apparent 

movement of birds between the lagoons. There is thus a need for further studies to ascertain 

the pattern, trends and possible vectors involved in transmission of the parasites and 

prevalence of other diseases and parasites in Magadi tilapia. Given the conditions in which 

Magadi tilapia subsists, the association between the fish and the nematode provides a model 

to study host-parasite coevolution in stressful environments. It would be expected that this 

nematode would acquire local adaptations to their host. Since the nematode has also been 

reported in closely related tilapia species in freshwater lakes (Florio et al. 2009), comparisons 

of fish and worms from both systems would also be worthwhile. 

 

Figure 2.4 Magadi tilapia infested by the nematode Contracaecum multipapillatum. The parasitic worm 
resides in the pericardial cavity. Picture courtesy of John Maina. 

Conservation Challenges for Saline Lake Fish 

Climatic change and declining water quality 

Fish in EASLs are very probably highly impacted by the ongoing global climate changes in 

their shallow saline basins, where they are exposed to increasing temperatures, salinity and 

high levels of ultraviolet B (UVB) radiation. Fragmentation of the lakes and salinization of 

habitable sections may result in reduced refuge sites for the fish. This may subsequently lead 
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to disappearance of the populations. In recent years, soda lakes have been exploited for soda 

ash extraction, water extraction for agriculture, and geothermal power generation, and have 

become sites of active development (Stiassny & Getahun 1998; Lemma 2003; Klemperer & 

Cash 2007; Yongo et al. 2010; Philip & Mosha 2012). These human-mediated activities are 

associated with pollution and decline in water quality and pose great challenges to the long-

term existence of saline lake fisheries. 

Migration and movement 

Saline lakes and their fish populations stretch across jurisdictional boundaries; often their 

occurrence and movement cut across political boundaries. This raises trans-boundary issues 

of mutual concern among the member states involved. For instance, although the greatest 

portion of Lake Turkana is found in Kenya, most of its inflow (90%) comes from the Omo River 

in Ethiopia (Avery 2010; Muška et al. 2012). Similarly, Lake Natron in Tanzania receives its 

major fresh water inflow from the Ewaso Nyiro River in Kenya. Proposals by the Ethiopian 

and Kenyan governments to dam the waters of the Rivers Omo (Ojwang et al. 2010) and 

Ewaso Nyiro, respectively, have raised concerns among conservationists over the effects 

both projects may have on biodiversity of the respective lakes. Clearly, there is a need for the 

countries to develop policies that ensure equitable sharing and conservation of the lakes 

resources. However, history has shown that cooperative management of trans-boundary 

resources is hindered by lack of common laws among member states. Another challenge to 

such mutual agreements is the fact that too many institutional players are involved. This 

complicates the formulation of conservation strategies. Delineation of the movements of fish 

in EASLs is also important in determining the dispersal ability and distribution ranges of 

individual species. Such information is in turn useful for conservation purposes and for 

assessing the effects of various species interactions. 

Competing interests 

The need to strike a balance between economic development and conservation of wetlands 

remains a thorny issue among key stakeholders. For a long time, EASLs have sustained the 

subsistence livelihood of the surrounding communities. In turn, the communities have 

protected the lakes to ensure a continued supply of their resources. However, in recent years 

there has been an influx of local and foreign-owned companies into the saline lakes. For 

instance, there have been concerns that construction of the proposed Gibe 3 hydroelectric 

dam on the Omo River by the Ethiopian government may alter the seasonal flooding cycle of 
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the river (Ojwang et al. 2010). This may cause irreversible changes to Lake Turkana, whose 

major water input comes from River Omo. Dwindling water resources in Lake Turkana have 

been shown to contribute to conflicts among farmers, pastoralists and fishermen who 

depend on the lake’s water (Yongo et al. 2010). Lakes Abijata and Magadi are heavily mined 

for soda ash (Hughes 2008). Recently, there was a proposal to establish a similar mining plant 

in Lake Natron. Many of the projects are executed following government approvals or by the 

governments themselves without full consideration of the potential impacts on fish 

populations or general aquatic ecosystem health. However, drawing lessons from other 

studies, such projects may result in irreversible destruction of the fish communities through 

pollution, loss of gene pools, habitat fragmentation and destruction (Roberts 1993; Avery 

2010). Perceived benefits from such projects, e.g. employment creation and improved 

livelihoods, may further contribute to the socioeconomic gap between development and 

conservation. 

Adverse effects of introductions of other fish species into saline lakes  

Although saline lakes have been least affected by human-mediated species introductions, 

several cases of alien species have been reported in some saline lakes. The introduction of 

Magadi tilapia to Lake Nakuru between 1952 and 1962 to control mosquitoes is probably the 

most well-known case (Vareschi 1979). The species has also been introduced to Lake 

Elementaita (Okeyo 2006). Other species introductions have also been reported in Lake 

Turkana. A good example of the detrimental effects of fish introductions to saline lakes is the 

case of Lake Chilotes in Ethiopia (Lemma 1994). Lake Chilotes was a typical saline lake until 

1990, when a government initiative through the Ministry of Agriculture diverted River Mori 

into Lake Chilotes in an attempt to increase water for irrigation (Lemma 2003). Consequently, 

the salinity of the lake started to decrease, favoring the colonization of the lake by three 

Barbus species from River Mori. The introduced species have since led to a marked decrease 

of Lake Chilotes’ native O. niloticus species (Lemma 2003). In general, such introductions risk 

destabilizing existing ecosystems. 

Conclusions 

The future of saline lakes and their fish populations in East Africa remains uncertain. In some 

cases, prompt interventions may be required to save the remaining local populations from 

extinction. This would require extensive surveys to collect data on species composition, 
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distribution, life history traits and other aspects of individual fish populations. It is hoped, 

therefore, that the present information will serve as a guide in formulating conservation 

plans. As it has already been demonstrated in some alkaline lakes (e.g. Lake Turkana), EASLs 

can support more fish species than they currently contain. Given the challenges and threats 

associated with introduction of alien fish species in EASLs, we recommend management and 

conservation strategies aimed at preserving native fish populations. In lakes that have lost 

their fish populations or have no known fish populations of their own, introduction of fish 

from localities naturally connected to the lakes in question may be an option. However, 

caution should be taken to ensure that only species that have high probability of survival and 

recruitment are introduced to EASLs to maximize colonization success. Other important 

aspects to consider before such introductions include: the availability of food, disease and 

vectors, as well as the effects the fish may have on other components of the target lake’s 

ecosystem. Management and conservation of EASLs and their fish populations requires the 

commitment of multiple stakeholders including local communities, fisheries managers, 

scientists, regional and national governments, and the international community at large. In 

particular, the East African Community should formulate and enforce strict policies and laws 

to govern utilization, management and conservation of EASLs resources. Strategies aimed at 

forging a good working relationship among all potential users would be a major step towards 

a realistic and sustainable conservation framework. 
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Abstract 

Lake Magadi, an alkaline hypersaline lake in Kenya, is one of the most extreme water bodies 

on Earth. Although its water temperatures often exceed 40 °C, a particular lineage of “dwarf” 

tilapia, Alcolapia grahami, has evolved remarkable adaptations to survive in this hostile 

environment. Magadi tilapia exists in small, fragmented populations in isolated lagoons 

within Lake Magadi and its satellite Lake, Little Magadi. Despite its potential for 

understanding evolutionary processes in stressful environments, few genetic studies have 

focused on this species. We examined the genetic diversity and spatial genetic relationships 

of Magadi tilapia populations using microsatellite and mitochondrial markers. High levels of 

genetic variation were found, supporting the hypothesis that A. grahami represent remnants 

of a larger fish population that inhabited the much larger paleolake Orolonga. In contrast to 

previous studies, we found a well-supported genetic structure of A. grahami consisting of 

three differentiated genetic clusters (a) Little Magadi, (b) Fish Spring Lagoon and (c) Rest of 

Magadi. Given the importance of this species to the Magadi ecosystem and its potential 

evolutionary significance, the three genetic clusters should be considered as separate gene 

pools and conservation strategies aimed at protecting the species should be based on these 

clusters. 

Keywords: Paleolake Orolonga, Lake Natron, Trona, Alcolapia grahami, evolution, 

microsatellites, mtDNA 
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Introduction 

Saline lakes are estimated to constitute 85 000 km3 of global water compared to 105 000 km3 

of freshwater lakes (Shiklomanov 1990). Varying in size, salinity, ionic and biotic 

compositions, saline lakes have significant economic, ecological, biodiversity, and cultural 

value (Williams 2002). Ecologically, salt lake ecosystems are considered keystone habitats 

that offer refuge to various endemic and unique species adapted to the harsh hypersaline 

water conditions (Jellison et al. 2004). Despite their ecological significance and a size almost 

equal to freshwater resources, saline aquatic systems have received limited attention, and 

data on the composition and distribution of their biota is often scarce. 

Lake Magadi is a shallow alkaline hypersaline basin located in Kenya, East of the 

African Great Rift Valley. Together with Lake Natron another hypersaline lake in Tanzania, the 

Magadi lake basin is considered a remnant of an old, less alkaline Pleistocene Lake Orolonga 

that divided and formed the two current lake basins (Figure 3.1) ~13 000 yr BP (Tichy & 

Seegers 1999; Behr 2002). It is thought that Lake Magadi further split forming the satellite 

lake, Little Magadi north of it following adverse climatic conditions in the early Holocene 

roughly 7 000 yr BP (Butzer et al. 1972). Presently, the Magadi lake basin is a closed system 

with no obvious inflow or outflow and is mainly recharged by occasional torrential rains and 

geothermal springs found along the margins of the lakes (Butzer et al. 1972). Fast and high 

rates of water evaporation within the main Lake Magadi has led to the formation of huge 

deposits of sodium hydrogen carbonate, NaHCO3 (trona) as well as some pools of anoxic 

water (brine) that altogether cover about 80% of the lake surface. In comparison, Little 

Magadi’s surface area is less broken up by accumulations of trona. 

In spite of its extremely hostile conditions, a unique fauna is found in the Magadi lake 

basin; notably, a single endemic Magadi tilapia (Alcolapia grahami, Boulenger, 1912) thrives in 

several isolated alkaline lagoons along the shores of the lake. Although there is only one 

described species, two different mouth forms - a terminal mouth form and a slanting mouth 

form - have been described in the main Lake Magadi and Little Magadi, respectively (Wilson 

et al. 2004). In contrast, Lake Natron, located a few kilometres south of Lake Magadi, habors 

three closely-related but morphologically distinguishable tilapia species: A. alcalicus, A. 

ndalalani and A. latilabris (Seegers & Tichy 1999). To survive in the physicochemically extreme 

parameters associated with their habitat, Magadi tilapia have developed several unique 

mechanisms that ensure a balance between growth and reproduction (Pörtner et al. 2010). 
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Among the most unusual characteristics of this species is its ability to excrete all nitrogen 

waste in form of urea (not ammonia, as in most fish), enabling the fish to survive in the highly 

alkaline (~ pH 10) and buffered (CO2 ~ 180 mm-1) Magadi water, see (Pörtner et al. 2010). The 

species is listed as vulnerable by the World Conservation Union’s (IUCN) Red List of 

threatened species (Bayona & Akinyi 2006), yet very little is known about its population 

dynamics, genetic composition or phenotypic aspects of the diversity within this species 

(Wilson et al. 2004). 

Owing to the patchy distribution of habitable lagoons within the Magadi Lake basin 

and the associated fluctuations of the physicochemical parameters of the Magadi water 

(Wilson et al. 2004), the Magadi tilapia offers an exceptional opportunity to study the effect 

of geographic isolation on population genetic structures. One might predict that habitat loss 

and fragmentation, as was the case with the ancestral Magadi tilapia population, potentially 

affected the population size and geographic genetic structure and may have shaped the 

genetic composition of the resultant populations. Adverse effects of fragmentation may also 

lead to loss of genetic diversity due to small effective population sizes, loss of allelic variation 

due to inbreeding, patterns of gene flow, all of which might lead to a decline in genetic 

variation, fitness and potentially even to local extinction (Sterling et al. 2012). Such effects 

are, of course, predicted to have adverse effects on small isolated populations living under 

stressful conditions where local selective pressures might differ and be particularly strong 

(Fraser et al. 2011). 

Mitochondrial (mtDNA) haplotype data collected so far does not provide evidence for 

strong genetic differentiation between the populations of Magadi tilapia. Wilson et al. 

(2004), using 350 bp of the mtDNA control region on samples drawn from the two lakes in 

the Magadi basin and a single location in Lake Natron, found a very weak genetic structure 

among the populations studied. Haplotypes were shared among lagoons and lakes. The 

individual haplotypes could all be traced to a single ancestral haplotype that was probably 

present in the populations that originally inhabited the paleolake Orolonga (Wilson et al. 

2004). Their findings are consistent with findings of a previous study conducted mainly based 

on Lake Natron species and a small subset of Lake Magadi tilapia (Seegers et al. 1999). This 

latter study reported substantial sharing of haplotypes, for both mtDNA control region and 

cytochrome b, among Lake Natron and Magadi tilapia, supporting the hypothesis of a 

common ancestry from the paleolake Orolonga (Seegers et al. 1999; Wilson et al. 2004). 

However, an earlier study by Wilson et al. (2000) based on minisatellites and samples from 
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only two lagoons of the main Lake Magadi and a subset of samples from a single location in 

Lake Natron reported substantial genetic differentiation between all the populations studied. 

The difference in the studies by Wilson et al. (Wilson et al. 2000b, 2004) could be attributed 

to the low resolution power of minisatellites and the limited number of samples used in the 

initial minisatellite study using (Wan et al. 2004). 

Given the contrasting results generated by previous studies on the genetic structure 

of Alcolapia grahami, fine scale genetic studies are crucial to revealing the actual geographic 

genetic structure of the species. In the present study, we used a combination of markers with 

varying mutation rates including microsatellites, mitochondrial ND2 and the complete control 

region to investigate the genetic consequences of habitat fragmentation in populations of 

Alcolapia grahami. More specifically, we sought to quantify the genetic diversity and to 

determine the genetic structure of the extant populations of Magadi tilapia. The relevance of 

trona and land barriers in restricting gene flow among Magadi tilapia populations was also 

assessed. 

 

Figure123.1 Map of Lake Magadi with sample localities for the population genetic study - highlighted in 
round circles: Little Magadi (LM), Fish Spring Lagoon (FSL), South East Lagoon (SEL), South West 
Lagoon (SWL) and West Magadi Lagoon (WML). Enclosed is a map of Kenya showing the position of 
Lake Magadi, Little Magadi and Lake Natron. 
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Materials and Methods 

Sampling and DNA extraction 

Magadi tilapia fish were collected (n = 259) using seine nets from four different lagoons in the 

main Lake Magadi and one location in Little Magadi (Table 3.1, Figure 3.1). Fin clip samples 

were collected and stored in 95% ethanol for DNA analysis. Genomic DNA was extracted by 

sodium chloride/ethanol precipitation following proteinase K digestion (Bruford et al. 1998). 

Haplotype sequencing and microsatellite genotyping 

An approximately 889 bp long fragment of the mitochondrial control region was amplified in 

91 samples (Table 3.1) using primers LproF 5'-aactctcacccctagctcccaaag-3’ (Meyer et al. 1994) 

and 12S5R 5'-ggcggatacttgcatgt-3' (Hrbek & Farias 2008). Additionally, a 1042 bp fragment of 

the mtDNA NADH-dehydrogenase subunit 2 (ND2) was amplified in a similar number of 

samples (Table 3.1). The ND2 marker was amplified in two fragments using primer pairs 

ND2Met (5'-cataccccaaacatgttggt-3' and ND2B (5'-tggtttaatccgcctca-3') for the initial 

fragment and primer pair ND2.2A (5'-ctgacaaaaacttgccccctt-3') and ND2Trp (5'-

gagattttcactcccgctta-3') (Kocher et al. 1995) for the rest of the fragment. PCR amplifications 

and sequencing reactions were carried out following similar methods to those previously 

described (Klett & Meyer 2002; Angienda et al. 2010). The purified sequencing reactions were 

run on a 3130xl DNA Analyzer (Applied Biosystems) and analysed with ABI PRISM DNA 

Sequencing Analysis Software v5.3.1. Both forward and reverse strands of each individual 

sample were sequenced to crosscheck for sequencing errors. 

Ten polymorphic microsatellite loci developed and optimized in cichlids were 

amplified using standard PCR conditions: Abur04, Abur30, Abur110, Tmom27, UNH002 

(Sanetra et al. 2009) and UNH843, UNH874, UNH891, UNH915, UNH989 (Carleton et al. 2002). 

These loci were used to genotype 259 individuals (Table 3.1). The forward primer of each 

microsatellite loci pair was labeled with a FAM or HEX fluorescent dye (Applied Biosystems). 

Up to four different loci were pooled and fragmented using a 96-capillary automatic 

sequencer ABI3130XL (Applied Biosystems, CA, USA) with an internal Rox-size standard. 

Microsatellites alleles were scored using GENEMAPPER v 4.0 (Applied Biosystems). 
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Table 3.1 Sampling localities of Magadi tilapia and their individual geographical coordinates 

Locality Abbrev 
Geographical location n n n 

Latitude Longitude Microsat Control ND2 

Little Magadi LM S 010 43’ 39.3’’ E 0360 16’ 50.7’’ 62 17 17 

Fish spring lagoon FSL S 010 53’ 52.1’’ E 0360 18’ 15.7’’ 51 24 24 

South East 
Lagoon 

SEL S 010 59’ 38.0’’ E 0360 13’ 34.7’’ 50 18 18 

South West 
lagoon 

SWL S 020 0’ 03.9’’ E 0360 13’ 55.2’’ 47 16 16 

West Magadi 
Lagoon 

WML S 010 52’ 20.2’’ E0360 14’ 39.7’’ 49 16 16 

Total       259 91 91 

Abbrev=abbreviation of the locality, n = number of samples, Microsat = microsatellites  

mtDNA sequence analysis 

The sequences were assembled into contigs using SeqMan v7.2 (DNASTAR, Inc.). Individual 

sequences were then edited and aligned using ClustalW as implemented in Bioedit v7.1.3 (Hall 

1999). As a final control, the sequences were manually inspected by eye. All sequences have 

been deposited in Genbank (Accession numbers KC572497-KC572527 and KC572533-

KC572546). Unique haplotypes were identified using DNASP v5.10 (Librado & Rozas 2009). 

Median joining (Bandelt et al. 1999) haplotype networks for both mtDNA markers were 

generated using NETWORK v4.6.1.1 (Fluxus Technology Ltd). The levels of contemporary 

genetic diversity in Magadi tilapia populations were determined by calculating the number of 

polymorphic sites, number of haplotypes (Ha), haplotype (H) and nucleotide (π) diversities of 

individual populations using ARLEQUIN v3.11 (Excoffier et al. 2005). Sequence partitioning of 

the ND2 sequences was performed using PartitionFinder v1.0.1 (Lanfear et al. 2012) to 

determine the best partition scheme under the Akaike Information Criterion (AICc). Based on 

codon positions, three partition schemes were assumed namely: a) each position separately 

(1) (2) (3), b) the first and second positions grouped, (12) (3) and c) all the three positions 

together (i.e., (123)). Additionally, concatenated sequences (n = 91) consisting of both the 

ND2 and the control region combined into a single alignment of 1931 bp were analysed in 

PartitionFinder. For this concatenated alignment, the partition schemes tested included: a) 

each marker separately, b) coding (partitioned ND2) and noncoding (control region), and c) 

no partition. The program also served to test the best-fit model of nucleotide substitution for 

the individual data sets. Separately, the best-fit models of nucleotide substitution for the 

partitioned data sets and the control region were tested under the Akaike Information 

Criteria (AIC) as implemented in MetaPiga v2.0 (Helaers & Milinkovitch 2010) and jmodeltest 



Chapter 3 Pronounced Genetic Differentiation of Magadi tilapia populations 

 
41 

v2.0 (Darriba et al. 2012) respectively. Phylogenies were reconstructed using maximum-

likelihood (ML) algorithms as follows; control region using MEGA v5.1 (Tamura et al. 2011) and 

the partitioned ND2 and the concatenated sequences using MetaPiga. For the MetaPiga 

analysis, starting trees were constructed using loose neighbour joining and consensus 

pruning. The trees were rooted using Sarotherodon melanotheron. 

To infer the position of Alcolapia grahami in relation to other tilapia lineages, 

phylogenetic analysis using maximum likelihood approach was performed as implemented in 

MetaPiga. In previous studies, Alcolapia alcalicus (a sister species found in Lake Natron) has 

been shown to group closely with members of the genus Oreochromis followed by those of 

genus Sarotherodon (Nagl et al. 2001; Schwarzer et al. 2009; Dunz & Schliewen 2013). Thus, 

based on these findings, publicly available ND2 sequences of the genus Oreochromis 

(accession: AF317230-AF317242 and AF317246 ((Klett & Meyer 2002)) and representative 

sequences of the genus Sarotherodon (accession AF317243 - AF317251 (Klett & Meyer 2002) 

and GQ16711 (Schwarzer et al. 2009)) were used to reconstruct the phylogenetic position of 

Alcolapia grahami. Four of the most common ND2 haplotypes from our study and the only 

available ND2 sequence of A. alcalicus of L. Natron (accession GQ1678781 (Schwarzer et al. 

2009)) were also included. For this analysis, a sequence alignment of 979 bp (n = 23) was 

used. Astolotilapia burtoni, a distantly related cichlid species was used to root the tree. The 

robustness of all the phylogenetic trees was tested with 1 000 bootstrap replicates. 

Microsatellites data analysis 

MICRO-CHECKER v2.2.3 (Van Oosterhout et al. 2004) was used to test for the presence of null 

alleles and/or scoring errors and to evaluate their possible impacts on the estimated values of 

genetic differentiation. To assess the microsatellite genetic diversity, the number of alleles 

per locus (Na), average allelic richness (Ar), observed (Ho) and expected heterozygosities 

(He) and Wright’s FIS parameter (Wright 1978) were calculated using FSTAT v2.9.3.2 (Goudet 

1995). Departures from Hardy-Weinberg equilibrium (HWE) at each locus and linkage 

disequilibrium between loci were tested using GENEPOP v4.2 (Raymond & Rousset 1995). 

Significance levels were estimated using Markov chain permutations with 10 000 steps and 1 

000 dememorization steps. Sequential Bonferroni corrections were applied in all multiple 

comparisons to correct for the statistical significance level (Rice 1989). 
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Population genetic structure 

To assess the genetic admixture within the Magadi tilapia, three different approaches were 

used. Firstly, indices of population differentiation FST (Wright 1965) and RST (Slatkin 1995) 

were estimated using FSTAT (Goudet 1995) with a significance of 10 000 permutations. 

Secondly, a Bayesian model-based clustering algorithm implemented in STRUCTURE v2.3.4 

(Evanno et al. 2005) was used to infer the number of clusters (K) in the data set for all Magadi 

tilapia samples. The software was run under the admixture model, allowing for some mixed 

ancestry within individuals. For each K value (k = 1 to k = 7), 20 independent runs were 

performed, with a burn-in period of 50 000 iterations and 500 000 replications. We employed 

the correction method described by (Evanno et al. 2005) to determine the most likely number 

of clusters. Thirdly, in order to assess how differentiation among the a priori defined 

populations (based on the sampling locations) and those based on the Bayesian clusters 

(generated with structure) contributed to the global genetic variation, a hierarchical AMOVA 

analysis (Excoffier et al. 1992) was performed using both mtDNA control region and 

microsatellite markers. The significance of the AMOVA test was assessed through 999 

permutations. Finally, a Mantel test (Mantel 1967) was performed to assess the correlation 

between spatial (geographic) and genetic distances, as implemented in the Isolation by 

Distance (IBD) v3.23 (Jensen et al. 2005). Geographic distances among populations were 

calculated following the nearest waterway and estimated in Google Earth v5.1 (Google 

Corporation, 2007). 

Inferring the historical demography of the Alcolapia grahami 

Signatures of population demographic changes (bottlenecks or expansions) in Alcolapia 

grahami populations were examined first by Tajima's D (Tajima 1989) and Fu's F (Fu 1997) 

statistics using DNASP v5.0 (Librado & Rozas 2009) based on 1 000 coalescent simulations 

and Garza and Williamsons (Garza & Williamson 2001) M statistic as implemented in 

ARLEQUIN v3.11 (Excoffier et al. 2005). In accordance with Garza and Williamson (Garza & 

Williamson 2001), a critical M value of 0.68 was used to identify signatures of genetic 

bottleneck. 

Demographic changes in Magadi tilapia were also examined by estimating the sum of 

squared deviations (SSD) and the raggedness index (Harpending 1994), as implemented in 

ARLEQUIN v3.11 (Excoffier et al. 2005). These statistics are used to test the goodness-of-fit of 

observed mismatch distributions to the theoretical distribution under a model of exponential 
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population growth (Rogers & Harpending 1992). Populations that have undergone 

demographic expansions are expected to have low values of squared differences (SSD) and 

smaller raggedness index in their mismatch distributions than non-expanded populations. 

Higher values of the SSD and raggedness index suggest static or bottlenecked populations 

(Harpending 1994). 

Estimates of recent migration rates and levels of gene flow between populations 

were computed based on the genetic clusters identified by STRUCTURE analysis using a 

coalescent-based approach as implemented in MIGRATE v3.2.6 (Beerli & Felsenstein 2001). As 

program settings, we employed a stepwise-mutation model (Brownian motion 

approximation) and default settings for other parameters. For each run, starting estimates 

for Theta (Θ) were based on FST values, with burn-in 10 000 trees, 100 short chains with a total 

of 10 000 genealogies sampled, and three long chains with one million genealogies sampled, 

for each locus. Adaptive Chain heating, with four different temperatures, was employed to 

get an efficient exploration of the data. 

Results 

Using the jmodeltest v2 (Darriba et al. 2012) the model HKY85 (Hasegawa et al. 1985), with 

rate heterogeneity and a proportion of invariant sites (HKY + G + I) was selected as the best 

fit model for the mtDNA control region. Using PartionFinder v1.0.1 (Lanfear et al. 2012), the 

scheme that assumed each ND2 codon position separately was selected as the best. Thus for 

this partitioned data set, the model HKY + G was selected for the first and second codon 

position datasets and HKY for the 3rd codon data set. Similarly, the scheme that assumed 

each marker separately was selected for the concatenated DNA sequence alignment and the 

model HKY + G + I identified as the best-fit model for both markers. The best-fit models 

selected for each data set were then used for all subsequent analyses. 

Phylogenetic analyses 

Phylogenetic reconstruction to infer the position of A. grahami using already-

published ND2 sequences of Oreochromis and Sarotherodon species, identified Oreochromis 

variabilis (Boulenger, 1906) as the most closely related extant relative to the genus Alcolapia 

with a strong bootstrap support of 98% (Figure 3.2). O. variabilis is a tilapia species endemic to 
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Lake Victoria and presently listed in the IUCN Red List of threatened species as critically 

endangered (Maithya et al. 2012).  

 

Figure 33.2 Phylogenetic position of Alcolapia relative to other closely related genera. Numbers on the 
branches are percentage bootstrap values (1 000 replicates). The tree was generated with MetaPiga v2 
(Helaers & Milinkovitch, 2010). Oreochromis variabilis grouped closely (bootstrap support highlighted 
by a circle) with the Alcolapia species (highlighted in a box). 

Separately, phylogenetic analyses performed using Alcolapia grahami ND2 sequences 

generated in the current study detected subdivision of the species into two main clades; one 

each for the two Magadi lakes. Using this marker, the single haplotype of Little Magadi 

population formed a basal clade (bootstrap support 88%). The second clade consisted of 

haplotypes exclusive to populations of the main Lake Magadi (Figure 3.3). However, using 

the rapidly evolving control region sequences, a slightly different tree topology was 

obtained. Two clades were observed; one consisting of haplotypes exclusive to the tilapia of 

the main Lake Magadi (bootstrap value 84%), and the other made up of haplotypes drawn 

from both lakes with a relatively low bootstrap support (68%) (Figure 3.3). Consistent with 

the control region results, the phylogenetic tree inferred from the concatenated sequence 

data (1931 bp) and 53 haplotypes identified two clades, one clade with haplotypes exclusive 

to the main Lake Magadi and the other clade consisted of haplotypes from both lakes. The 
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clade that had haplotypes drawn from both lakes was poorly supported (bootstrap 19%) 

whereas the clade that had haplotypes exclusive to the main Lake Magadi was highly 

(bootstrap 90%) supported (tree not shown). The differences in the observed topology of the 

mtDNA phylogenies could be explained by the presence of specific Little Magadi haplotypes 

and the sharing of haplotypes among the other populations of the main Lake Magadi tilapia 

(Figures 3.3). 

mtDNA 

High levels of genetic variation were found using both of the mitochondrial markers. A total 

of 31 mtDNA control region haplotypes differing in 25 positions were identified in the 91 

samples analysed (Table 3.2, Figure 3.4). Overall, high levels of haplotype diversity (0.929 

±0.014) and low levels of nucleotide diversity (0.006 ±0.000) were detected. Consistent with 

its young age (~ 7 000 years), Little Magadi tilapia population (Table 3.2) had the lowest 

values of haplotype and nucleotide diversities. In contrast, tilapia populations in main Lake 

Magadi had relatively high estimated values that were almost similar among the populations 

(Table 3.2). Haplotype one (H1) was the most common and widespread haplotype; it was 

present in 17.6% of all the samples analysed, but was notably absent in Little Magadi (Figure 

3.4). Haplotype two (H2) was found in 82.4% of the samples from Little Magadi and it 

represented 15.4% of all the samples analysed. The other two samples of Little Magadi had 

unique haplotypes (H12 and H22) that were separated from the common Little Magadi 

haplotype by single substitutions (Figure 3.4). Several lagoon-specific mtDNA control region 

haplotypes were found in other populations of the main Lake Magadi (Figure 3.4). The 

absence of haplotype two (H2) from all other populations distinguishes the Little Magadi 

population from all the other populations of Magadi tilapia (Figure 3.4). 

Using the ND2 marker, 14 haplotypes were found for an alignment of 1042 bp in the 91 

samples analysed (Table 3.2). Overall, haplotype (h) and nucleotide diversities (π) for all 

sequences were 0.782 (± 0.025) and 0.001 (± 0.008) respectively. Haplotype one (H1) was the 

most common, representing 36% of all samples, while haplotype three (H3) was fixed for 

Little Magadi (Figure 3.4). As was the case with the mtDNA control region, lagoon-specific 

haplotypes were also recovered using the ND2 marker. Due to the highly conserved nature of 

the ND2 gene and the limited resolution obtained from this marker (Table 3.2), further 

inference about mtDNA data will be mainly based on the control region data. 
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Figure4 3.3 Phylogenetic reconstructions of Magadi tilapia populations ND2 (top) and control region 
(bottom). Numbers on the branches are percentage bootstrap values (1 000 replicates). Each 
haplotype has been tagged with the name (s) of representative populations for easy reference of the 
haplotype distribution among the populations. The colour codes for the populations correspond to the 
colors used in haplotype networks. The trees were generated using maximum likelihood in MetaPiga 
v2 (Helaers & Milinkovitch, 2010) and MEGA v5.1 (Tamura et al., 2011), respectively. Bootstrap support 
for the Little Magadi haplotypes is circled. 
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Table13.2 mtDNA summary statistics of Magadi tilapia populations  

Pop. N HA NP K Hd π Tajima’s (p value) Fu’s F (p value) 
SSD value (p 
value) 

Raggedness index 
(p value) 

Control                     

 LM 17 3 2 0.529 0.323 0.001 0.262 (0.3397) -0.227 (0.311) 0.211 (0.110) 0.362 (0.05) 

 FSL 24 13 17 5.489 0.902 0.006 0.737 (0.820) -2.25 (0.156) 0.041 (0.26) 0.043 (0.480) 

 SEL 18 7 13 4.922 0.83 0.005 1.127 (0.907) 1.27 (0.717) 0.065 (0.130) 0.173 (0.030) 

 SWL 16 10 14 5.2 0.942 0.006 0.904 (0.862) 0.1665 (0.179) 0.072 (0.070) 0.081 (0.320) 

 WML 16 9 15 5.108 0.9 0.006 0.509 (0.730) 0.781 (0.365) 0.053 (0.160) 0.067 (0.440) 

ND2                     

 LM 17 1 0 0 0 0 0.000 (1.000) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 

 FSL 24 7 10 1.985 0.677 0.002 -0.864 (0.198) -0.863 (0.353) 0.065 (0.130) 0.250 (0.080) 

 SEL 18 4 3 1.137 0.628 0.001 0.842 (0.788) 0.843 (0.533) 0.067 (0.130) 0.249 (0.110) 

 SWL 16 4 4 1.533 0.767 0.005 0.851 (0.809) 0.851 (0.686) 0.120 (0.137) 0.070 (0.590) 

 WML 16 6 66 1.566 0.717 0.001 -0.457 (0.361) -0.457 (0.157) 0.035 (0.260) 0.129 (0.430) 

Pop, Population; N, number of sequences; HA, number of haplotypes; NP, Number of polymorphic sites; K, average number of nucleotide differences; Hd, 
haplotype diversity; π, nucleotide diversity; SSD, sum of squared deviations; P < 0.05. 
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Figure5 3.4 Median joining haplotype networks of the mtDNA sequence data. Control region (top) and 
ND2 (bottom) haplotype networks. Haplotypes are represented as circles, with the size of each circle 
proportional to the haplotype’s overall frequency. Short line strokes represent the number of 
nucleotide sequence changes between the individual haplotypes. 
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Microsatellites  

MICRO-CHECKER analysis gave no evidence of allelic dropout, null alleles or scoring errors 

due to stuttering. All the ten microsatellite loci were highly polymorphic. The average number 

of alleles (Na) ranged from three (locus Abur30 in FSL) to 35 (locus UNH989 in WML). The 

allelic richness (Ar) ranged from 2.27 (locus Abur30 in FSL) and 29.84 (locus TmoM27 in SWL). 

Again, the Little Magadi population was the least variable (Na = 10; Ar = 13) while South West 

Lagoon was most variable (Na = 16.5; Ar = 24). Most of the loci were under Hardy-Weinberg 

equilibrium; no excess or deficiency of heterozygotes was detected at all loci and 

populations. FIS values were also not significant for all loci and populations (significant 

p<0.05) (Table 3.3). 

Table2 3.3 Summary statistics for ten microsatellite loci amplified in Magadi tilapia populations 

Pop n MNA (AvAR) Hobs Hexp (AvGD) FIS (P-value) GW (M) HWE 

LM 51 10.2 13 0.607 0.629 0.595 
 0.008 
(0.4159) 

0.794 ns 

FSL 62 15.8 21.7 0.773 0.806 0.733 -0.001 (0.520) 0.7414 ns 

SEL 50 15.5 23.4 0.752 0.761 0.663 -0.065 (0.998) 0.69 ns 

SWL 47 16.5 24 0.759 0.808 0.691 -0.015 (0.797) 0.739 ns 

WML 49 16.2 24.2 0.765 0.761 0.649 -0.091 (0.999) 0.68 ns 

Pop, population; n, number of samples per population; MNA, Mean number of alleles; AvAR, mean 
allelic range; Hobs, Observed heterozygozity; Hexp, expected heterozygozity; AvGD, average gene 
diversity; FIS Inbreeding coefficient; GW (M), Garza and Williams’ Statistic; HWE, Hardy-Weinberg 
Equilibrium (HWE). 

Population structure of Alcolapia grahami 

In general, FST values for all populations indicated moderate to high levels of inter-population 

structuring (Tables 3.4 and 3.5). All pairwise comparisons involving Little Magadi population 

showed the highest FST values, ranging from 0.118 to 0.17 for microsatellites, 0.200 to 0.563 

for control region and 0.546 to 0.752 for ND2. Significant differences were also found when 

Fish Spring Lagoon (FSL) was compared with any other population of the main Lake Magadi 

(Tables 3.4 and 3.5). Based on mtDNA data, we found no genetic differentiation between 

populations from South East Lagoon (SEL), South West Lagoon (SWL) and West Magadi 

Lagoon (WML) (Table 3.4). Although significant, only slight differences were found within 

these three populations of the main Lake Magadi based on microsatellite data (Table 3.5). 



Chapter 3 Pronounced Genetic Differentiation of Magadi tilapia populations 

 
50 

Table3 3.4 Mitochondrial differentiation (ND2 and control region) between Magadi tilapia 
populations 

Population LM FSL SEL SWL WML 

LM - 0.546** 0.738** 0.751** 0.659** 

FSL 0.200** - -0.010NS 0.078 NS -0.029 NS 

SEL 0.549** 0.153* - 0.068 NS -0.040 NS 

SWL 0.552** 0.146 NS -0.077NS - 0.089 NS 

WML 0.563** 0.153NS -0.016 NS -0.049NS - 

(FST ND2 = below diagonal, FST Control = above diagonal). (*P < 0.05, **P <0.001) Significant after 
sequential Bonferroni correction, NS: non-significant 

Table4 3.5 Microsatellite genetic differentiation among Magadi tilapia populations 

Pop LM FSL SEL SWL WML 

LM - 0.195** 0.231** 0.187** 0.197** 

FSL 0.136** - 0.048* 0.044** 0.094** 

SEL 0.141** 0.037** - 0.021NS 0.026* 

SWL 0.118** 0.020** 0.016* - -0.002NS 

WML 0.141** 0.050* 0.037* 0.029* - 

RST (above diagonal), FST (below diagonal). (*P < 0.05, **P <0.001) Significant after sequential 

Bonferroni correction, NS: non-significant. 

The model-based clustering method implemented in STRUCTURE v2.3.4 (Pritchard et al. 

2000) found that the most probable number of genetic clusters of A. grahami is k = 3 (Figure 

3.5). Little Magadi (LM) population forms the first distinct cluster, Fish Spring Lagoon (FSL) 

population another and the last cluster consisted of the rest of the populations of the main 

Lake Magadi (ROM). These results were consistent for each of the 20 independent runs 

performed. With regard to the Little Magadi population, the results are in accordance with 

the FST results. If the number of expected genetic clusters (k) is allowed to vary, it is apparent 

that individuals from the allopatric Little Magadi will form a distinct genetic cluster separate 

from those of the main Lake Magadi. However, assuming three different genetic clusters, FSL 

is clearly separate from the ROM populations, raising a number of questions concerning the 

extent of population sub-structuring of A. grahami within the main Lake Magadi. 

Furthermore, the clustering of three populations within the main Lake Magadi into a single 

genetic cluster could point to current or recent gene flow between the respective lagoon 

populations. 
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Figure 3.5 Genetic clustering of Magadi tilapia inferred with STRUCTURE. Colors correspond to the 
different genetic clusters estimated by the analysis: each individual has a probability of being assigned 
to a given cluster that is proportional to the height of that coloured bar; the more uniform the colour 
of the bar, the more probable it is that the individual is entirely composed of genetic material 
composed of the given cluster. The log likelihood of each assumed number of populations (k = 2 and k 
= 3) is shown. 

Hierarchical AMOVA analysis examining the partitioning of genetic variance among the 

different hypothesized groupings of Magadi tilapia found that most of the genetic variation 

arose from differences within populations, followed by variance among groups; the least 

amount of variation arose from differences among populations (Table 3.6). None of the 

computations yielded statistically significant values for the support of the assumed 

population groupings. As expected, the support for the variation resulting from among 

population differences considering three groupings based on mitochondrial data was not 

significant due to the sharing of haplotypes among tilapia populations within the main Lake 

Magadi. 

 Finally, even though strong genetic differentiation was suggested by pairwise FST 

comparisons, no evidence of isolation by distance was detected using the Mantel test (r2 = 

0.229) (Figure 3.6). These results are consistent with patterns observed in species exhibiting 

patchy distribution. 
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Table5 3.6 AMOVA results showing the partitioning of genetic variance at three hierarchical 

levels 

  df Variation (%) F statistic p- value 

Microsatellites 
Two groups (LM vs. Rest of Lake Magadi) 

Among groups 1 8.5 0.116 0.193 

Among populations 3 3.1 0.033 0.000** 
Within populations 513 88.4 0.116 0.000** 
Three groups (LM vs. FSL vs. Rest of Lake Magadi) 

Among groups 2 5.99 0.059 0.101 

Among populations 2 2.31 0.024 0.000** 

Within populations 513 91.7 0.083 0.000** 

mtDNA control 
    

Two groups (LM vs. Rest of Lake Magadi) 
Among groups 1 28.83 0.288     0.201 
Among populations 3 8.1 0.114 0.0.028* 
Within populations 86 63.07 0.288 0.000** 
Three groups (LM vs. FSL vs. Rest of Lake Magadi) 
Among groups 2 30.28 0.302 0.099 
Among populations 2 -1.14 -0.016 0.661 
Within populations   86   70.86      0.291     0.000** 

Significant genetic variation indicated by an asterisk on the p-values. 

 
Figure 3.6. Pairwise genetic differentiation by geographical distances (log transformed) indicate no 
pattern of isolation-by- distance among populations of Magadi tilapia (Mantel test, r2 = 0.229, p = 
0.342). 

Historical demography of Alcolapia grahami 

We performed several tests to detect genetic signatures of demographic changes, such as 

Tajima's D and FU’s F tests, mismatch analysis and raggedness indices, all of which yielded 

non-significant results for most populations, indicating no signal of past or recent population 

size changes in Magadi tilapia (Table 3.2). Moreover, tests for recent bottlenecks using Garza 
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and William’s statistic (M) yielded values that were higher than the critical value of 0.68 

consistent with natural populations that have not undergone recent reduction in population 

size (Table 3.3) (Garza & Williamson 2001). 

Generally, low levels of gene flow were predicted by MIGRATE (Beerli & Felsenstein 

2001). Approximately one to three migrants per population as well as overlapping values of 

effective migrants at 5% and 95% confidence intervals were detected among all populations 

pairs considered (Table 3.7). The highest proportion of migrants (3.44) was found for 

computations involving migrations from the Rest of Lake Magadi (ROM) (source population) 

to Fish Spring Lagoon (FSL) (recipient population) while the lowest proportion of migrants 

(1.88) were found between Little Magadi (LM) (source population) and Rest of Lake Magadi 

(ROM) (recipient population). Consistent with the genetic structure and the FST analysis, 

MIGRATE (Beerli & Felsenstein 2001) estimated very low proportions of migrants moving 

from LM to any other lagoon in the main Lake Magadi (ROM). FSL also had much lower 

estimates of migrants to other lagoons compared to ROM. Restricted movement of fish, 

probably facilitated by trona or unfavorable water conditions, could explain the low levels of 

gene flow from FSL population to other lagoon populations of Magadi tilapia (ROM), while 

the presence of a land barrier between Little Magadi and the main Lake Magadi populations 

provides a strong barrier to gene flow. 

Table6 3.7 Number of migrants per generation among the three genetic clusters of Magadi 
tilapia  

Donor pop 
Recipient pop. 

LM FSL RM 

LM - 1.914 (1.168-1.919) 1.885 (1.313-2.450) 
FSL 2.044 (1.471-2.616) - 2.364 (1.801-2.930) 

ROM 2.83 (2.230-3.416) 3.438 (2.479 – 4.366) - 

LM = Little Magadi, FSL = Fish Spring Lagoon, ROM = Rest of Lake Magadi. 

Discussion 

This study provides information from sensitive genetic markers on the genetic composition 

and connectivity of Alcolapia grahami populations throughout its distribution range. By 

employing several markers with different mutation rates, this study allowed for investigation 

of various genetic parameters to infer the fine scale genetic structure of Magadi tilapia. Lack 

of monophyletic association of A. grahami populations is reported, especially with reference 

to Little Magadi tilapia. In contrast to a weak genetic structure proposed in Magadi tilapia by 
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previous population genetic studies of the species, the current study revealed a well-

supported genetic structure consisting of three strongly differentiated genetic clusters: Little 

Magadi (LM), Fish Spring Lagoon (FSL) and the Rest of Lake Magadi (ROM). 

Phylogenetic relationship of Magadi tilapia to other tilapiines 

The phylogenetic placement of Alcolapia has been elusive (Nagy et al., 2001). Based on the 

first fossils dated up to 700 000 yr BP, it is generally agreed that a cichlid fish inhabiting the 

paleolake Orolonga formed the ancestral stock of the Alcolapia species flock (Isaac 1967; Coe 

1969). Several recent studies further assigned Alcolapia to the genus Oreochromis (Trewavas, 

1983) and later to the genus Alcolapia (Seegers et al. 2001), but the phylogenetic relationship 

among of the Alcolapia species remained unresolved as reflected in their repeatedly revised 

taxonomy (Seegers et al. 2001). Due to the proximity of the Magadi-Natron basin to Lake 

Manyara, another saline lake in Tanzania, it has been proposed that its endemic species, 

Oreochromis amphimelas, also morphologically similar to the Lake Natron species (A. 

alcalicus), is closely related to the Alcolapia species. However, two studies (Seegers et al. 

1999; Nagl et al. 2001) using mitochondrial control region do not support this relationship, 

with several Oreochromis lineages appearing between the two species in the phylogenetic 

tree. Nagl et al. (2001) proposed that the sharing of similar phenotypes and behavior 

between Oreochromis amphimelas and the Alcolapia species could be a case of convergent 

evolution driven by the need to survive in similar environments. Our finding of O. variabilis, an 

endangered tilapia species endemic to Lake Victoria, as the closest relative to A. grahami 

complicates the puzzle, given the fact that the two lakes are separated by many kilometres 

with no obvious water connection pathways. However, evidence from past geological and 

hydrological patterns indicate the presence of several rivers and intermediate lakes during 

the periods when East Africa experienced frequent and heavy rains (Becht et al. 2006). These 

rivers and intermediate lakes could have provided the opportunity for fish from Lake Victoria 

to move far south of the Great Rift to colonize lakes including the paleolake Orolonga. 

Genetic diversity of Magadi tilapia 

Consistent with past records that Magadi tilapia represent remnants of an old fish population 

of paleolake Orolonga, high levels of genetic diversity were observed with all markers and in 

all populations studied. The high number of haplotypes, high mtDNA haplotype diversity, low 

mtDNA nucleotide diversity and high variation in microsatellite markers support the 

association of the present-day tilapia to an old larger fish population. 
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Polyphyly of Little Magadi as inferred from mtDNA control region 

The mtDNA haplotype network clearly shows that the Alcolapia population of Little Magadi 

does not form a monophyletic group (Figure 3.4). Several scenarios may lead to such a 

pattern; incomplete lineage sorting resulting in shared polymorphisms, several repeated 

colonization events, existence of hybridization and subsequent introgressive gene flow 

among groups or inadequate taxonomic data which underestimates the extant species 

diversity within a set of individuals (Sunnucks & Hales 1996; Maddison & Knowles 2006). 

Magadi tilapia is considered a relic of a fish that inhabited paleolake Orolonga which split to 

form the present-day Lake Magadi and Lake Natron over 13 000 years ago. Subsequently, the 

last major geological processes that led to the current geography of Lake Magadi date back 

to over 7 000 years (Butzer et al. 1972). This time may have been sufficient to have allowed 

populations in individual lagoons to differentiate and diverge into unique populations. A 

similar time period has been found to be sufficient for the origin of new species in Crater Lake 

cichlids in Nicaragua (Barluenga et al. 2006; Kautt et al. 2012). 

Although the route and timing of the colonization history of the Magadi-Natron lake 

basin remains unclear, several periods of high water levels have been reported within the 

entire soda lake region and could have provided opportunities for exchange of fish between 

the three lakes. Soda lakes are still poorly explored systems in East Africa and may contain 

cryptic species, since many of their species taxonomic delineations are based on possibly 

unrepresentative samples partly due to difficulties in sampling and inaccessibility of most of 

the populations’ habitat (Jones et al. 1998). Accurate species delimitation however requires 

integration of information from various data sets including morphological, behavioural, 

genetic and thorough population sampling (Funk et al. 2012), which was not within the scope 

of our study. 

Population structure 

Both the microsatellite and mtDNA analysis revealed high levels of genetic differentiation 

between the Magadi tilapia populations, particularly between LM and between FSL 

compared to ROM. While the differentiation of the LM population could have been expected 

owing to its missing physical connection with the main Lake Magadi, the differentiation of 

FSL from ROM and the clustering of ROM tilapia populations was surprising. Trona has been 

proposed to provide sufficient barriers to gene flow, but its relative contribution in 

preventing gene flow is still a matter of debate (Coe 1969; Wilson et al. 2004). Fish Spring 
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Lagoon is the largest lagoon within the main Lake Magadi populations and probably 

represents one of the oldest and most stable lagoons in terms of water levels. Fish Spring 

Lagoon is separated from the others by several kilometres of trona stretching along its shore 

on one side and is bordered by barren land on the other side. Increased anthropogenic 

activities, mainly as a result of mining along the shores of Fish Spring Lagoon could also have 

remarkable effects on the lagoon’s fish population. For instance, in mid-1900’s following 

increased demand for water for industrial and human use, a retention wall was built along 

the shore of Fish Spring Lagoon to hold water. This could in effect prevent gene flow 

between Fish Spring Lagoon population and any other Magadi tilapia population. Although 

the effects of such anthropogenic activities on A. grahami have not been assessed, reduction 

in numbers of the Lesser Flamingo, a common bird that breeds on the Natron-Magadi basin, 

has been reported since the mid 1900s. This time period coincides with increased 

anthropogenic activities in the Lake Magadi basin (Mlingwa & Baker 2006). 

Lack of genetic differentiation among some tilapia populations within the main Lake 

Magadi could be explained by lack of physical barriers coupled by the relatively short 

stretches of trona separating the lagoons. This gives room for flooding following heavy rains 

and thus provides opportunities for gene exchange between lagoon populations (White 

1953). Presence of fish-eating birds and flamingoes could also facilitate movement of fish 

between the lagoons and hence gene flow, albeit in low levels. Nevertheless, very low levels 

of gene flow were found between populations further supporting the strong differentiation 

detected between the genetic clusters of Magadi tilapia. 

Although an earlier study proposed two ecomorphs of Magadi tilapia based on their 

mouth position (Wilson et al. 2004), lack of important morphometric data in the present 

study could not allow for conclusive inferences to be made on the relationship of the 

ecomorphs and the genetic structure. Future studies should aim at profiling the molecular, 

morphological, ecological and behavioral characteristics of the Magadi tilapia populations to 

better understand the forces shaping their evolution. 

Conclusions 

In contrast to past studies that found only subtle genetic differentiation among A. grahami 

populations, our study revealed a pronounced genetic sub-structuring consisting of three 

genetic clusters: Little Magadi (LM), Fish Spring Lagoon (FSL) and the rest of Lake Magadi 
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(ROM). LM and FSL seem to be clearly differentiated due to land barriers to gene flow, in the 

case of the allopatric Little Magadi, and trona and anthropogenic activities in the case of Fish 

Spring Lagoon. Given the strong differentiation among the Magadi tilapia populations and 

the associated low levels of gene flow, further studies aimed at investigating the evolutionary 

patterns at the genome level can help to shed light on the evolutionary processes shaping 

the populations. Finally, based on the extent of genetic structuring and the associated 

genetic clusters identified in this study, management strategies aimed at protecting these 

unique gene pools (genetic clusters) of A. grahami are recommended. 
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Abstract 

Cichlid fishes are well known for their spectacular adaptive radiations in the Great East 

African lakes. Yet, a number of reasons including their size, young age and recent 

hybridization render it to difficult to infer the evolutionary history of these huge species 

assemblages. The Soda tilapia form a small radiation (Genus Alcolapia) that is endemic to an 

extreme environment - Lakes Magadi and Natron in Kenya and Tanzania. It provides an 

excellent system in which to investigate ecological aspects during the early stages of 

speciation. We used an integrated approach including population genomics based on RAD-

seq data, geometric morphometrics, and stable isotope analyses to investigate the eco-

morphological diversification of Lake Magadi tilapia. Based on coalescent simulations and 

joint site frequency spectrum analyses we reconstructed their demographic history. The 

population in the isolated satellite lake Little Magadi has a characteristically upturned mouth, 

an adaptation associated with feeding on prey from the water surface. Ecomorphological 

differences between geographically separated populations within Lake Magadi are more 

subtle, but coincide with ecological differences. All populations diverged simultaneously only 

about 1 100 (95% CI: 846-1632) generations ago. Differences in the amount of gene flow 

between populations and the effective population sizes have likely resulted in variable 

patterns of genome-wide differentiation that was inferred from RAD-seq data. 

Keywords: RADseq, population divergence, trophic diversification, soda tilapia, stable 

isotopes, FASTSIMCOAL2 
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Introduction 

Adaptation to ecologically challenging environments has traditionally been regarded as an 

initial step leading to population divergence during ecological speciation (reviewed in Nosil 

2012). Competition for limited resources forms the foundation of the ecological theory of 

speciation (Schluter 2000; Rundle & Nosil 2005). The significance of these two processes in 

driving divergence and generating biodiversity are best understood in the context of 

adaptive radiations (Schluter 2000; Losos 2010) for which cichlid fishes are a prime example. 

Cichlids are among the most species-rich vertebrate lineage, with much of their diversity 

attributable to trophic diversification and adaptive radiations (Meyer 1993; Rüber et al. 1999; 

Verheyen et al. 2003; Kocher 2004; Salzburger et al. 2005). Indeed, the tremendous ability of 

cichlids to rapidly change different trophic features in relation to diet has particularly 

intrigued evolutionary biologists (reviewed in Takahashi & Koblmüller 2011). Morphological 

studies mainly conducted on the Tanganyikan cichlids have revealed multiple structural and 

functional adaptations in trophic features, including position and orientation of the mouth 

(Takeuchi & Hori 2008; Stewart & Albertson 2010), number, size and shape of teeth (Mckaye 

& Marsh 1983; Yamaoka 1983; Trapani 2004), intestine length (Yamaoka 1985; Wagner et al. 

2009) and jaws (Huysseune 1995); (reviewed in Takahashi & Koblmüller 2011). 

While the radiations of cichlids in the African Great Lakes such as Victoria, Malawi, 

and Tanganyika are intriguing for their unparalleled diversity, the sheer size of the lakes and 

the complexity of their species flocks make it difficult to disentangle individual evolutionary 

processes shaping their diversity. For example, both allopatric isolation and hybridization 

have been implicated to play a role in driving speciation in these radiations (Salzburger et al. 

2002; Schelly et al. 2006; Koblmüller et al. 2010; Kirchberger et al. 2012). But the relative 

effects of these processes is difficult to test, as detailed demographic investigations about 

population splits and gene flow encompassing all potentially interacting populations are 

virtually impossible for these species flocks composed of hundreds of species. Thus, the 

processes that have generated and maintain the phenotypic diversity of the African cichlids 

remain largely unknown, (reviewed in Seehausen et al. 2008). Focusing instead on very young 

and less species-rich lineages in a confined area (e.g. islands or lakes) seems a promising 

research approach (Losos & Ricklefs 2009; Elmer et al. 2010), because they represent simple 

systems in which the effects of different evolutionary processes can be discerned and the 

demographic history can be reconstructed more easily and reliably. 
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Soda lake tilapia (Magadi and Natron tilapias), of the genus Alcolapia (Seegers et al. 

1999; 2001) form a monophyletic group of morphologically diverse cichlids endemic to the 

Magadi-Natron ecosystem in East Africa. These lakes are arguably some of the world’s most 

extreme aquatic environments: salinity (60% seawater), pH ~10, and temperatures often 

exceeding 40 °C. Phylogenetically, the Soda tilapias are derived from a freshwater ancestor 

that inhabited Paleolake Orolonga (Seegers et al. 1999). This paleolake’s water level dropped 

drastically following abrupt climatic changes in East Africa after the Pleistocene (~13 000 

years) leading to a split into two distinct water bodies - Lake Natron and Lake Magadi (Butzer 

et al. 1972; Hillaire-Marcel et al. 1986). A further drop in water level led to the split of Lake 

Magadi and its satellite Lake Little Magadi, although details on the time of formation of Little 

Magadi are scant. A land barrier of less than one-kilometer currently separates the two lakes. 

Extant populations of Magadi tilapia are restricted to Little Magadi and in a few other small 

isolated pools (lagoons) along the shores of the larger Lake Magadi basin (Figure 4.1). 

Movement of fish between lakes is restricted by a land barrier, whereas trona (crystalline 

sodium carbonate and sodium bicarbonate salts) and inhabitable water (brine) prevent fish 

movement between the different lagoons (Coe 1966, 1967; Wilson et al. 2004).  

 Traditionally, soda tilapia in Lake Magadi and Little Magadi have been assigned to a 

single species, Alcolapia grahami, which has been regarded as morphologically less variable 

compared to the Lake Natron clade. In comparison, three Natron tilapia species, 

distinguishable by head shape, mouth position, and number, shape and position of teeth 

have been described (Seegers & Tichy 1999; Tichy & Seegers 1999a; Seegers et al. 2001). 

However, recent studies have revealed several morphological and anatomical differences 

between some populations of Magadi tilapia (Wilson et al. 2004). Perhaps the most apparent 

difference is the upturned mouth found among all individuals of Little Magadi relative to the 

terminal mouth found among other populations of Magadi tilapia (Figure 4.1) (Wilson et al. 

2004). Interpopulation variation in gut lengths has also been suggested in Magadi tilapia, 

with populations exploiting guano-rich substrates (e.g. in the southern part of the lake) 

displaying shorter guts than populations that predominantly browse on algae (Wilson et al. 

2004; reviewed in Pörtner et al. 2010). Moreover, chemical characterization of the Lake 

Magadi lagoons has revealed varying water parameters (e.g. temperature and salinity) 

(Wilson et al. 2004). Consequently, the observed morphological differences may represent 

signs of local adaptation and ecological diversification. This is corroborated by the results of 

Chapter three based on microsatellite markers that revealed three genetically distinct 
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population clusters of Magadi tilapia designated as Fish Springs Lagoon (FSL), Rest of Magadi 

(ROM) and Little Magadi (LM) (Kavembe et al. 2014). 

Despite the evidence that Magadi tilapia is not as morphologically invariant as 

previously thought, no detailed studies of the eco-morphology and demographic history of 

the species have been conducted. It is currently not known whether there is a correlation 

between phenotype (e.g. mouth shape) and environment; a key feature of adaptive 

radiations (Schluter 2000). Furthermore, little is known about their population history 

especially the timing and order of population splits, levels of gene flow, and consequently, 

the speed of population divergence. Given their population structure and physical 

distribution, three scenarios seem plausible. Firstly, all the three populations could have 

separated simultaneously. Secondly, the population of LM could have been isolated from FSL 

and ROM (Lake Magadi water body) before they were themselves separated by trona 

deposits. Thirdly, the barrier imposed by trona between FSL and ROM, may have preceded 

the geological separation of LM and the Lake Magadi populations, leading to the split of ROM 

from a combined population of LM and FSL before they in turn got separated. In relation to 

gene flow, studies in the Magadi system have mainly concluded that migration between the 

lagoons is unlikely (Wilson et al. 2004), yet a recent study found significant genetic exchange 

between populations in the lagoons of Lake Natron (Zaccara et al. 2014). Nevertheless, 

knowledge about the amount of gene flow is helpful in interpreting the likelihood of 

population divergence (Coyne & Orr 2004) and to make inferences of how this will be 

reflected at the genomic level (Feder et al. 2013). 

Here, we used a complementary approach of population genomics, geometric 

morphometrics, stable isotope (SI) analyses and coalescent simulations to investigate the 

phenotype-environment correlation in Magadi tilapia and reconstruct the evolutionary 

history of the diversification process. Firstly, we quantified morphological differences 

between the three previously identified populations and tested whether significant 

differences in body shape exist. Secondly, we investigated whether there is a correlation 

between morphology and resource utilization, using carbon and nitrogen stable isotope 

signatures. Thirdly, we used coalescent simulations to find a demographic model that best 

fitted our data (summarized in the site frequency spectrum) and estimated the associated 

parameters. In this way, we tested how and when the three populations were separated, the 

amount of gene flow between them, and the past and contemporary effective population 

sizes. Finally, we scanned the genomes of the three populations for regions that are 
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putatively under selection. Our results revealed that fish in LM have a strikingly upturned 

mouth that goes together with a very narrow ecological niche breadth, whereas differences 

between FSL and ROM were subtle, but are congruent with their presumed ecology. Further, 

the three populations split at the same time only about 1 100 generations ago, supporting the 

suggestion that soda tilapia are a great system to study the early stages of ecological 

diversification and adaptive radiations. 

Materials and Methods 

Study populations 

Sampling was based on the three genetic clusters identified in Chapter three corresponding 

to the populations of Little Magadi (LM), Fish Springs Lagoon (FSL) and the Rest of Magadi 

(ROM) (Figure. 4.1). The number of samples used for each analyses are shown in the 

respective section under methodology. Details of sampling sites and methods are provided in 

Table 3.1 (Kavembe et al. 2014). Sampling was done with permission (Number: 

NCST/RR1/12/1/MAS/99/4) of the Kenya National Commission for Science, Technology and 

Innovation (NACOSTI). 

 

Figure 4.1 Map of sampling locations for samples used for RADsequencing and representative fish from 
each of the study population. Note the upturned mouth in Little Magadi fish (LM) relative to a terminal 
mouth in the populations from Lake Magadi (FSL and ROM) populations. 
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Body shape analyses 

To test for morphological variation among the Magadi tilapia populations, we used landmark-

based geometric morphometrics. Standardized images of the left side of individual fishes (n: 

FSL = 18, ROM = 26, LM = 20) were taken using a 10x megapixel Canon PowerShot D10 digital 

camera (Canon USA, Inc.) mounted on a tripod stand. Twelve landmarks (Figure 4.2) were 

digitized on each image in the same order after setting the scale factor in TPSDIG v2 software 

(Rohlf 2010). 

Two-dimensional data extracted from the digitized images was imported into the 

program MORPHOJ v1.02e (Klingenberg 2011) for shape analyses. Before shape analyses, the 

landmarks coordinates were superimposed as shape variables by performing a generalized 

procrustes analysis which minimizes the sum of squared distances between homologous 

landmarks by translating, rotating and scaling them to unit (centroid) size (Rohlf 1999). This 

step removes variation associated with differences in scale, position and orientation of 

specimens to ensure the differences observed between landmarks are only due to shape 

(Rohlf 1999; Klingenberg 2002). Following superimposition, the procrustes distances become 

relative measures of shape differences between biological groups (Webster & Sheets 2010). 

Thus, to determine if populations of Magadi tilapia were statistically distinct in morphospace, 

procrustes distances among populations were calculated and the significance of each of 

these distances were assessed using a permutation test with 10 000 iterations. 

 

Figure 4.2 Landmarks used for the body shape analyses: 1, tip of the premaxilla; 2, posterior extremity 
of snout; 3, 4 anterior and posterior insertion of dorsal fin; 5, 6, upper and lower insertion of the caudal 
fin; 7, 8, posterior and anterior insertion of the anal fin; 9, anterior insertion of the pelvic fin; 10, upper 
insertion of the pectoral fin; 11, center of the eye, and 12, posterior end of the vertebral column. 

To assess the effect of size on shape variation among samples (Sidlauskas et al. 2011), 

a multivariate allometric regression was performed in MORPHOJ using procrustes 

http://www.google.de/url?q=http://www.usa.canon.com/&sa=U&ei=xwxrVJ3LAcLDOd62gIgM&ved=0CBwQjBAwAQ&sig2=yN0hfotsFZich7x-xWFnfA&usg=AFQjCNH_d6WGfex4KwtsMctu4Caau8sF5Q
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coordinates and standard length as dependent and independent variables, respectively. Due 

to a significant effect of allometry (see results), downstream analyses were performed using 

the regression residuals as the new shape variables, thus permitting meaningful comparisons 

of the specimens. We used the thin plate spline grid technique (Bookstein 1989; Dryden & 

Mardia 1998) and the wire frame outline (Klingenberg 2013) to visualize shape changes. The 

thin plate technique allows the differences between two shapes to be compared as a grid of 

the first shape (in this case the average body shape of a set of individuals of interest) being 

deformed into the second (a consensus shape body shape of all fish included in the analysis) 

(Dryden & Mardia 1998). The body regions with the largest differences between the groups 

and the average shape are depicted by the largest distortion on the grid. On the other hand 

the wire frame option compares wireframe graphs that connect landmarks with straight lines 

for the starting (a consensus shape body shape of all fish included in the analyses) and the 

target shapes (dataset of interest) (Klingenberg 2013). 

Inter-population shape variation between Magadi tilapia samples was determined 

using a Canonical Variate Analysis (CVA) and Discriminant Function Analyses (DFA) using our 

pre-defined population IDs (LM, FSL and ROM) as the classifying variable. CVA allows for 

identification of shape features that best distinguish multiple groups of specimens (Mardia et 

al. 1979; Albrecht 1980), while DFA performs pairwise comparison of the groups. For the DFA 

analysis, population predictions were based on a leave-one-out cross-validation (Lachenbruch 

1967). Additionally, we performed Principal Component Analyses (PCA) on our dataset. 

Stable isotope analysis 

Muscle was excised from the dorsal left side of individual Magadi tilapia fishes (n: FSL = 10, 

ROM = 11, LM = 11) for stable isotope analysis of δ13C and δ15N. δ13C and δ15N are used for 

estimating trophic positions and carbon flow to consumers in food webs, respectively (Fry 

2006). A main advantage of stable isotope approaches over other conventional dietary 

methods (e.g. stomach content analyses) is that isotope ratios in tissues yield time-integrated 

dietary information that reflects what has been assimilated and not just ingested materials 

(Vander Zanden & Rasmussen 1999). White muscle in particular is considered most suitable 

for teleost stable isotope analysis owing to its long integration time (4-6 months) and low 

variability in δ13C and δ15N (Pinnegar & Polunin 1999). To reduce isotopic variability commonly 

associated with differences in muscle lipid content (Wessels & Hahn 2010; Ryan et al. 2012), 

individual samples were treated using a modification of the lipid-extraction method in (Bligh 
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& Dyer 1959). Briefly, about 5 mg of dried homogenized muscle samples were soaked in 

chloroform-methanol (2:1, v/v) solution, vortexed for 30 seconds and centrifuged at 5 000 

revolutions per minute (rpm) for two minutes. The supernatant was discarded and the 

process repeated two more times. To get rid of the chloroform-methanol residuals, the pellet 

was rinsed with Milli-Q- water and dried at 55 °C for 24 hours. Approximately 1.0 mg of each 

sample was weighed into a tin capsule. The samples were assayed for stable isotopes of 

carbon (13C and 12C) and nitrogen (15N and 14N) using a gas chromatograph combustion isotope 

ratio mass spectrometer (GC-C-IRMS) connected to a peripheral Element Analyzer at the 

Limnological Institute of the University of Konstanz. During the analysis, two sulfanilamides 

(iso-prime internal standards) and two casein laboratory standards were assayed between 

every eight unknown samples. 

The stable isotope ratios are expressed in delta (δ) notation as parts per thousand 

(‰) deviations from the international standards for carbon (Pee Dee Belemnite, PDB) and 

nitrogen (atmospheric nitrogen) according to the equation: δ X = (
R𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  𝑥 1000, 

where X is 13C or 15N, Rsample is the ration of the heavy to light isotope (13C/12C or 15N/14N) in the 

sample and Rstandard is the heavy to light isotope in the standards. The analytical errors were 

within + 0.2‰ for both isotopes.  

All statistical analyses were conducted using JMP software v11.2.1 (SAS Institute Inc., 

Cary, NC, USA, 2010), and considered significant at p < 0.05. We performed correlation 

analysis (Pearson’s correlation; p = 0.05) to test for allometric effects of size on δ13C and δ15N 

values. The Shapiro-Wilk test (Shapiro & Wilk 1965) for normal distribution and Levene’s test 

(Levene 1960) for equal variance were performed on all data sets prior to analysis. All data 

followed a normal distribution according to the Shapiro-Wilk test (p < 0.05), but did not pass 

the homogeneity test (see results), thus non-parametric statistics were used to compare the 

inter-population differences in δ13C and δ15N. Specifically, we used the Kruskal-Wallis non-

parametric test (Kruskal & Wallis 1952) that allows the comparison of medians among 

multiple independent groups followed by an all-pair-wise comparison according to Dunn’s 

method (Dunn 1964). 
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Population genomic analysis 

RAD library preparation and sequencing 

Total genomic DNA was extracted from muscle or fin tissues (n: FSL = 16, ROM = 20, LM = 21) 

using a standard salt extraction method following proteinase K digestion with RNAse 

treatment and a final purification step with QIAmp DNA Mini Kit (Qiagen). For each individual 

900 µg of purified genomic DNA was double digested using the rare-cutting enzyme PstI-HF 

(20 U/reaction) and the frequent cutter MspI-HF (20 U/reaction) in a final volume of 100 µL. 

The reaction was incubated at 37 °C for 3 hours. The digested products were purified using 

the Qiagen MinElute Reaction Clean-up Kit following the manufacturer’s instructions. Two 

different adapters, P1 and P2, were ligated onto the fragmented genomic DNA. Each P1 

adapter contains a unique 5 bp barcode and the PstI-HF overhang sequence while the P2 

adapter contains the MspI-HF overhang sequence. All adaptor sequences are provided in 

(Recknagel et al. 2013). For ligation, 400 µg of DNA, 0.5 µL of both P1 and P2 adaptors (10 

µM), 1 µL of T4 ligase (1 000 U/ µL) and double-distilled water were added to a final volume of 

40 µL. The reactions were then subjected to a PCR cycler with the following conditions: 23 °C 

for 30 minutes, 65 °C for 10 minutes and cooled down 2 °C every 90 seconds until attaining 

room temperature. Following ligation, sets of 5-barcoded samples were pooled together and 

purified using the Qiagen MinElute Reaction Clean-up Kit. The ligated samples were then 

pooled into two libraries consisting of 50 uniquely bar-coded samples each. Automated size 

selection (range of 335-400 bp) was performed using the Pippin Prep technology following 

manufacturer’s instructions (Sage Science, Beverly, MA). DNA concentration and fragment 

distribution of the size-selected library was determined in an Agilent Bionalyzer and 

subsequently subjected to an amplification step. For each reaction, 0.2 µL (10 mM) dNTPs, 2.0 

µL (5X) Phusion HB Buffer (NEB), 0.5 µL (10 µM) of each forward and reverse primer, 0.1 µL (2 

U/µL) Phusion high-fidelity DNA polymerase (NEB), and double-distilled water were added to 

the DNA template in a final volume of 10 µL. The PCR conditions were as follows: an initial 

denaturation step at 98 °C for 30 seconds, 10 cycles consisting of 98 °C for 10 seconds, 65 °C 

for 30 seconds, 72 °C for 30 seconds each, and a final extension step of 72 °C for 5 minutes. 

The PCR products were then run on a 2% agarose gel to remove remaining oligonucleotides 

(e.g. primers) and other contaminants. Desired fragments were excised and purified with the 

Qiagen MinElute Gel Extraction Kit. The concentrations and fragment distributions of the 

final libraries were again determined using a Bioanalyzer chip. The genomic libraries were 
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each single-end sequenced (101 cycles) on one lane of an Illumina HiSeq 2000 platform. Short-

read sequences have been deposited in the NCBI Short Read Archive accession number). 

Mapping and Genotyping 

Sequence quality was visually inspected with FASTQC and no quality drop-off over the length 

of the reads was observed. Individually-barcoded full-length reads were de-multiplexed using 

the process_radtags script included in the STACKS v.1.20beta2 software pipeline (Catchen et 

al. 2011, 2013). Additionally, reads containing uncalled bases and/or showing an average 

quality score of less than 20 in a sliding window of 10% of the total read length were discarded 

in this step. The remaining 96 bp reads were then mapped to the anchored Oreochromis 

niloticus genome assembly (v.1.1) with BOWTIE v.1.0.1 (Langmead et al. 2009) allowing for a 

maximum of three mismatches in the seed (-n 3). Only reads mapping to a unique position 

were retained (-m 1). Loci construction and genotyping was conducted with STACKS. Loci 

within individuals were formed using a minimum stack depth of five reads. Subsequently, 

population-specific catalogues were built and the rxstacks correction module was used to 

filter out loci with a log-likelihood of less than -10, being confounded in more than 25% of the 

individuals, or showing excessive haplotypes. Additionally, this module uses population-level 

information to correct individual SNP calls (i.e. the assignment of a homozygote or 

heterozygote state at a certain position). SNP calling was performed with an upper bound of 

0.05 for the error rate and using a 5% significance level cut-off. On average data for 30 832 ± 

12 110 (sd) loci per individual was obtained with a mean coverage of 25.8 ± 8.9 (sd) reads per 

locus and individual. 

The distribution of number of SNPs over the lengths of loci showed an increase in the 

last four basepairs and strangely at position 47. Thus, SNPs at these sites were removed from 

the internal STACKS files using custom bash scripts. Note that this resulted not from a drop of 

sequence quality, as the pattern was the same even after trimming these bases before 

mapping and catalogue construction. Tests using different read mapper software indicated 

that this is a spurious result depending on the mapping procedure (data not shown). In order 

to minimize problems due to hidden paralogy, loci deviating from Hardy-Weinberg 

Equilibrium (HWE) at 5% significance level within populations were excluded from further 

analyses using the blacklist option in the populations module of STACKS. HWE exact tests 

(Wigginton et al. 2005) were performed in PLINK v.1.07 (Purcell et al. 2007). Note that, since 

we are testing for a deviation of HWE, using a higher p-value is more conservative. 
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Furthermore, overlapping loci and loci containing more than three SNPs within a population, 

as well as loci that were successfully genotyped in less than ten individuals per population 

were blacklisted and excluded from all subsequent analyses. 

Population structure 

Population structure was investigated with ADMIXTURE (Alexander et al. 2009) and by 

means of Principal Component Analyses (PCAs) with EIGENSTRAT (Patterson et al. 2006) The 

support for the number of clusters found by ADMIXTURE was evaluated by ten iterations of 

the implemented cross-validation procedure. In the case of PCAs, statistical significance of 

eigenvectors (principal components) was determined based on the build-in Tracy-Widom 

statistics. Missing data was accounted for by solving least squares equations as implemented 

in EIGENSTRAT (lsqproject option). Only one SNP per locus was used for these analyses in 

order to reduce the effect of non-independence among markers due to linkage. PCAs were 

visualized in R v.3.1.2 (R Development Core Team 2015). 

Demographic inference 

Demographic estimates were obtained by simulation and fitting of different demographic 

models to the information contained in the multidimensional joint minor site frequency 

spectrum (MSFS) as implemented in FASTSIMCOAL2 (Excoffier et al. 2013). In order to reduce 

the potentially biasing effect of selection, loci presumably located in coding regions, 

identified by a blastx search against the protein-coding database of Oreochromis niloticus, 

were excluded (cutoff: e-value < 1e-10). Furthermore, only one SNP per locus was used to 

reduce the effect of linkage. The MSFS was created as follows: data were parsed from variant 

call format (VCF) files using a custom python script and transformed into the MSFS using dadi 

(Gutenkunst et al. 2009). To account for missing data, the MSFS was projected down to a 

minimum number of 20 alleles per population (as specified in STACKS to create the VCF files). 

The number of monomorphic sites was manually added to the MSFS and theoretically equals 

the respective number of loci times the 86 potentially variable sites (obtained by subtracting 

the 5 bp of restriction site and the 5 manually edited sites from the 96 bp reads) minus the 

number of segregating sites. Since using only one SNP per locus decreases the ratio of 

polymorphisms and thus biases the estimates, we corrected for this by first calculating the 

ratio of monomorphic to polymorphic sites using all SNPs. The resulting number of 

monomorphic sites is then the number of SNPs (using one per locus) multiplied by this ratio 

culminating in an effective sequence length of 1.054 Mb with 5 433 segregating sites. To 
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convert the inferred parameters into demographic units, the default substitution rate of 2.5 x 

10-8 per site and generation was assumed (Excoffier et al. 2013). 

To infer the demographic scenario leading to the divergence of the post-Orolonga 

Magadi tilapia into the three genetic clusters found in Chapter three (Kavembe et al. 2014), 

we tested three different main plausible hypotheses: i) simultaneous split of the three 

populations, ii) LM split first from a combined FSL and ROM and iii) isolation of FSL and ROM 

by trona preceded the allopatric isolation of LM and Lake Magadi. We denote the three 

scenarios “sim-split”, “LM-first”, and “ROM-first”, respectively. For each of these three main 

scenarios several different demographic models were tested, migration between demes can 

be symmetrical or asymmetrical. Population size changes can be positive or negative and can 

occur in the ancestral or in each of the three populations separately, as well as coincide with 

population splits. In more detail, allowing for a change in the ancestral population was 

denoted as “ANC-change”, and changes in the three populations accordingly as “FSL-

change”, “ROM-change”, and “LM-change”. A population size change during a population 

split was denoted as “split-change”. In the case of the “sim-split” scenario there is only one 

population split, whereas in the “LM-first” and “ROM-first” scenarios there are two splits. In 

this case a change during the “older/first” split (forward in time) was denoted as “split1-

change”, and during the “younger/second” split as “split2-change”. 

Migration parameters were denoted by the number of different migration rates that 

were included in a model, that is, the term “single-mig” denotes a model with only one 

migration rate. However, this does not mean that there is only migration between two of the 

populations. Instead, migration occurs between all demes, but its rate is symmetrical and 

identical in all instances. Accordingly, the term “six-mig” denotes a model that includes six 

different migration rates. In the case of the “LM-first” and “ROM-first” scenarios, two 

additional migration parameters between the combined ancestral population of two of the 

populations and the population that split “first” are possible. These models are denoted as 

“eight-mig”. After running the “six-mig” and “eight-mig” models, it became clear that 

migration rates between FSL and LM, and ROM and LM were almost identical. Thus, in 

addition, a “two-mig” setting with a symmetrical migration rate between FSL and ROM, and 

another symmetrical migration rate between FSL and LM, as well as between ROM and LM 

was implemented. Models without migration are denoted as “no-mig”. The basic 

demographic events and parameters are visualized in Figure 4.3. Naturally, several population 

size changes can occur in any one model and in any combination with migration rates. 
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Figure 4.3 schematic representations of the three hypothetical scenarios of the split of Magadi tilapia 
populations (top row), as well as population size changes (middle rows) and migration rates (bottom 
row). Note that demographic events and parameters can be combined and in total 63 models were 
tested (Table S4.1). 

Starting with simple models and adding migration rates and population size changes, 

in total, 19, 22, and 22 models for the “sim-split”, “LM-first”, and “ROM-first” scenarios were 

tested, respectively. The support for different models to fit our data was evaluated based on 

the Akaike Information Criterion (AIC). For each model, 25 independent runs with 40 cycles 

each of the implemented ECM optimization algorithm were performed. The first 20 cycles 

always consisted of 100 000 coalescent simulations each, following which step size was 

increased by 5 000 simulations per cycle up to the specified maximum number of cycles. The 

single best models for the three main scenarios were analyzed in a total of 100 independent 

runs with 50 cycles each, in order to enhance accuracy of parameter estimates. Uncertainty in 

parameter estimates was estimated from 100 parametric bootstrap replicates and is reported 

as 95% confidence intervals. Upper and lower bounds were calculated as 𝜃 ± 1.96𝜎, where 𝜃 

denotes the mean and 𝜎 the standard deviation of the bootstrap results. Briefly, bootstrap 

replicates were obtained by simulating 100 minor site frequency spectra, based on the same 
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overall corrected sequence length as the empirical data (in unlinked regions of 86 bp) and 

according to the highest likelihood parameter point estimates, and then re-estimating the 

parameters each time. For each bootstrap replicate we performed 25 independent runs with 

30 cycles each. 

Genome scans 

Genome-wide differentiation was analyzed in terms of AMOVA FST-values (Weir & Cockerham 

1984) as implemented in STACKS. The relatively low frequency of polymorphic sites 

precluded a window-based approach. Instead, the position-independent approach 

implemented in BAYESCAN v2.1 (Foll & Gaggiotti 2008; Fischer et al. 2011) was used to scan 

for signatures of selection between the different Magadi tilapia populations. All three 

populations were used together in a single analysis with default settings. Outlier status was 

evaluated based on a 5% false discovery rate (FDR) threshold. 

Results 

Body shape analyses 

Regression of the superimposed shape data on size (standard length) indicated that 7.9% of 

shape variation in Magadi tilapia covaried with size. Importantly, the relationship between 

the procrustes residuals and size is statistically significant (P < 0.0001 at 10 000 permutations) 

for the entire dataset. The permutation test for procrustes distance among groups found 

statistically significant distances among all pairs of populations compared: a similar distance 

value of 0.03o was found between LM versus FSL, and also between LM versus ROM. The 

procrustes distance between FSL and ROM was slightly higher with 0.033 (p <0.0001 for 10 

000 permutation tests for all the three group comparisons). 

Canonical Variate Analysis (CVA) of the residuals of the multivariate regression 

resulted in a clear separation of the three a priori defined populations of Magadi tilapia in 

morphospace. Based on the CVA, there is no overlap of specimens from different populations 

(Figure 4.4). Canonical covariate two (CV2), which explains 45.5% of the total variance, clearly 

separates LM from the populations of FSL and ROM driven mainly by a change in the position 

of the mouth (Landmark 1) (Figure 4.4). This pattern is consistent with the two distinct head 

shapes previously observed in Magadi tilapia (an upturned mouth in Lake Little Magadi vs. a 

terminal mouth the populations of Lake Magadi) (Figure. 4.1) (Wilson et al. 2004; Kavembe et 
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al. 2014). The first canonical axis (CV1), which explains 55.5%, suggested a difference in shape 

due to elongation as well as on the caudal peduncle (Figure 4.4). 

 

Figure 4.4 Canonical Variance Analysis (CVA) plots based on geometric morphometrics. Wireframe 
plots beside the axis show the main shape changes. 

The distinctiveness of the populations was however not evident in the PCA (results not 

shown). Since PCA employs a hypothesis-free approach and assumes no a priori groupings, it 

is prone to biases especially when dealing with data with unequal variances. For instance, 

populations with the greatest amount of variance may bias interpretations of the common 

morphospace, rendering PCA results of little significance in capturing the biologically 

important shape differences (Parsons et al. 2009). 

Further differences in morphospace between populations were evident using 

discriminant function analyses. Between FSL and ROM, relative to LM, most differences were 

associated with the position of the mouth (landmark 1) (Figure 4.5). FSL and ROM differed by 

an elongation of the caudal peduncle (landmarks 4-7) (Figure 4.5). Nevertheless, based on 

the DFA analysis, most of the specimens could be assigned to their source populations. The 

highest similarity according to Mahalanobis distances was between FSL and ROM, and the 

lowest similarity was found between FSL and LM (Mahalanobis distances per pairwise 

comparisons: FSL-LM 6.787, FSL-ROM 5.615 and LM-ROM 6.608 (p <0.0001 for 10 000 

permutation tests for all the three group comparisons). 



Chapter 4 Ecomorphological Differentiation in Magadi tilapia  

 
73 

 

Figure 4.5 Shape differences in Magadi tilapia populations inferred using Discriminant Function 
Analyses (DFA). Dots and wireframes indicate the average position of landmarks and body contour in 
the different populations. Color-code: FSL=red; ROM=blue; LM=green. 

Ecological divergence 

In isotopic niche space, FSL and ROM populations were indistinguishable, but the two were 

clearly distinct from LM. The mean isotopic values were -19.41‰, -21.26‰, -21.46‰ for δ13C and 

7.52‰, 10.67‰, 10.27‰ for δ15N in FSL, ROM, and LM, respectively. Fish size (standard length) 

was not a significant covariate (Pearson’s coefficient, p = 0.05) and was thus omitted from 

the final model. While all our data sets were normally distributed (Shapiro Wilk test, p < 0.05), 

Levene’s test of homogeneity of variance returned statistically significant differences (δ13C 

F2,29 = 3.941, p = 0.031; δ15N F2,29 = 11.634, p = 0.000) suggesting unequal population variances 

for both isotopes. The smallest variance was found for Little Magadi (δ15N = 0.423; δ13C = 

0.387) and the largest for Fish Springs Lagoon (δ15N = 9.363; δ13C = 3.603) followed by the 

Rest of Magadi (δ15N = 6.1; δ13C = 2.667) (Figure 4.6). ROM on average had the highest high 

values of δ15N and δ13C, suggesting its fish could be exploiting upper trophic levels. Overall we 

found a high intraspecific range of isotopic signatures in Magadi tilapia (δ15N = 9.16‰; δ13C = 

5.64‰). Among populations, the isotopic ranges were highest in FSL, (δ15N = 8.27‰; δ13C = 

5.64‰) followed by ROM, (δ15N = 6.82‰; δ13C = 4.35‰), and the least in LM (δ15N = 2.34‰; δ13C 

= 2.363‰). There is a strong population effect on the isotopic signatures of both δ13C and δ15N 

(Welch’s test, δ13C F-ratio = 5.524, p=0.016; δ15N F-ratio = 4.257, p=0.036). The mean C:N ratios 
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(% of weight) were 3.11, 3.17 and 3.22 in FSL, ROM and LM, respectively. All these values are 

within the expected range for biological proteins (DeNiro 1985). Comparison of all the 

populations combined revealed significant variation of both isotopes (Kruskal Wallis, H = 

6.609, p = 0.0261 for δ15N; H = 7.291, p = 0.036 for δ13C). Pair-wise comparisons showed a 

significant difference between ROM and FSL for δ15N (Dunn’s test Z = 2.525, p= 0.035), while 

the rest of the population comparisons tests were non-significant (p values > 0.05). We found 

a marginal level of significance between ROM and FSL using δ13C data (Dunn’s test Z = -2.285, 

p= 0.066) and no differences among the rest of the pair-wise population comparisons of the 

δ13C data (data not shown). 

 

Figure 4.6 Stable isotope results. In comparison to Fish Springs Lagoon (red) and Rest of Magadi 
(blue), the population in Little Magadi (green) has a narrower ecological niche breadth as shown here 
by the mean ± standard error (SE) of δ15N and δ14C stable isotope signatures. 

Genome-wide analyses confirm three population clusters 

We first sought to test whether our samples would be assigned into the three genetic 

clusters identified in Chapter three (Kavembe et al. 2014), as all the subsequent analyses 

hinge on the correct assignment of individuals. To do this, we investigated population 

structure of Magadi tilapia with 7 171 SNPs using the software ADMIXTURE v 1.23 and with a 

model-free Principal Component Analysis (PCA). Assuming the same number of clusters as 

populations (K = 3) ADMIXTURE grouped all samples into three distinct genetic clusters that 

matched perfectly to the three prior assigned populations (Figure 4.7). However, with cross-

validation two rather than three genetic clusters are supported. In the case of assuming only 

two genetic clusters (K = 2), the populations of FSL and ROM cluster together and LM is 

distinct (Figure 4.7). The model-free PCA revealed three distinct clusters. Only the first two 
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eigenvectors (PCs) are significant with p-values of 3.87 x 10-33 and 1.86 x 10-2 for PC1 and PC2, 

respectively. PC1 explains 9.34% of the variation and separates LM from the other two 

populations, whereas PC2 explains 3.82% of the variation and separates FSL from ROM 

(Figure 4.8). Neither of the two analyses shows evidence for admixed individuals. 

 

Figure 4.7 Admixture plots showing assignment of Magadi tilapia samples to a predefined number of 
two (top; K=2) or three (middle; K=3) genetic clusters. Cross validation tests (bottom) show the 
highest support for two genetic clusters. 
 

 
Figure 4.8 Principal Component Analysis (PCA) of Magadi tilapia populations based on SNP data. 
Shown are the first two principal components (PC1 and PC2). The amount of variation explained by 

them is given in brackets. Each dot represents an individual, color-coded by population (see grey box).  
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Demographic inference supports recent simultaneous split and different levels of gene flow 

To reconstruct the demographic history of the three populations, we used coalescent 

simulations. For each of the three main scenarios (“sim-split”, “LM-first”, “ROM-first”), we 

explored the fit of different migration rates as well as population size changes in the 

ancestral population, the extant populations, and changes during population splits/mergers 

to our data. Overall, the best model for our data set has a 33% probability of being correct. 

But, note that the next best models in our data set are qualitatively and quantitatively similar 

to the model described above (Table S4.1). The first six models differ from each other only in 

the presence of one versus two population splits and the presence or absence of migration 

between ROM and LM (Table S4.1). Together, these six models capture 81% of the overall 

probability. The single best model contains ten parameters, and is denoted as “sim-split, ANC-

change, LM-change, two-mig, no-MIG ROM-LM” (Figure 4.9). It can be verbally described as 

follows: the ancestral population (NANC) of 5 865 (1 259-7 942; 95% CI) individuals undergoes 

an about threefold population size expansion to 16 903 (14 125-18 302) individuals about 9 151 

(3 187-23 127) generations ago (TANC-change); this is the current population size of ROM (Figure 

4.9). The three populations then split simultaneously about 1 082 (846-1 632) generations ago 

(Tsim-split). The effective population sizes of FSL and ROM remain stable with 6 175 (5 152-7 817) 

and 16 903 (14 125-18 302) individuals, respectively, whereas LM undergoes a substantial 

increase from 436 (260-839) (NLMpast) to 12 899 (6 637-25 092) individuals (NLMpresent) about 477 

(279-579) generations ago (TLM-change). Migration rates between both FSL and ROM (MIGFSL-

ROM), as well as FSL and LM (MIGFSL-LM) are symmetrical, yet they differ in an order of 

magnitude with 2.41 x 10-4 (1.27-3.57 x 10-4) and 2.43 x 10-5 (1.09-3.93 x 10-5), respectively. There 

is no migration between ROM and LM. Note that population sizes refer to effective and not 

absolute numbers. Migration rates give the probability for an allele to migrate from one 

deme to another per generation. The actual number of effective immigrants (forward in 

time) is a product of the migration rate and the effective population size of the population of 

interest. In our case, this translates to 1.5 migrants per generation from ROM to FSL and 4.1 

migrants per generation from FSL to ROM. In the case of migration from FSL into LM the 

population size change has to be taken into account. Accordingly, we inferred 0.3 and 0.01 

(on average 0.14) FSL migrants per generation for the last 477 and 605 generations until the 

population split, respectively. The number of migrants from LM into FSL is 0.15 per 

generation. 
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Weighing the maximum likelihood parameter estimates of each of the six first best 

models by their relative likelihood, we can average the parameter estimates (Anderson 

2008). These averaged values are similar to the estimates from our best model with: NANC 5 

115; NFSL 6 331; NROM 16 497; NLMpast 426; NLMpresent 12 512; MIGFSL-ROM 2.43 x 10-4; MIGFSL-LM 1.88 x 

10-5; TLM-change 478; Tsplit1 1 055; Tsplit2 1 162; TANC-change 11 341. In the case of the two “sim-split” 

models, we used the same estimate for both of the hypothetical splits. Notably, even in the 

models with two population splits, “ROM-first” and “LM-first”, their divergence times are 

very close to each other leading to a multi-model average of only 107 generations between 

the two splits. 

 

Figure 4.9 Schematic representation of the most supported demographic model for the split of Magadi 
tilapia populations. Looking from the past to the present (top to bottom), firstly, the ancestral 
population (ANC) undergoes an increase in size at TANC-change. The three populations then split 
simultaneously at Tsim-split. The population sizes of FSL and ROM remain stable whereas LM undergoes a 
substantial increase in size at TLMchange. Effective population sizes (Ne) are given in number of diploid 
individuals and times are given in number of generations. Arrows indicate migration rates, which are 
symmetrical and denote the migration probability of an allele per generation. Note that there is no 
migration between ROM and LM. 
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Genome-wide differentiation and signatures of selection 

Overall genetic differentiation is low with average pairwise FST values of 0.027 (FSL vs. ROM), 

0.090 (FSL vs. LM), and 0.071 (ROM vs. LM) (Table 4.1, Figure 4.10). The profiles of genetic 

differentiation across the genome are qualitatively similar between FSL vs. LM and ROM vs. 

LM, whereas FSL vs. ROM exhibits less differentiation (Figure 4.10). The difference in 

heterogeneity is also reflected in the standard deviations of FST values of 0.133, 0.116, and 

0.033 or the above comparisons, respectively. In each of the two comparisons including Little 

Magadi, five SNPs are fixed (two are shared), whereas the highest FST value between FSL and 

ROM is only 0.516. Since the frequency of polymorphic sites was too low for a window-based 

outlier detection approach, we decided to use a position-independent method (see 

methods). Only one SNP was found to be potentially under divergent selection with this 

method – this SNP mapped to position 15 159 712 bp in linkage group six (LG6) of the Nile 

tilapia genome (Table 4.1, Figure 4.11). The SNP was one of the two sites alternately fixed in 

LM as compared to both FSL and ROM. A close examination of the corresponding genomic 

region within the vicinity of the SNP (10 kb up- and down-stream) in Nile tilapia did not reveal 

any gene that we could associate to the eco-morphological divergence of LM. Further 

examination of the other SNPs that were fixed between Little Magadi and the other Magadi 

tilapia populations revealed functions related to physiology (Table 4.1). 

Table7 4.1 Genetic markers fixed in Little Magadi, their position, and candidate genes in their vicinity  

Marker ID 
Linkage 

Group (O. 
niloticus) 

Position  Gene Name  Putative physiological 
function 

13528 LG6 15159712 
   

22375 LG6 12344754 
Ovochymase-2-
like/Oviductin 

Facilitates binding of 
sperm to oocyte in 
Xenopus (Lindsay et al. 
1999) 

21102 LG2 3060246 Mastermind 
Signal transduction 
(McElhinny et al. 2008) 

12727 LG5 18750325 
E3 ubiquitin-protein ligase 
Rad18-like 

Protein ubiquitation 
(Berndsen & Wolberger 
2014) 

12872 LG5 25578204 
SLIT-ROBO Rho GTPAse-
activating protein 3-like 

Signal Transduction 
(Wong et al. 2001) 

3966 LG14 604967 
Voltage-gated potassium 
channel subunit beta-1-like 

Neural transduction 
(Nguyen et al. 2012) 

22375 LG6 12344754 
Peroxisome biogenesis 
factor 2-like 

Detoxification of 
reactive oxygen species 
(Lopez-Huertas et al. 
2000) 
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Figure 4.10 FST plots showing genome-wide patterns of differentiation between the Magadi tilapia 
populations. Labels on top of each plot indicate the pairwise comparison, the number of SNPs and the 
average FST value. Vertical grey lines indicate the linkage groups (LG1-LG23) on the tilapia reference 
genome. 

FSL vs. LM (SNPs 7009; 0.089)

ROM vs. LM (SNPs 9294; Overal F =ST

FSL vs. ROM (SNP 9816; Overal F =ST 0.027)

0.071)

Overal F =ST

Position (Tilapia Linkage Group)
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Figure 4.11 BAYSCAN results showing the single locus putatively under selection in the Magadi tilapia 
genome. Dots indicate single SNPs (a total of 9747 SNPs were used). The dashed line marks the 5% 
false discovery rate (FDR) cutoff. 

Discussion 

Soda tilapias have been proposed as a more amenable model system to study the processes 

involved in ecological diversification and adaptive radiations compared to the species-rich 

cichlids in the African Great Lakes (Tichy & Seegers 1999). Here, we perform for the first time 

a detailed and integrative examination of the eco-morphology and demographic history of 

three populations of Magadi tilapia. Our data suggest that the three Magadi tilapia 

populations separated simultaneously only about 1 100 generations ago. There is virtually no 

gene flow between LM and the other two populations of FSL and ROM, whereas gene flow 

between the latter two is in the order of a few migrants per generation. Furthermore, fish in 

LM are not only genetically most distinct, but also exhibit a characteristically upturned mouth 

and an exceptionally narrow ecological niche breadth. We find subtle differences in body 

shape between FSL and ROM, consistent with the low genetic differentiation between them. 

We interpret these results as signs of early stages of diversification, with fish in LM being 

specialized to catching prey items that fall on the water surface. 
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Eco-morphological divergence 

Preliminary stomach analyses using Magadi tilapia in the main Lake Magadi have suggested a 

simple food web consisting of mainly blue green algae (cyanobacteria), crustaceans and 

dipteran larvae, and flamingo guano (Coe 1966) (Ora Johannsson, personal communication). 

Additionally, it has been suggested that flamingo guano may constitute part of the diet for 

some Magadi tilapia populations in the same Lake (Pörtner et al. 2010). However, no such 

data exists for LM nor was it possible to obtain it in this study. While comprehensive stomach 

content data for the species would be desirable, our approach of using 15N and 13C as 

indicators of ecological niche has proved useful in other fish radiations (Bootsma et al. 1996; 

Rutschmann et al. 2011) and offers a main advantage of integrating diet intake over longer 

time periods (Vander Zanden & Rasmussen 1999). The source material and the age of the 

individual analyzed, locality differences and seasonal variations may affect the accuracy of 

stable isotope results and consequently interpretation of ecological patterns. To account for 

these factors, we analyzed only adult samples collected during the same season (July-

August). Our study did however not include a baseline, which is recommended to correct for 

lake/locality differences (Grey 2006). Nevertheless, given that the two lakes were separated 

only recently, we do not expect a strong inter-lake effect. 

Our data show that fish in LM not only have a characteristic upturned mouth, but also 

an exceptionally narrow ecological niche breadth compared to the other two populations. 

Other fish species with upturned mouths often feed on insects from the surface of the water 

column (Keast & Webb 1966; Langerhans et al. 2004), (e.g. Thoracocharax stellatus (Netto-

Ferreira et al. 2007)). Indeed, the surface film in the soda lakes constituting of bacteria, 

insects and other organic matter blown on the water by wind has been suggested as a source 

of food for soda tilapia (Seegers & Tichy 1999) and numerous flying insects can be seen on 

the shores of Little Magadi (G.D.K., personal observation). Thus, we propose that fish in LM 

have evolved an upturned mouth as an adaptation to exploit this resource. This is further 

supported by a narrow niche breadth in LM compared to FSL and ROM consistent with 

patterns observed in specialized and generalist consumers, respectively (Bearhop et al. 2004; 

Bolnick et al. 2007), but see (Flaherty & Ben-David 2010). 

An intriguing finding were the exceptionally broad ranges of δ15N and δ13C values in 

ROM and FSL, relative to the recommended ranges of 3-5 ‰ for N (Minagawa & Wada 1984) 

and 1-3‰ for C (DeNiro & Epstei 1978). In particular, the high δ15N-values in more than half of 

the individuals in ROM are puzzling. Interestingly, stable isotope analyses of lakes inhabited 
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by flamingos have revealed high levels of δ15N (Muzuka 2009) and there are suggestions that 

nitrogen-rich flamingo guano might constitute a major diet for some populations of Magadi 

tilapia (Wilson et al. 2004; Pörtner et al. 2010). Thus, the high enrichment in δ15N may be as 

associated with exploitation of flamingo guano. While we also find significant differences in 

body shape between FSL and ROM, no obvious shape-environment link could be inferred. 

One potential caveat of our study is that we cannot rule out the role of plasticity in 

the eco-morphological differences we see. However, comparisons of teeth in wild and 

aquarium raised Oreochromis ndalalani (sixth generation) of Lake Natron found no 

differences in dentition despite their difference in diet (Seegers et al. 2001). Although, these 

results may not apply to all trophic traits and to our species in particular, increasing evidence 

suggests that trophic traits such as jaws and craniofacial morphology in cichlids have a 

genetic basis (Albertson et al. 2005; Albertson & Kocher 2006; Roberts et al. 2011). 

Pronounced genetic differentiation despite microscale isolation 

Consistent with our previous study based on microsatellite loci (Chapter three) (Kavembe et 

al. 2014), using a panel of 7 171 SNPs we find evidence for three genetic clusters: FSL, ROM 

and LM. The highest differentiation is clearly between LM and the other two populations, as 

reflected by the consistency in the results of pairwise FST-comparisons, PCA, and ADMIXTURE 

analyses. Genetic differentiation between FSL and ROM is very low. Indeed, the support for 

only two genetic clusters (K=2) – LM being one cluster and the other two being combined – in 

our ADMIXTURE analysis is slightly higher than for three clusters (K=3) (Figure 4.7). However, 

in light of the perfect correspondence of the three populations and genetic clusters assuming 

K=3 (Figure 4.7), and their clear separation in the PCA (Figure 4.8), we suggest that the rather 

subtle differentiation between FSL and ROM does not invalidate the biological reality of their 

distinctiveness. Since our demographic analyses suggest a simultaneous split of the Magadi 

tilapia populations (Figure 4.9), the most parsimonious explanation for the high genetic 

differentiation in LM relative to the other populations is a combination of differences in gene 

flow and its past small population size. In other words, the effect of genetic drift would be 

much stronger in LM and not be counteracted by gene flow leading to a pronounced 

differentiation of LM (e.g. (Whiteley et al. 2010; Méndez et al. 2011)). In contrast, gene flow 

between FSL and ROM coupled with their relatively large and stable population sizes would 

maintain the allele frequencies in both populations at relatively similar levels. 
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Although the possibility of gene flow between the lagoon populations has been 

questioned (Wilson et al. 2004; Kavembe et al. 2014), migration is strongly supported in our 

demographic model (our otherwise best model without migration is only 0.03 times as likely 

as the one with migration, see Table S4.2. Further, the inferred number of migrants between 

FSL and ROM (1.4 and 4.1 per generation), is quite similar to the 0.5–2.3 migrants per 

generation reported between lagoon populations in Lake Natron (Zaccara et al. 2014). In the 

latter study, the authors suggested that intense rains or movement of fish by large 

piscivorous birds may facilitate migration of fish within Lake Natron. Since a land barrier or 

trona proposed in (Kavembe et al. 2014) would not hinder birds’ movement, and yet we find 

almost no migration between LM and the other two populations, our results suggest 

migration in Magadi tilapia may occur primarily through intermittent water connections 

following heavy rains. So, strikingly, the small land barrier of less than a kilometer seems to 

provide a sufficient barrier to gene flow between LM and the other Magadi tilapia 

populations. 

Alternatively, actual migration (not gene flow) might occur to a larger extent, yet 

appear much more reduced due to selection against immigrants (Nosil et al. 2005; Plath et al. 

2013) because of the contrasting water conditions and ecological differences of the habitats. 

Investigating whether this process contributes to reduced gene flow in this system seems an 

interesting research objective, but is beyond the scope of this study. 

The Magadi tilapia demographic history 

The simplicity of the Magadi tilapia system allowed us to infer the demographic history of all 

its populations in a single framework. This is important, as excluding populations from an 

analysis can bias demographic inferences of a species evolutionary history (Beerli 2004; 

Slatkin 2005). For instance, gene flow between LM and ROM is strongly supported in a 

pairwise comparison, but not in a three-population (data not shown). This might suggest that 

some level of gene flow occurs between LM and ROM, but indirectly through FSL (stepping 

stone model (Kimura 1953)). Another advantage of this system is the availability of geological 

data (Seegers & Tichy 1999), which allows a correlation of our inferred demographic events 

to the geological history of the region. For instance, the separation of Paleolake Orolonga 

into Lakes Natron and Magadi basins is estimated to have occurred about 13 000 to 9 000 

years ago following periods of extreme drought towards the end of Pleistocene (Butzer et al. 

1972; Tichy & Seegers 1999). Correspondingly, we find support for an expansion of the 

ancestral Magadi tilapia population about 9 000 generations ago (Figure 4.9). Assuming one 
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or more generations per year places this expansion to sometime after the drought, 

consistent with recovery patterns observed in populations that have undergone periods of 

extreme environmental stress (Genner et al. 2010; Koblmüller et al. 2011). Indeed some bursts 

of adaptive radiations in the East African cichlids have been suggested to have occurred soon 

after their ancestral populations had gone through stressful environmental conditions such 

as following lake level fluctuations (Sturmbauer et al. 2001; Danley et al. 2012). Comparably, 

our estimate of a simultaneous split only about 1 100 generations is congruent with a 

suggested major flood in the Lake Magadi region about 1 450 years ago (White 1953). 

Although it is possible that the populations may have been isolated prior to the proposed 

flood, any signals of prior isolation might have been overridden by subsequent genetic 

homogenization facilitated by the flood. 

With regard to the translation of our estimated demographic estimates to absolute 

time (in years), we caution that the accuracy hinges on the availability of a good estimate of 

the generation time in this species. Although generation times of six months have been 

proposed for most tilapia species (Philippart & JC 1982), much shorter times of about 42-60 

days have been suggested for Magadi tilapia (Coe 1966; Wilson et al. 2004). Applying these 

estimates to our dataset would translate into much more recent times for the inferred 

demographic events in Magadi tilapia (e.g. 180 years for the populations split with six 

generation per year). Considering the known geological history, these values appear to be 

unrealistically low. Yet, this discrepancy might be explained by the fact that, like in any other 

population genetic study, demographic parameters scale by the neutral substitution rate, 

which is often associated with a high uncertainty. Although the absolute values might change 

depending on the assumed substitution rate this does not change their relative values nor 

does it affect the model likelihoods and thus our main conclusions. 

Nonetheless, our estimates of population sizes are close to the estimated census 

sizes of > 10 000 individuals for FSL and ca. 32 000 individuals for the Magadi (FSL and ROM) 

populations combined (Wilson et al. 2004). Unfortunately, no census estimate is available for 

LM. However, using mtDNA sequence data, Wilson et al. (2004) estimated an (long-term) 

effective population size of only a few hundreds and found evidence for recent population 

expansion for the population, which is congruent with the expansion inferred in our study. 

Whether the dramatic population expansion in LM is related to its adaptation to a new niche 

(floating surface biota) is an interesting hypothesis, but would be too speculative at this 

point. 
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FASTSIMCOAL2 for demographic inference 

The plummeting costs of generating massive population genetic data sets coupled with 

recent advances in computational power and analytical methods allow inferences of 

demographic histories in unprecedented detail. Recent studies have either used Approximate 

Bayesian Computation (ABC) approach (see reviews (Katalin et al. 2010; Sunnaker et al. 2013)) 

or a method based on diffusion-approximations of the (joint) site frequency spectrum 

(Gutenkunst et al. 2009). Here, we use a relatively new method - FASTSIMCOAL2 - that uses 

coalescent simulations to infer demographic history based on joint site frequency spectrum 

(Excoffier et al. 2013). Unlike the above approaches, FASTSIMCOAL2 can handle any arbitrarily 

complex model. Since it is based on maximum likelihood, it offers all the advantages of 

information theory-based inference such as quantifying the evidence for or against a model in 

terms of likelihood ratios, and multimodel inference (Anderson 2008). However, non-

independence of markers and the fact that likelihoods are estimated with some error, can 

bias the results of FASTSIMCOAL2 (Excoffier et al. 2013). Since our SNP dataset was 

generated from RADseq and only one SNP per locus was used, we assumed that all SNPs 

were independent and the composite likelihood was thus close to a true likelihood. 

Furthermore, we performed at least 25 independent runs to estimate the likelihood for any 

tested model. In the case of our best model (100 runs), the first 27 runs with the highest 

likelihood are within only one likelihood unit from each other (data not shown). In other 

words, on average we would find this model to be among the best two models with only four 

instead of 100 runs. We consider this to support our results and advice other researchers to 

perform similar performance checks. But, we note that the error in likelihood values may 

affect model averaging. Thus, averaged parameter values should be considered with caution. 

Another limitation of this method, at least in our perspective, is the high computational 

demand of the approach. A single run of our best model took approximately eight hours on a 

single 2.5 Gh CPU. Thus, this project would have been impossible without access to a high 

performance-computing cluster. Nonetheless, given the promising future of increasing 

availability of high computing power we expect an increasing number of studies to take 

advantage of this powerful approach. 

Genome-wide patterns of population differentiation and outlier loci 

Not surprisingly, the patterns of differentiation across the Magadi tilapia genome reflect the 

inferred demographic history. The occurrence of gene flow between FSL and ROM and their 
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relatively large stable population sizes is paralleled by the low and rather invariable genomic 

differentiation between them. In LM, genetic drift has not only resulted in a high average 

genetic differentiation, but also a more heterogeneous pattern. The single locus that was 

found to be potentially under selection resides in a region in the Tilapia genome that does not 

contain a clear candidate gene with a function related to the eco-morphological divergence 

we found. Interestingly, however, the four other fixed SNPs fall within genes that have 

putative functions related to physiology. While these genes might be interesting candidates 

for local adaptation in Magadi tilapia, further investigations are required, which was beyond 

the scope of this study. Nonetheless, Magadi tilapia have evolved eco-morphological 

adaptation in a very short time and here we provide an account of the demographic details 

behind this process. Thus, future studies employing genome scans with a higher resolution of 

markers and taking our results into account may aid in the identification of the causative 

genomic regions with genes that underlie the observed phenotypic differences in Magadi 

tilapia. 

Magadi tilapia as a system for studying early stages of ecological diversification 

Our data provides evidence that the ancestral Magadi tilapia population split simultaneously 

into three populations only about 1 100 generations ago. Following the split, LM population 

has evolved a distinct upturned mouth, which we suggest is an adaptation to feed on prey 

items on the water surface. Fish in FSL and ROM seem to be more generalist feeders, 

exploiting a wide range of food items. Eco-morphological differences exist and are consistent 

with knowledge about their ecology, but are more subtle. Gene flow between the lagoons is 

happening and maintains some level of genetic similarity of the populations of FSL and ROM, 

whereas only one kilometer of land is sufficient to block almost all gene flow with LM 

(especially between LM and ROM). 

Thus, Magadi tilapia provide yet another example of the amazing trophic diversity 

(especially in mouth shapes) cichlids can evolve to exploit ecological niches and the speed 

with which this can happen. Yet, in contrast to the radiations in the African Great Lakes, 

Magadi tilapia are a much simpler system to disentangle the processes driving ecological 

diversification and will likely help to further understand the extraordinary diversity of clades 

like cichlid fish in general. 
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Abstract 

Magadi tilapia cichlid fish Alcolapia grahami lives in one of the Earth’s most extreme aquatic 

environments (pH ~10, salinity ~ 60% seawater, temperatures ~ 40 °C and fluctuating oxygen 

regimes). It evolved several unique behavioral, physiological and anatomical adaptations 

some of which it retains when acclimated to in freshwater. We conducted a transcriptomic 

analysis on A. grahami so as to study the evolutionary basis of stress tolerance. To identify the 

adaptive regulatory changes associated with responses to multiple stressors we sequenced 

gill transcriptomes via RNAseq from wild and freshwater-acclimated specimens of A. grahami. 

As a control, corresponding transcriptome data from Oreochromis leucostictus, a closely 

related freshwater species was generated. We found expression differences in a large 

number of genes of several gene ontology terms with known functions related to 

osmoregulation, energy metabolism, ion transport, and chemical detoxification. Over-

representation of metabolism-related GO terms in wild compared to laboratory-acclimated 

specimens suggested that freshwater conditions greatly decreases the metabolic 

requirements of this species. Twenty-five genes with diverse physiological functions related 

to responses to water stress showed signs of divergent natural selection between the 

Magadi tilapia and its freshwater relative, whose last shared common ancestor was only 

about four million years ago. The complete set of genes responsible for urea excretion was 

identified in the transcriptome of A. grahami making it the first known species of fish to have 

a functional ornithine-urea cycle pathway in the gills – probably a major innovation for 

increasing nitrogenous waste excretion efficiency. 

Keywords: Alcolapia grahami, RNAseq, urea genes, gene expression, extremophile 
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Introduction 

East African cichlid fishes are well-known model systems for investigating a wide range of 

questions in evolutionary biology (Kuraku & Meyer 2008). Their remarkable species-richness, 

history of explosive adaptive radiations and astonishing phenotypic diversity make cichlids 

ideal for investigating the processes and mechanisms underlying adaptive evolution 

(Kornfield & Smith 2000; Seehausen 2006). Another key feature of this group is the ability to 

establish viable populations in challenging habitats characterized by extreme environmental 

parameters, which gives them an edge over fish lineages confined to more benign habitats 

(Rijssel & Witte 2012). In fact, some major adaptive radiations of cichlids have been traced to 

periods of environmental instability characterized by fluctuations in lake levels (Sturmbauer 

et al. 2001; Danley et al. 2012). Successful colonization of novel niches outside the range of 

native habitats, a main avenue exploited by most vertebrates (including cichlids) to diversify 

(Lande 2009), is dependent on the ability of a species to adjust to new and often stressful 

environmental conditions (Yoshida et al. 2007). For instance, extreme water level fluctuations 

of Lake Tanganyika during the late Pleistocene may have played a role in shaping the 

adaptive evolution and speciation of its current rock-dwelling cichlid fishes (Verheyen et al. 

1996). 

  A remarkable example of East African cichlids’ evolutionary success and resilience to 

persistent and varied environmental stresses is the Magadi tilapia (Alcolapia grahami), a small 

cichlid fish (average adult weight ~3 g) endemic to Lake Magadi, a soda lake in Kenya (Figure 

5.1). As in most endorheic soda lakes, Lake Magadi is characterized by extreme environmental 

conditions: high levels of pH (up to 10), alkalinity, salinity, temperature (up to 40C), reactive 

oxygen species (ROS), and ultraviolet radiation, plus extreme diurnal fluctuations in oxygen 

concentration (Coe 1966; Narahara et al. 1996; Johannsson et al. 2014). This unusually 

stressful environment poses several physiological challenges. High alkalinity, salinity and 

temperature can cause degradation of cellular biomolecules such as proteins (Rothschild & 

Mancinelli 2001). Likewise, high osmotic and ionic gradients brought about by high salinity 

need to be counteracted to avoid effects on cell structure and function (Gonzalez 2012). High 

pH often negatively affects nitrogen waste excretion, whereas intense ultraviolet radiation 

and ROS have detrimental effects on several cellular components including lipid 

peroxidation, protein carbonylation, and degradation of genetic material (DNA and RNA) 

(Rothschild & Mancinelli 2001). Surprisingly, despite these stressful conditions, A. grahami 
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maintains viable populations in Lake Magadi, which do not show signs of reduced genetic 

diversity (Seegers et al. 1999; Wilson et al. 2000b, 2004; Kavembe et al. 2014). 

 Organisms in stressful environments deploy an array of adaptive mechanisms to 

reduce or counteract the adverse effects of their environment. Both phenotypic plasticity or 

genetic modifications may provide means to respond to stress (Chevin et al. 2010; Yampolsky 

et al. 2014). Whether both act in an independent or complementary manner is still a widely 

debated topic (Merilä 2012; Merilä & Hendry 2014). Some studies suggest that populations 

may initially respond to stressful conditions through behavioral and phenotypic plasticity 

followed closely by genetic assimilation (canalization), which fixes beneficial traits that have 

been environmentally induced in the population (Badyaev 2005; Lande 2009). In A. grahami, 

several behavioral and physiological adaptations to its challenging habitat have been 

described. These include air breathing as a mitigation mechanism against recurring hypoxic 

conditions, excretion of nitrogen in form of urea (as opposed to ammonia excreted by almost 

all other teleosts), high metabolic rates and tolerance to high water alkalinity facilitated by a 

high pH in blood and tissue (Johansen et al. 1975; Randall et al. 1989; Wood et al. 1989; 

Pörtner et al. 2010; Johannsson et al. 2014). 

A. grahami can be successfully acclimated to freshwater conditions (Wood et al. 

2002a; b). In contrast, closely related freshwater species have been shown to die within 

minutes upon transfer to Magadi water (Wright et al. 1990b). As in typical euryhaline species, 

this unique ability to survive in both saline and freshwater environments is likely modulated 

by changes in the activity of ion transporters in the gills (Scott et al. 2004). Intriguingly, and in 

sharp contrast to other known euryhaline species, A. grahami has been shown to retain 

specific adaptations upon acclimation to freshwater conditions, such as obligate urea 

excretion and drinking of water at rates comparable to marine teleosts (Wood et al. 2002a; 

b). This suggests that A. grahami may possess some species-specific adaptations in order to 

cope with its extreme habitat. 

The fact that A. grahami’s unique tolerance to environmental extremes may have 

been acquired within a very short time is of great evolutionary importance (Pörtner et al. 

2010). Geological studies suggest the extreme conditions in Lake Magadi were initiated by a 

Pleistocene desiccation event (about 13 000 years ago) that resulted in the splitting of a 

freshwater paleolake Orolonga to form the present-day Lake Magadi, Lake Little Magadi (a 

small soda lake located North of Magadi) and Lake Natron (a large soda lake located South of 
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Magadi). In a recent study (Kavembe et al. 2014), we inferred the closest extant relative of 

both A. grahami and its sister species from lake Natron to be Oreochromis variabilis, a 

freshwater species endemic to Lake Victoria. It has been suggested that Lake Victoria 

experienced a Pleistocene desiccation, which might imply a later origin of its native cichlid 

species flock, composed of mainly haplochromine cichlids (Seehausen 2002). One might then 

expect a much younger age for O. variabilis as well, similar to the tilapiine cichlids in Lakes 

Magadi and Natron. 

Much is known about the physiological aspects of A. grahami (Pörtner et al. 2010; 

Wood et al. 2012), but virtually nothing is known about the molecular changes associated 

with acclimation to freshwater conditions. Several studies using closely related tilapia and 

other euryhaline teleost species have provided some insights on the molecular responses to 

environmental stresses (Boutet et al. 2006; Tine et al. 2008; Xu et al. 2013b; Lam et al. 2014). 

However, most of these studies focused on molecular responses associated with single 

environmental variables and could therefore not always capture the complexity of all 

challenging variables experienced by natural populations (Oleksiak 2011). Additionally, these 

previous studies were based on candidate gene approaches and microarray technology. 

These methods require some prior genomic knowledge of the study species, are expensive 

and limited by the number of genes they can capture, which render them inappropriate for 

studying non-model species such as A. grahami (Zhu & Zhao 2007; Wang et al. 2009).  

With the recent developments in massive parallel sequencing technologies, 

sequencing of transcriptomes has become rapid and highly cost-effective, allowing the 

screening of thousands of genes at a real genome scale. A recent study examined the 

transcriptome-wide differences associated with ionic regulation in the gills of the euryhaline 

Oreochromis mossambicus (Lam et al. 2014), providing the first genome-scale view on the 

molecular responses associated with osmoregulation and gill remodeling in a tilapia species. 

However, like its predecessors, this study focused on a single environmental parameter 

(salinity) and thus, the genomic basis for responses to multiple extreme environmental 

variables in tilapia remain largely unexplored. Natural populations of A. grahami provide an 

excellent opportunity to examine the molecular responses to multiple co-occurring stresses, 

both in the wild and following acclimation to freshwater conditions. 

Here, we investigate the molecular mechanisms of stress tolerance in natural and 

freshwater acclimated populations of A. grahami using a comparative transcriptomics 
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approach based on RNA-seq. We sequenced gill transcriptomes of field-collected and 

laboratory-acclimated A. grahami in order to identify genes responsive to i) diverse 

environmental stress conditions in Lake Magadi and ii) acclimation to freshwater conditions 

(Figure 5.2). Gills play a central role in the physiology of fishes, including respiration, acid-base 

balance, nitrogenous waste excretion and ionoregulation (Evans et al. 2005). Therefore, gills 

are an ideal tissue to use when examining the transcriptomic responses to water chemistry in 

fish (Oleksiak 2011; Xu et al. 2013b; Lam et al. 2014). In order to increase the robustness of our 

analysis (Kelley et al. 2012; Xu et al. 2013b), we compared the transcriptomes of A. grahami 

with corresponding data from O. leucostictus, a close relative freshwater species from Lake 

Victoria (Figure 5.2). This serves as a baseline in our comparisons, as it reveals the 

transcriptomic changes that occur during the acclimation process of a closely related obligate 

freshwater species.  

Our study also sought to study the expression of the urea pathway in the gills of A. 

grahami. Since A. grahami exhibits obligate urea excretion (Wood et al. 2002a) that is retained 

after acclimation to freshwater conditions, we hypothesized that the genes of the urea 

pathway would display similar expression patterns in both wild and acclimated samples, and 

that these genes are up-regulated in A. grahami relative to O. leucostictus. 

Materials and Methods 

Samples 

Adult fish of both A. grahami and O. leucostictus were captured using hand nets at the Fish 

Spring Lagoon (1°53’00. 52’’S; 36°18’15. 00’’E) and the Winam Gulf in Lake Victoria (00°14’24”S; 

34°34’48’’E) of Lake Victoria and Lake Magadi respectively (Figure 5.1, see Table S5.1 for water 

parameters). Within 15 minutes of fish capture, gill tissues of individual fish were excised 

following MS-222 euthanization and preserved in RNAlater (Ambion, Inc.). The samples were 

maintained at 4 ºC overnight and later frozen at -20 ºC. Additionally, free-swimming fry (<1 

cm) of both species were collected from breeding pits within the vicinity of the sampling 

sites. The fry were transported in breathing bags (Kordon® LLC, USA) to the laboratory, 

acclimated and raised under normal freshwater conditions (water pH 8, temperature 28 °C, 

dissolved oxygen 6-8 mgL-) for a period of eight months. The fry were fed on Artemia during 

the first few weeks and later maintained on flake food. As adults (bright male coloration and 

body length were used as a proxy to assess maturity), the gills of these freshwater-

acclimated fish were excised and preserved following similar procedures as those used in the 
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field. A total of 20 gills were used in this study, obtaining five biological replicates per 

experimental group (see below). Sampling was done with research permit 

NCST/RR1/12/1/MAS/99/4 of the Kenya National Commission for Science, Technology and 

Innovation (NACOSTI). 

 

Figure 5.1 Map showing the geographical locations of Lakes Magadi and Victoria that are the focus of 
the transcriptomics study. Photograph of the two sampling sites: b) Winam Gulf, Lake Victoria and c) 
Fish Spring Lagoon, Lake Magadi. 

RNA extraction and massive parallel sequencing 

Total RNA extraction and cDNA library preparation were performed as described in (Henning 

et al. 2013), with slight modifications. Briefly, for each individual, approximately 50-100 mg of 

gill tissue was placed in 1 ml Trizol (Invitrogen, Carlsbad, USA) and homogenized using a 

Qiagen Tissue Lyser (Qiagen, Valencia, USA). The supernatant containing the RNA was 

separated from the rest of the homogenate by centrifugation and standard Trizol RNA 

extraction was performed following manufacturer’s instructions. RNA was purified using a 

Qiagen RNeasy Mini Kit as per the manufacturer’s instructions. The quality of the RNA was 

checked on Agarose gels (1.5%) and with Bioanalyzer 2100 (Agilent technologies, Waldbronn, 

Germany). All RNA samples had RNA Integrity Number (RIN) scores above 7.5. Approximately 

1 g of high quality RNA was used to prepare cDNA libraries using the Illumina TrueSeq mRNA 
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Preparation Kit (Illumina, San Diego, USA) as previously described (Henning et al. 2013). In 

total, 20 individually barcoded cDNA libraries were constructed representing five individuals 

and four experimental groups: wild A. grahami (AgW), lab A. grahami (AgL), wild O. leucostictus 

(OlW) and lab O. leucostictus (OlL) (Figure 5.2). Equimolar quantities of all the individually bar-

coded libraries were pooled and paired-end (2 x 101 bp) sequenced in one lane of an Illumina 

HiSeq 2000 platform. 

 

Figure 5.2 Scheme representing RNAseq pipeline used to analyze the gill transcriptomes of wild and 
 laboratory acclimated samples of A. grahami and O. leucostictus. 
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Read processing and assembly 

All paired reads generated above were quality controlled before assembly, read mapping and 

downstream analyses (Figure 5.2). First, SeqPrep (https://github.com/jstjohn/SeqPrep) was 

used to remove any remaining adapter sequences and to merge the overlapping read pairs. 

To avoid the generation of chimeric sequences, the minimum overlapping length was set to 

15 bp, and a single bp mismatch was allowed only when the overlapping region was ≥ 50 bp. 

Paired and long merged reads were quality trimmed using CLC Genomics Workbench v7.0.4 

(CLC bio, Aarhus, Denmark). Low quality reads (CLC parameter ‘limit’ set to 0.02) and reads 

shorter than 30 bp were excluded. To control for contamination by external RNA sources, 

filtered reads were mapped against bacterial, fungal, viral and protozoan sequences available 

at NCBI RefSeq (February 2014) using CLC Genomics Workbench and consequently discarded. 

Having robust transcriptome assemblies is essential for performing reliable 

downstream analyses (Chang et al. 2014). Two main approaches are widely used for 

transcriptome assembly; reference-based and de novo methods. Reference-based 

approaches are more sensitive and robust to sequencing errors, but depend on the quality of 

the reference genome and the evolutionary distance to the target organism (Chang et al. 

2014). In contrast, de novo methods can reconstruct novel and trans-spliced transcripts and 

are not affected by misassemblies in the reference genome (Martin & Wang 2011). In order to 

take advantage of both methods and increase the robustness of the transcriptome 

assemblies of our non-model species, we used both approache0s complementarily. 

Reference-based assemblies were generated by aligning the filtered reads to the Nile 

tilapia genome (Orenil1.0, Ensembl v75) using TopHat v2.0.12 (Trapnell et al. 2009). The 

resulting alignments were used to derive the transcripts with Cufflinks v2.0.2 (Trapnell et al. 

2012). The Nile tilapia is closely related to both species in our study and thus represents an 

appropriate reference species. De novo assemblies were built with Trinity r2013_11_10 

(Grabherr et al. 2011) using default parameters. For both assembly methods, three reference 

assemblies were generated by combining all reads across samples and biological replicates 

for (i) A. grahami, (ii) O. leucostictus and (iii) a macro-assembly including all reads from the 

four experimental groups following (Haas et al. 2013), see below. 

To test the reliability and completeness of our transcriptomes derived from gills, 

reconstructed transcripts from reference-based assemblies were subjected to similarity 

searches using BLASTx against the NCBI’s non-redundant (nr) protein database and the 
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proteomes of four teleost species (tilapia, medaka, stickleback and zebrafish) (Ensembl v. 

75). To compare the coverage of transcripts recovered by both reference-based and de novo 

analyses, all reconstructed transcripts were also subjected to BLASTx searches against the 

reference proteome of tilapia. 

Differential gene expression analyses 

Differential gene expression analyses relied on the three hybrid reference transcriptomes 

assembled. This approach avoids the problem of a posteriori matching the “same” transcripts 

from independent assemblies, and thus it is generally preferred (Haas et al. 2013). To identify 

differentially expressed genes (DEGs), reads were mapped onto the corresponding reference 

transcriptome separately for each individual to account for variability among biological 

replicates. Differential gene expression was estimated in the following pair-wise 

comparisons: (i) wild vs. lab-acclimated A. grahami (AgW - AgL), (ii) wild vs. lab-acclimated O. 

leucostictus, (OlW - OlL), (iii) wild A. grahami vs. wild O. leucostictus, (AgW - OlW), and (iv) lab-

acclimated A. grahami vs. lab-acclimated O. leucostictus (AgL – OlL) (Figure 5.2). For the 

reference-based assemblies, the module Cuffdiff was implemented in the Cufflinks package 

(Trapnell et al. 2012). For the de novo assemblies, gene expression was estimated using RSEM 

(Li & Dewey 2011) after mapping the reads with Bowtie v1.0.0 (Langmead et al. 2009), and 

differential gene expression was analyzed with edgeR (Robinson et al. 2010) as implemented 

in the Trinity pipeline. In all cases, a false discovery rate (FDR) threshold of 0.05 was used to 

correct for multiple comparisons (Benjamini & Hochberg 1995). 

To ensure reliable inference of the transcriptomic differences between our 

experimental groups, only DEGs recovered by both de novo and reference-based methods 

were considered in downstream analyses. Reciprocal best BLASTn searches (using a stringent 

e-value cutoff of 1e-12) were used to identify differentially expressed transcripts that are 

shared between Cuffdiff (reference) and edgeR (de novo) analyses in each of the pairwise 

comparisons. These sets of common DEGs were annotated using Blast2GO v4 (Conesa et al. 

2005) by BLASTx similarity searches (e-value < 1e-6) against the non-redundant database and 

the proteomes of four teleost species (tilapia, medaka, stickleback and zebrafish). Gene 

ontology (GO) terms were assigned using an annotation cut-off > 55 and GO weight > 5. 

Owing to the large number of DEGs obtained, gene enrichment tests were performed to 

provide an overview of gene clusters and pathways enriched in different experimental 

groups. To avoid transcript redundancies, for each species, the reference-based and the de 
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novo assemblies were merged and similarity searches were carried out against the Nile tilapia 

protein dataset (BLASTx, e-value < 10e-6). GO terms of unique tilapia proteins with BLAST hits 

were then used as the reference data set for the enrichment test. GO enrichment analyses 

were performed with Fisher’s exact test, as implemented in Blast2GO to identify significantly 

over- and under-represented GO terms using the whole assembly as a reference. An 

additional enrichment test was performed between the assembled transcriptomes of A. 

grahami and those of O. leucostictus.  

Survey of published stress-response genes among DEGs and urea pathway genes  

To test for representation of stress-responsive genes in the transcriptomes generated in our 

study, we selected 25 genes with known physiological functions related to environmental 

stress (based on published literature) and searched for homologous transcripts among the 

identified DEG sets. These included genes related to hyper- and hypo-osmotic stress 

(Kalujnaia et al. 2007; Evans & Somero 2008; Laverty & Skadhauge 2012), heat stress (Fangue 

et al. 2006; Purohit et al. 2014), hypoxia and oxidative stress (Almeida et al. 2002; Woo et al. 

2013) (see Table 5.1 for list of genes). Additionally, we investigated the expression patterns of 

the entire set of genes of the ornithine-urea cycle (OUC) pathway (i.e., N-acetylglutamate 

synthase (NAGS), ornithine carbamoyl transferase (OTC), carbamoyl-phosphate synthase III 

(CPSIII), argininosuccinate synthase (ASS), argininosuccinate lysase (ASL) and arginase (ARG) 

and one accessory urea pathway gene (ornithine glutamine synthetase (GS)) (Table 5.1). For 

each selected candidate gene, the protein sequence of the Nile tilapia was downloaded from 

Ensembl v.75, and used as query in TBLASTn searches (e-value < 1e-3 or 1e-5) against the 

estimated DEG transcripts (in the case of urea genes). 

Tests for signatures of positive selection in Alcolapia grahami genes 

Selection acting on protein-coding genes was studied by comparing the rates of non-

synonymous (dN) and synonymous (dS) substitutions (Yang & Bielawski 2000). We used the 

yn00 method implemented in PAML v.4.8 (Yang 2007), which calculates pairwise dN/dS ratios 

between sequences in an alignment. For these analyses, only the reference-based assemblies 

were used to avoid redundancy and because they are, in principle, more sensitive than de 

novo assemblies. The open reading frame for each transcript was detected using the output 

query (tilapia protein dataset) coordinates of BLASTx. Orthologous transcripts with a dS rate 

> 0.1 were excluded from further analyses to avoid comparing paralogous genes (Bustamante 
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et al. 2005). Both Yang-Nielsen (Yang & Nielsen 2000) and Nei-Gojobori (Nei & Gojobori 1986) 

methods were used for the dN/dS computations. 

Table 5.1 List of published candidate genes surveyed in this study 

Stress Factor 
Gene 

symbol 
Gene description 

 General stress STIP1  stress-induced-phosphoprotein 1-like 

Heat stress HSC71  heat shock 70 kDa protein 1 

Heat stress HSPA1L  heat shock cognate 71 kDa 

Heat stress Hsp90-α1  heat shock protein HSP 90-alpha 1 

Hypoxia HBB-B1  hemoglobin subunit beta-A 

Hypoxia HIF1AN  hypoxia-inducible factor 1-alpha inhibitor 

Ion induced 
stress 

ca2  carbonic anhydrase 1 

Osmoregulation  prlr2 prolactin receptor 2 

Osmoregulation PRL Oreochromis niloticus prolactin  

Osmoregulation AGTR2  type-2 angiotensin II receptor-like 

Osmoregulation SLC12A8  solute carrier family 12 member 9-like  

Osmoregulation VAMP3  vesicle-associated membrane protein 3 

Osmoregulation VAMP5  vesicle-associated membrane protein 5 

Osmoregulation SEC22A  vesicle-trafficking protein SEC22a 

Osmoregulation SEC22B  vesicle-trafficking protein SEC22b-B 

Osmoregulation VAMP  vesicle-associated membrane protein 

Osmoregulation ATP1B3  sodium/potassium-transporting ATPase subunit beta-3 

Osmoregulation MAPK8b  mitogen-activated protein kinase 8B 

Osmoregulation ATP1A3 
 sodium/potassium-transporting ATPase subunit alpha-
3 

Osmoregulation atnb233 
 sodium/potassium-transporting ATPase subunit beta-
233 

Osmoregulation PRLR prolactin receptor  

Osmoregulation TRH  thyrotropin-releasing hormone receptor 

Oxidative stress PRDX6  peroxiredoxin-6-like  

Oxidative stress APOD  apolipoprotein D- transcript variant1 

Urea excretion slc14a2  urea transporter 2 

Urea excretion NAGS N-acetylglutamate synthase 

Urea excretion ORNT1 Mitochondrial ornithine transporter 1 

Urea excretion OTC ornithine carbamoyltransferase 

Urea excretion CPSIII Carbamoyl-phosphate synthase 

Urea excretion ASS Argininosuccinate synthase 

Urea excretion ASL Argininosuccinate lysase 

Urea excretion ARG1 Arginase1 

 Urea excretion ARG2 Arginase2 

 Urea excretion GS Glutamine synthetase 

  

First, orthologous genes in A. grahami and O. leucostictus were inferred by a 

bidirectional BLASTn hit (BBH) procedure against the Nile tilapia proteome (BLAST e-value < 
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1e-10) and the longest transcripts among those matching the same Nile tilapia protein were 

selected. To ensure accuracy in the identification of orthologs, only the pairs with the best 

similarity value with the orthologous tilapia protein were retained for downstream analyses. 

Positive selection is usually inferred if a gene has a dN/dS ratio >1 (Yang & Bielawski 2000). As 

dN/dS ratios >0.5 calculated with the yn00 method has been suggested as an appropriate 

cutoff to infer positive selection in genes (Swanson et al. 2004), genes with dN/dS ratios >0.5 

were deemed to show moderate signatures of positive selection in the current study 

Results 

Transcriptomes of A. grahami and O. leucostictus 

Sequencing of the gill transcriptomes using the Illumina HiSeq 2000 platform resulted in a 

total of 153 141 794 and 170 412 638 reads in A. grahami and O. leucostictus, respectively (Table 

5.2). After read processing, approximately 90% and 88% clean reads were obtained for A. 

grahami and O. leucostictus, respectively (Table 5.2). One O. leucostictus sample rendered 

appreciably lower mapping values when aligned to the Nile tilapia genome (compared to all 

other samples, data not shown), and was eliminated from all further analyses. Reference-

based assemblies of the clean reads yielded a total of 47,037, 46,212 and 57,366 transcripts 

with N50 values of 3 980; 3 981 and 4 227 in A. grahami, O. leucostictus and the macro-

assembly respectively (Table 5.2). De novo assemblies yielded 430 896, 406 591 and 584 655 

transcripts with N50 values of 3 482, 3 012 and 2 482 for A. grahami, O. leucostictus and the 

macro-assembly respectively (Table 5.2). 

Table 5.2 Summary statistics of the transcriptome assemblies  

Ref based   De novo  

 Statistic A. grahami 
O. 
leucostictus 

Macro-
assembly 

A. 
grahami 

O. 
leucostictus 

Macro-
assembly 

Raw reads 153141794 170412638 - 153141794 170412638 - 

Clean 
reads 

137993533 149928898 - 137993533 149928898 - 

Transcipts 430896 406591 584655 47037 46212 57366 

Genes 220040 208040 311359 28316 27957 32525 

N50 3980 3981 4227 3482 3012 2482 

Total 
length 
(bp) 

733579864 600401818 717344879 125140067 123666880 158270486 
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BLASTx similarity searches of the transcripts assembled using the Nile tilapia genome 

as a reference yielded a high number of matches to the five searched databases: the NCBI’s 

nr protein database and the four teleost protein datasets. For instance, BLASTx searches 

against the teleost proteins using A. grahami transcripts as queries recovered 76%, 72%, 70% 

and 51% of the proteins present in the genomes of tilapia, medaka, stickleback and zebrafish, 

respectively (Table 5.3). A similar analysis with O. leucostictus yielded very similar results 

(Table 5.3). In both cases, the number of homologous transcripts recovered consistently 

decreased with an increase in the phylogenetic distance between our study species and the 

model species; there was a higher degree of similarity of our transcriptomes to Nile tilapia 

and least homology with zebrafish. Similar findings were made in the transcriptome assembly 

of Oreochromis mossambicus, in which a high number of homologous contigs were found in 

the comparison with its congeneric species O. niloticus and was much lower in zebrafish and 

humans respectively (Lam et al. 2014). 

Table 5.3 Similarity search (BLASTx) results of reference-based transcripts blasted against the 
proteomes of model teleost species. 

 Description Tilapia Medaka Zebrafish Stickleback 

Number of non-redundant (Nr) protein 
sequences retrieved from Ensembl 

26763 24674 43153 27576 

Transcripts of Alcolapia grahami matching 20328 17815 22039 19314 
Transcripts of Oreochromis leucostictus 
matching 

20108 17574 21874 18974 

Overview of gene expression patterns 

The comparison between acclimated A. grahami and O. leucostictus (AgL-OlL) rendered the 

highest number of DEGs (5 907, for Cuffdiff), while the comparison between the wild and 

acclimated O. leucostictus (OlW-OlL) produced the least number of DEGs (1 485, for Cuffdiff) 

(Figure 5.3). The other two comparisons yielded intermediate numbers of DEGs (AgW-AgL 3 

139 and AgW-OlW 2213, for Cuffdiff) (Figure 5.3). This pattern was consistent for both Cuffdiff 

and edgeR analyses (Figure 5.3). Nevertheless, edgeR analyses (based on de novo assemblies) 

produced appreciably higher numbers of DEGs than the Cuffdiff analyses (Figure 5.3). Despite 

differences in the algorithms implemented in Cuffdiff and edgeR (Lu et al. 2013), this 

discrepancy in DEG numbers is most likely due to the higher number of transcripts assembled 

de novo (as compared to reference-based assemblies, see methods section). Given that 

multiple individuals were pooled to assemble the transcriptomes, it is likely that Trinity may 

have inflated the real number of transcripts due to the presence of among-individual 
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polymorphisms data. This is further reinforced by the fact that both reference-based and de 

novo assemblies recover a similar total number of proteins (assessed by BLAST searches 

against the tilapia reference proteome, data not shown), which means that most transcripts 

reconstructed by Trinity are redundant. In addition, de novo assemblies could contain trans-

spliced transcripts and other transcripts that were misassembled or unassembled in the 

tilapia reference genome (Chen et al. 2011; Lu et al. 2013). 

 

Figure 5.3 Differentially expressed genes from de novo and ref-based methods. Values above bars 
represent the total number of DEGs. The common DEGs between Cuffdiff and edgeR based derived 
DEGs were identified as reciprocal best BLASTN hits using a stringent e-value cutoff (< 1e-12). 

Both Cuffdiff and edgeR analyses recovered a significant number of DEGs in common 

(Figure 5.3). The comparison between acclimated individuals of both species (AgL-OlL) yielded 

the highest number of common DEGs (4 174), of which about half the genes were up- (52%) 

and down-regulated (49%) (Figure 5.4). The comparison between wild and acclimated 

samples of O. leucostictus (OlW-OlL) yielded the smallest number (151) of DEGs with 41% and 

59% up- and down-regulated respectively (Figure 5.4). The pair-wise comparisons between 

the wild and acclimated of A. grahami (AgW-AgL) and between wild specimens of the two 

species (AgW-OlW) uncovered intermediate numbers of common DEGs (1 216 and 1 143 

respectively) as well as the highest proportion of up-regulated (62% and 59% respectively) 

genes (Figure 5.4). 

Visualization of the common DEGs in a Venn diagram highlights that several 

(depending on the sets, in the order of tens or hundreds) DEGs were shared among pair-wise 

comparisons (Figure 5.5). The highest number (504) of DEGs was shared between the wild 

(AgW-OlW) and laboratory-acclimated (AgL-OlL) among-species comparisons, as well as 

between the latter and A. grahami species comparison (AgW-AgL) (Figure 5.5). 



Chapter 5 Genomics of Adaptation to Multiple Stresses 

 
102 

 

 

Figure 5.4 Up- and down-regulated common DEGs among the pairwise comparisons 

 

Figure 5.5 Venn diagram showing the distribution of differentially expressed genes (p-value <0.05, 
FDR<0.05) coincidently estimated by both reference based and de novo analyses in four statistical 
comparisons of wild and laboratory-acclimated A. grahami and O. leucostictus. The numbers of DEGs 
for the four main experimental groups are shown in brackets. Diagram constructed with VENNY. 

Survey of published candidate genes, with special emphasis on the ornithine-urea cycle 

Screening of the DEGs using previously published stress-related candidate genes and from 

the urea cycle pathway recovered a significant number of homologous sequences (Table 

S5.1). For the 25 candidate genes queried, TBLASTn consistently found the same genes in the 

corresponding sets of DEGs from both Cuffdiff and edgeR pipelines at both E10-3 (results not 

shown) and E10-5 (Table S5.1) cut-off values. Indeed, varying numbers of candidate genes 

were recovered among the pairwise comparisons, consistent with the pattern we observed 

in the distribution of DEGs among our pair-wise comparisons. Except for the comparison 

between the A. grahami samples (AgW vs AgL), more candidate genes were consistently 

recovered from DEGs derived from the de novo methods (edgeR) (Table S5.1). However, for 

some candidate genes such as prolactin and some urea pathway genes, we could not find any 
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homologous transcripts among the lists of differentially expressed genes (Tables S5.1 and 

S5.2). 

In our interest to study the expression patterns of the urea gene pathway, we 

attempted to confirm the presence of all its constituent genes in the individual species 

transcriptomes by blasting the individual urea genes against the assembled transcriptomes. 

Using this approach, we recovered the entire set of known urea pathway genes (Table S5.2). 

Consistent with previous work suggesting the existence of a functional OUC cycle in A. 

grahami, all the OUC enzymes and the lead-in ammonia trapping enzyme glutamine 

synthetase (GS) were expressed in both the wild and acclimated A. grahami (Tables S5.2-S 

4.4). Curiously, CPSIII, the rate-limiting enzyme of the OUC pathway was not found in the 

reference-derived (Table S5.2) assembly but several isoforms of the gene were found using 

the de novo based data (Table S5.2). This emphasizes the need to consider both assembly 

methods in gene expression studies. 

Although most of the OUC genes were also present in O. leucostictus, the CPSIII gene, 

that catalyzes the first committed step in the OUC pathway, was not found (Table S5.2). 

Importantly, except for arginase, no significant expression changes were found in the OUC 

genes between wild and laboratory samples of A. grahami. In contrast, a significant up-

regulation of the OUC genes was found between A. grahami and O. leucostictus in both wild 

and laboratory conditions (Tables, S5.3-S5.4). 

Gene expression changes associated with adaptation to multiple stresses in wild A. grahami 

We sought to identify DEGs in wild A. grahami relative to acclimated A. grahami (AgL) and wild 

O. leucostictus (OlW), as this might represent potential candidate genes for adaptation to 

stressful conditions in Lake Magadi. To do this, we searched for the overlap between up- and 

down-regulated annotated DEGs in wild A. grahami (AgW), first relative to laboratory-

acclimated A. grahami (AgL) and then relative to wild O. leucostictus (OlW). A total of 317 and 

247 annotated DEGs were up regulated in AgW relative to the AgL and OlW respectively, out of 

which 63 were commonly up regulated in AgW (Figure 5.6a, Table S5.5). Generally, most of 

the up-regulated DEGs are associated with energy metabolism (e.g., transaldolase-like 

isoform x1 and hexokinase-2-like isoform x1) and responses to stress e.g. pH (carbonic 

anhydrases), immunity (immunoglobulin superfamily member 1-like) and oxidative stress 

(superoxide dismutase-partial) (Table S5.5). Among the annotated down-regulated DEGs, 675 

and 309 genes were down regulated in AgW compared to the AgL and OlW respectively (Figure 
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S5.6b). Out of these, 47 common DEGs were down regulated in AgW compared to either AgL 

or OlW, including genes involved in osmoregulation (e.g., mitogen-activated protein kinase 10-

like, claudin-10a-like isoform x1n) and oxidation activities (e.g., mpv17-like) (Table S5.5). 

 

Figure 5.6 Common up-regulated (a) and down-regulated (b) differentially expressed genes in wild A. 
grahami relative to laboratory A. grahami and O. leucostictus. Diagram constructed with VENNY 

Functional classification of differentially expressed genes 

Gene enrichment tests were used to identify significantly enriched gene categories among 

our experimental groups. In the A. grahami group comparison, relative to the laboratory 

samples (AgL), the gills of wild (AgW) samples were enriched in GO terms related to 

transmembrane activity (e.g., GO: 1901677 phosphate transmembrane transporter activity 

and GO: 0008509 anion transmembrane activity), as well as in metabolism-related processes 

(e.g. GO:0009226 nucleotide-sugar biosynthetic process and GDP mannose metabolic 

process) (Figure 5.7a, Table S5.6). Among the down-regulated genes in wild A. grahami 

relative to their laboratory counterparts, GO enrichment yielded terms linked to cell nuclear 

processes (e.g. GO:0031981 nuclear lumen, GO:0006259 DNA metabolic process and 

GO:0006412 translation) (Figure 5.7, Table S5.6). On the other hand, consistent with the small 

number of DEGs in the comparison between O. leucostictus groups induced by similar water 

conditions in laboratory and in the wild, very few GO terms were assigned to this comparison 

(Figure 5.7b, Table S5.7). Nevertheless, a marked over-representation of GO terms related to 
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extracellular matrix was observed in wild O. leucostictus relative to laboratory samples of the 

species (Fig 5.7b: Table S5.7). 

Consistent with the high number of DEGs recovered between acclimated A. grahami 

and O. leucostictus (AgL-OlL), the comparison yielded the highest number of GO terms (Figure 

5.7c, Table S5.8). The GO terms that were over-represented in acclimated A. grahami 

compared to corresponding samples of O. leucostictus included terms related to stress (e.g. 

GO:0055114 oxidation reduction process, GO:0001666 response to hypoxia and GO:0050764 

regulation of phagocytosis), calcium metabolism (e.g. GO:0005544 calcium-dependent 

phospholipid binding, transmembrane activity (GO: 1901677 phosphate transmembrane 

transporter activity) (Figure 5.7c, Table S5.8), among others. Under-represented GO terms in 

A. grahami for this comparison included nuclear-related process (e.g. GO:0006396 RNA 

processing, GO:0003676 nucleic acid binding) (Figure 5.7c, Table S5.8). Similarly, compared to 

wild O. leucostictus, the wild samples of A. grahami revealed over-representation of terms 

related to stress (e.g. GO:0009617 response to bacterium and GO:0009410 response to 

xenobiotic stimulus) (Figure 5.7d, Table S5.9). Other terms that were over-represented in A. 

grahami compared to O. leucostictus under natural conditions (AgW-OlW) included terms 

related with several metabolic processes and catalytic activities (Figure 5.7d, Table S5.9).  

 

Figure 5.7 Enriched GO terms of differentially expressed genes (DEGs) between a) wild and lab-
acclimated Alcolapia grahami; b) wild and lab-acclimated Oreochromis leucostictus samples 
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Fig 5.7 GO enrichment terms of differentially expressed genes (DEGs) both species c) between both 
species following laboratory acclimation and d) in wild conditions 
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Genes showing signatures of positive selection 

Out of a total of 22,746 and 22,699 different transcripts obtained by the reference-based 

analysis in A. grahami and O. leucostictus respectively, the application of stringent screening 

criteria resulted in 14,618 putative orthologous genes for the two species. Despite this high 

number of genes, only 25 genes (representing 0.17% of the orthologous genes) showed 

signatures of positive selection using the yn00 method. 10 genes (40%) had dN/dS > 1 and 15 

(60%) genes had 0.5 < dN/dS < 1 representing signatures of strong and moderate positive 

selection, respectively (Table 5.4). The Nei-Gojobori method recovered seven and 15 genes 

with dN/dS ratios above one (dN/dS > 1) and above 0.5 had (0.5 < dN/dS < 1) respectively 

(Table 5.4). Annotation of the transcripts showing signatures of positive selection resulted in 

genes orthologous to annotated genes in the nr database, most of which have physiological 

functions related to stress (Table 5.4). For instance, among the genes showing strong 

positive signatures of selection (dN/dS > 1) were genes with functions related to chemical 

detoxification (CYP3A40), immune system (AEBP1), PIGS (cellular transport) and neural 

development (SYDE2) (Table 5.4). Other genes showing signs of positive selection have 

functions related to sensory perception, tumor suppression and cellular detoxification. 

However, GO enrichment tests of the genes did not yield any enriched GO terms at FDR < 

0.05. 

Table 5.4 Genes showing signs of positive selection in A. grahami 

BOC Description 
dN/dS-

yn Putative Function 

AEBP1 adipocyte enhancer-binding protein 1-like 2.167 Immune response  

EPB41L3 band -like protein 3-like isoform x7 0.739 Apoptosis/tumor suppression 
BOC brother of cdo-like 0.564 Myogenesis 

cyp3a40 cytochrome p450 3a40-like 2.606 
Oxidative metabolism of 
environmental chemicals and 
endogenous compounds  

HUWE1 e3 ubiquitin-protein ligase huwe1-like 0.5 Apoptosis 

WWP1 
e3 ubiquitin-protein ligase nedd4-like 
isoform x2 

0.857 Component of the pain pathway.  

EHD3 eh domain-containing protein 3 1 Endocytic transport. 

SLC1A3 excitatory amino acid transporter 1-like 0.974 Neural transmission  

FRRS1 ferric-chelate reductase 1-like 1.231 
Oxidation-reduction process (Fe3+ 
to Fe2+) 

PIGS gpi transamidase component pig-s-like 1.049 Cellular transport  

GIMAP1  gtpase imap family member 7-like 0.873 Immune response  

HLA-DRA 
hla class ii histocompatibility dr alpha 
chain-like 

1.5 Auto immune response. 

METTL9 methyltransferase-like protein 9-like 0.674 Immune response  
NF1 neurofibromatosis type 1 0.789 Tumor suppressor activity  
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NUCB2 nucleobindin 2a 0.967 
Calcium homestasis, Anorexigenic 
activity  

PICALM 
phosphatidylinositol-binding clathrin 
assembly isoform x5 

1.2 
Involved in clathrin-mediated 
endocytosis 

IQGAP3 
ras gtpase-activating-like protein iqgap3-
like 

0.556 Cytoskeleton organization 

RAB30 ras-related protein rab-30-like isoform x2 0.734 Intracellular membrane trafficking.  

SYDE2 rho gtpase-activating protein syde2-like 1.313 Involved in neuronal development 

SLC25A47 solute carrier family 25 member 47-a-like 1.228 
Formation and maintenance of 
tight junctions 

SULT2B1 
sulfotransferase family cytosolic 2b 
member 1-like 

0.526 Transmembrane transport 

TJP2 tight junction protein zo-2-like isoform x5 1.1 Development 

YTHDF2 yth domain family protein 3-like isoform x3 0.707 Intracellular membrane trafficking 

Shaded rows represent genes that showed strong signatures of selection (dN/dS >1) 

Discussion 

De novo and reference-based approaches for differential gene expression analysis  

To date, most published differential gene expression analyses have relied solely on data 

derived from either reference-based or de novo analyses (Lu et al. 2013) despite the potential 

drawbacks of either method. However, if used complementarily, both methods can 

significantly improve the robustness of differential expression analysis. The present study 

exploited this approach by examining gene expression patterns on data sets derived from 

both reference-based and de novo assemblies. More specifically, we used transcriptome data 

derived from Trinity and Tophat-Cufflinks assemblers, which have been shown to recover the 

maximum number of transcripts and full-length transcripts respectively (Jain et al. 2013), thus 

increasing the robustness of our analyses. Although we recovered a significantly high number 

of transcripts in de novo compared to the reference-based analyses, a large number of 

common DEGs were recovered by both approaches. Moreover, the expression patterns of 

DEGs were consistent in both analysis pipelines. By interrogating only the common DEGs, our 

complementary approach allowed us to select a more robust set of DEGs that represent 

possible candidate genes associated with adaptation to stress in both wild and freshwater 

acclimated A. grahami. 

Gill transcriptomes to study abiotic stress in fish 

The reliability of differential expression analyses depends largely on the sequencing depth 

and the number and diversity of transcripts that can be reconstructed. This is in turn 

dependent on the choice of the target tissue, number of biological replicates and number of 
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conditions (treatments), among other factors (Strickler et al. 2012; Romero et al. 2012; Sims et 

al. 2014). In order to capture the highest number of reliable sets of differentially expressed 

transcripts, it is desirable to sample various tissues across developmental stages, sexes and 

treatments, which can then be pooled and sequenced for gene expression studies (Strickler 

et al. 2012). This approach is not only costly, but importantly, it increases the number of 

factors (variance components) to consider when analyzing data derived from such studies. 

Previous studies have shown that fairly complete transcriptomes can also be reconstructed 

from single tissues such as gill (Kelley et al. 2012) and testis (Soumillon et al. 2013). Kelly et al 

(2012) speculated that the gill may contain exceptionally high numbers of transcripts, making 

it a good tissue for transcriptome assembly. Indeed, in the current study we were able to 

capture 76% of the genes that are present in the reference proteome of tilapia using single 

adult fish gill tissues (Table 5.3). 

Gene expression changes in A. grahami 

Overall, our study recovered a high number of differentially expressed genes associated with 

various physiological adaptations in A. grahami in comparison to O. leucostictus in both 

laboratory and wild conditions. When comparing gene expression levels among species, 

differences may result both from treatments (environment) and from species-specific 

differences. Both factors may in turn have compounding effects on gene expression (Verne 

et al. 2011; Romero et al. 2012). We would thus expect high numbers of DEGs in the 

comparisons between species both in the wild (AgW-OlW) and laboratory (AgL-OlL) conditions, 

and many shared DEGs between these two comparisons. However, a high number of DEGs 

were exclusive to the comparison between species under laboratory conditions (4 174 DEGs 

in AgL-OlL vs. 1 143 DEGs in AgW-OlW, Figures 5.3 and 5.5) and only about 500 DEGs were shared 

between the comparisons of the species in the wild and laboratory conditions (Figure 5.5). 

A possible explanation for the high number of DEGs between the two lab-acclimated 

samples could be a result of constitutive expression of stress genes in A. grahami. In such a 

case, genes that would typically be expressed under Magadi–like water conditions would 

remain expressed even following acclimation to freshwater conditions. Since such a scenario 

does not necessarily mean that freshwater inducible genes are not expressed, a combination 

of genes derived from both effects may lead to increased numbers of DEGs. Several studies 

suggest that constitutive up-regulation (transcriptome uploading) of stress genes may 

actually represent a major phenomenon in animals exposed to chronic environmental stress 

(Latta et al. 2012; Purohit et al. 2014). For instance Trematomus bernacchii (family 
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Nototheniidae) and several other Antarctic fishes have been shown to have lost the ability to 

induce heat shock proteins but constitutively express heat shock proteins (Buckley et al. 

2004; Shin et al. 2014). In their case, this adaptation has been suggested as an evolutionary 

innovation to deal with physiological challenges associated with chronic cold exposure such 

as denaturation of proteins (Shin et al. 2014). Constitutive expression of heat shock proteins 

has also been suggested in the hot spring-adapted Channa striatus (fish family Channidae) 

that are exposed to high temperatures of 36 C (Purohit et al. 2014). In A. grahami, expression 

of urea genes in freshwater conditions (see section on urea genes) could represent a classical 

example of constitutive expression of genes in response to chronic stress, in this case high 

alkalinity and pH, which make it impossible for these soda lake-adapted cichlids to excrete 

ammonia as in other teleosts. 

Adaptive gene expression differences between wild and laboratory conditions of A. 

grahami 

Within species, a high number of DEGs were found between the two groups of A. grahami 

(AgW-AgL, 1216 DEGs) when compared to a similar comparison in O. leucostictus (OlW-OlL, 151 

DEGs) (Figures 5.3 and 5.4). This is probably best explained by the contrasting differences in 

water conditions between the native habitat of A. grahami and those in the laboratory. This 

also suggests that A. grahami can modulate their gene expression according and most 

appropriately to the necessary environmental conditions. In the wild, natural populations of 

A. grahami are exposed to hyper-osmotic stress, while under laboratory (freshwater) 

conditions they are exposed to extreme hypo-osmotic stress compared to their natural 

environment (Wood et al. 2002a). Thus substantial physiological differences might have been 

expected between the two extremely different water conditions. In the case of O. 

leucostictus, the laboratory water conditions are more similar to its native freshwater habitat 

and hence the species undergoes minimal physiological adjustments, as revealed by the small 

number of DEGs. 

In concordance with previous reports that A. grahami has one of the highest 

metabolic rates owing to its active life style (Wood et al. 2002a), several genes and GO terms 

related to metabolism were recovered in various pair-wise comparisons involving wild A. 

grahami (Figure 5.7a and 5.7d). We particularly noted an over-representation of metabolic-

related terms in the comparison between wild versus acclimated A. grahami, suggesting that 

acclimation to laboratory conditions greatly decreases the metabolic requirements of this 

http://en.wikipedia.org/wiki/Nototheniidae
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species. Reduced metabolic rates in A. grahami following acclimation to freshwater 

conditions have previously been measured directly, and are thought to result from the 

removal of the high cost of acid-base regulation in Lake Magadi water (Wood et al. 2002a). 

Similar results were reported in the closely related Sarodotheron melanotheron cichlid, in 

which fish acclimated to hypersaline water showed an up-regulation of genes related to 

metabolism when compared to specimens acclimated to freshwater (Tine et al. 2008). 

Further screening of the DEGs revealed several genes of the claudin superfamily that 

were differentially expressed between wild and acclimated A. grahami as well as between A. 

grahami and O. leucostictus, in both wild and laboratory conditions (Table S5.5). Up-regulation 

of claudin genes in gills has been suggested in other species following the transfer of fish 

from saline water to freshwater and have also been shown to be more highly expressed in 

freshwater than in saline water fish (Czesny et al. 2012; Lam et al. 2014) suggesting their role 

in osmoregulation. Consistent with this pattern, several of the isoforms of claudin were up-

regulated in laboratory-acclimated specimens of A. grahami compared to O. leucostictus, and 

were down regulated in wild A. grahami. Several members of the mitogen-activated protein 

kinase (MAPK) pathway, another important pathway induced in response to osmotic stress 

(Kültz & Burg 1998; Fiol & Kültz 2007) displayed significant expression differences in A. 

grahami and O. leucostictus both in the wild and lab conditions (Table S5.5 ). Other highly 

expressed genes in wild A. grahami compared to laboratory samples of the species and wild 

O. leucostictus include sodium potassium-transporting ATPase (Na+/K+-atpase) and 

angiotensin-related genes (Table S5.5), both of which have also been implicated in response 

to ionic and/or osmotic stress (Boutet et al. 2006). We also found an up-regulation of genes 

related to carbonic anhydrase activity. This enzyme has been implicated in ion regulation, 

carbon dioxide (CO2) excretion, and acid-base balance in the gills of euryhaline fish (Gilmour 

& Perry 2009; Gilmour 2012). Indeed, in all comparisons involving wild A. grahami, several 

isoforms of carbonic anhydrase were found, emphasizing the importance of this enzyme in 

the metabolism of this species under its native challenging environmental conditions in the 

wild (Table S5.5). 

Comparatively, there was over-representation of GO terms related to body 

detoxification (e.g. oxidase-reductase activity), especially between the comparison of the 

wild samples of A. grahami and O. leucostictus (Figure 5.7d). Further examination of the DEGs 

revealed a number of genes belonging to the cytochrome P450 gene family and other genes 

involved in ROS detoxification (e.g. glutathione reductases and superoxide dismutase) 
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among all the pair-wise comparisons considered. These genes are involved in various 

metabolic activities including oxidative, peroxidative and reductive metabolism of 

endogenous and exogenous substrates (Danielson 2002). Lake Magadi is a closed lake in 

which intensive ultraviolet radiation, high salinity, high pH, and high alkalinity, together with 

daytime hyperoxia synergize to produce high concentrations of ROS (Johannsson et al. 2014).  

 In relation to hypoxia stresses, A. grahami are exposed to changing partial oxygen 

pressures, which are brought about by photosynthetic and respiratory activity of 

cyanobacteria that increase and decrease the levels of dissolved oxygen during day and 

night, respectively (Narahara et al. 1996). We thus expected to find several genes and 

enriched terms related to hypoxia in wild A. grahami. Although several isoforms of hypoxia 

inducible genes (e.g. cytochrome c oxidase, hypoxia-inducible factor 1 and hemoglobin 

subunit beta-a) were up-regulated in wild A. grahami compared to other groups, no GO terms 

related to hypoxia were enriched in this group. This may as well be attributed to various 

alternative defense mechanisms present in wild A. grahami that guard the fish against 

gaseous assault including air breathing facilitated by the presence of an air sac (Maina et al. 

1996), a thin water-blood barrier in the gill epithelium (Maina et al. 1996) and a modification in 

hemoglobin in order to increase oxygen absorption especially during anoxic conditions 

(Lykkeboe et al. 1975). Increased hemoglobin-oxygen affinity and improved oxygen transport 

have also been suggested to increase hypoxia tolerance in Lake Victoria cichlids exposed to 

prolonged hypoxia stress (Rutjes et al. 2007). 

Lastly, several molecular modifications are employed in fish to guard the cell against 

long-term harmful effects of thermal stress, among them the recruitment of molecular 

chaperones, especially of the heat shock family. Surprisingly in our study, compared to 

previous studies (Xu et al. 2013a; Narum et al. 2013), only a few heat shock proteins (HSP70, 

HSP30 and HSC70) were up-regulated in A. grahami, again suggesting either constitutive 

expression of heat shock proteins and/or the existence of alternative adaptive mechanisms in 

A. grahami for dealing with chronic temperature stress in the species. For instance, the 

hemoglobin proteins in A. grahami have been shown to exhibit a high degree of 

thermostability (Franklin et al. 1994), which ensures a continous supply of oxygen to cells 

despite the high temperatures. Such alternative physiological modifications in A. grahami 

could provide important complementary and probably more reliable long-term adaptive 

strategies against chronic temperature stress compared to the short-lived molecular 

chaperones (e.g. HSPs). 
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Novel expression of ornithine-urea cycle pathway genes in the gills of A. grahami 

A key finding in the present study was the recovery of all the genes of the OUC pathway in 

the transcriptome of A. grahami. To the best of our knowledge, this is the first report of a 

functional OUC pathway in the gill tissues of any teleost fish. By expressing the complete 

complement of the OUC pathway genes, the gill becomes another unusual tissue known to 

express urea pathway genes in A. grahami, following an earlier equally surprising finding of 

the complete OUC enzyme repertoire in the muscles of this species (Randall et al. 1989). The 

liver is the usual site for urea enzyme activity in terrestrial ureotelic vertebrates and some 

teleosts (Wright & Wood 2009). Although it is generally agreed that OUC pathway genes may 

actually be present in the early life stages of most teleost species, most adult teleost fish are 

ammoniotelic (Wright & Fyhn 2001). In fact, the expression of OUC pathway in adults has only 

been described in a few teleost species and A. grahami is so far the only documented obligate 

ureotelic teleost. We suggest that the presence of a functional OUC pathway in the gills, 

together with the ammonia-trapping lead-in enzyme glutamine synthetase (GS) in A. grahami 

could offer the first step in piecing together the puzzle on how A. grahami continues to 

excrete urea in freshwater conditions (Wood et al. 1989, 1994, 2002a; Wright et al. 1990b) in 

which ammonia excretion should be favored, given its relatively high levels in its bloodstream 

(Wood et al. 1989). With a functional OUC in the gills, any ammonia diffusing through the gill 

epithelium would be trapped and converted into urea before being expelled into the 

surrounding water. 

Since CPSIII represents the first committed step in the OUC pathway, its absence in O. 

leucostictus led us to suggest that the species does not have a functional OUC. Given that we 

detected the expression of all other OUC genes in the species, it may however be useful to 

screen other teleost species for mRNA and/or enzymatic evidence of OUC expression, 

especially those that are facultative ureotelic as adults. 

Discordance between number of DEGs and number of genes under positive selection  

Compared to the high number of differentially expressed genes recovered in our study, 

transcriptome-wide screening identified only 25 genes as having experienced positive 

selection. In a recent study of the alkaline-adapted the Amur Ide fish, 61 genes were found to 

exhibit signs of positive selection (Xu et al. 2013a). The relatively low number of positively 

selected genes versus the high number of DEGs in our study suggests that most adaptive 

responses to multiple stresses in A. grahami may be driven by variation in gene expression as 
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opposed to genetic (mutations) modifications. Nevertheless, most of the positively selected 

genes in our study are associated with physiological functions related to stress (Table 5.4). 

AEBP1 (dN/dS 2.167) plays a key role in apoptosis and cell survival by facilitating enhanced 

macrophage inflammatory responsiveness (Majdalawieh et al. 2007). Under extreme 

environmental stress, the immune system of fish is greatly compromised and thus genes with 

functions related to immune response such as AEBP1 are expected to be under strong 

positive selection in stressful environments. Members of the CYP family (including CYP3A40 

with the highest dN/dS of 2.606 in our study) have been associated with detoxification 

processes such as in the European eel (Pujolar et al. 2012). Owing to high levels of reactive 

oxygen species (ROS) and other free radicals associated with numerous stresses in Lake 

Magadi (Johannsson et al. 2014), genes that promote their destruction would be selectively 

propagated in the genome. 

Interestingly, the transcripts showing positive signatures of selection were not 

among the list of differentially expressed transcripts. This suggests that the evolution of gene 

expression and sequence divergence between species may involve different genes with 

related functions. A recent study of killifish species (family Fundulidae) adapted to 

contrasting osmotic (freshwater versus saline water) gradients found that adaptation to 

osmotic stress involved different sets of genes some showing divergence in gene expression 

and others in coding sequences (Kozak et al. 2014). The authors suggested that as 

populations adapt to complex physiological challenges, gene expression and coding 

sequences may evolve independently but converge in function to ensure that an optimal 

phenotype for the respective environments is achieved (Kozak et al. 2014). 

Conclusions 

Our study represents the first genome-wide profile of expressed genes in A. grahami from 

natural and laboratory-acclimated fish. Our results provide new important insights into the 

molecular mechanisms underpinning unique adaptations to multiple abiotic stressor 

environments such as the Magadi soda lake. The differentially expressed genes, as well as the 

genes showing signatures of positive selection provide potential candidates for further 

studies investigating the molecular aspects of stress tolerance in A. grahami and other 

extremophile species. 
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GENERAL DISCUSSION 

In my thesis, I employed a multi-disciplinary approach integrating data derived from 

population genetics, genomics, morphological analyses, and ecology to investigate diverse 

evolutionary aspects of an extremophile African cichlid fish, the Magadi tilapia. In particular, I 

investigated the population genetic structure, ecomorphological diversification, 

demographic history and patterns of gene flow in Magadi tilapia and interpret this in the 

broader context of the geological history and the ecology of the Magadi Lake basin. I also 

examined patterns of genome-wide responses to extreme environmental stress in 

populations of Magadi tilapia. The various components of these PhD work are presented as 

separate pieces of research, with various specific objectives and explicit findings intended for 

publication. However, all the chapters have the overarching common objective of 

understanding how patchy spatial distribution and environmentally stressful aquatic habitats 

have shaped the evolutionary trajectories of the Magadi tilapia. In this chapter, I will briefly 

highlight the major findings of this thesis and provide perspectives for future research and 

conservation of the species. 

Origin of the Alcolapia species flock – are we getting closer? 

A conclusive answer to the question regarding the origin of the ancestral species that 

colonized Paleolake Orolonga, a predecessor to the present day Lakes Magadi and Natron 

has been elusive. As discussed in Chapter two and three, several suggestions have been put 

forward including that the soda tilapia are related to the Oreochromis amphimelas, owing to 

shared morphological features and the close geographical proximity of their habitats (Thys 

van den Audenaerde 1968; Trewavas 1983). However, two independent genetic studies ruled 

out the possibility of O. amphimelas being a close relative to the soda tilapias (Seegers et al. 

1999; Nagl et al. 2001). In my research, I revisited this issue taking advantage of the growing 

number of published tilapiine mitochondrial ND2 sequences generated from recent studies of 

the tribe (Klett & Meyer 2002; Schwarzer et al. 2009) to build a robust phylogenetic tree. The 

phylogenetic tree in Chapter three (Figure 3.2) identifies Oreochromis variabilis, a tilapiine fish 

endemic to Lake Victoria, as the genetically closest relative to the Alcolapia species flock. The 

huge geographical distance between Lake Victoria and the Magadi-Natron basins, and lack of 

current water connections make these results puzzling. However, the possibility of O. 

variabilis having seeded Paleolake Orolonga has been suggested mainly based on similarities 

in breeding behaviors and snout shape as discussed in Chapter two, see also (Albrecht et al. 

1968; Trewavas 1983). Trewavas (1983), further suggested other factors that could support 
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this finding including the young geological age of the rocks separating the Magadi-Natron 

and Lake Victoria as well as the high dispersal rates of O. variabilis. Moreover, past ground 

water connections between most of the Rift Valley lakes have been suggested (Becht et al. 

2006), and may have facilitated movement of fish between lakes. Indeed, the role of past 

connectivity of waterways in shaping the distribution of East African fish lineages has long 

been recognized as best exemplied by a statement by GreenWood (1983) … “At some point 

in the past the waterway of Africa were, from the fishes’ point of view, accessibly 

interconnected”. While confirmatory genetic studies are necessary to verify these findings, 

several sampling expeditions in Lake Victoria during the course of my project did not yield 

samples of O. variabilis. As the species is classified as endangered and has been suggested to 

be under severe competition from introduced Nile perch, the extant populations may be too 

small and probably restricted to inaccessible parts of Lake Victoria. One possible option may 

be to source and sequence samples of museum preserved samples. Moreover, studies using 

more markers and samples are necessary to reconstruct robust phylogenetic trees that may 

allow higher resolution of the phylogenetic relationships. 

Unmasking the genetic structure and the demographic history of Magadi tilapia 

Knowledge of the genetic structure in natural populations is key to understanding the 

processes shaping their evolutionary trajectories, as it provides the basis for most other 

downstream genetic analyses such as genomic association studies. In addition, information 

on the genetic structure in fragmented populations such as in Magadi tilapia is important for 

informing conservation efforts (Frankham et al. 2002). Previous genetic studies of Magadi 

tilapia have yielded contrasting results, with one study suggesting strong genetic structuring 

and another suggesting subtle genetic differences between populations (Wilson et al. 2000b, 

2004). Several factors that could lead to these discrepancies are discussed in Chapter three, 

among them small sample sizes and the sensitivity of the molecular markers used. In my 

research, I used a combination of several markers with distinct modes of inheritance and 

evolutionary rates on a robust sample size per population of Magadi tilapia (on average, n = 

50 and n = 18 for microsatellites and RADseq, respectively) to examine the level of genetic 

structuring of the different populations. Despite the differences in the mode of inheritance 

and mutation rates of microsatellites and SNP markers, Chapters three and four support 

strong genetic structuring in Magadi tilapia consisting of three distinct genetic clusters. 

Combined analysis of independent markers (multiple loci) in population genetic studies is 

particularly useful as it can reduce the variance in the estimated parameters that is due to 

random effects of sampling and lineage sorting (e.g. Brito 2007). A significant contribution of 
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this research is the inferences concerning demographic history of the Magadi tilapia. The 

results of Chapter four based on a large set of SNP data set suggest that the Magadi tilapia 

have likely undergone two major demographic events during their history. This include an 

expansion event about 9 000 generations ago followed by a simultaneous split of the 

ancestral population into distinct populations about 1 100 generations ago. However, an 

additional expansion event was inferred in Little Magadi population about 470 generations 

ago. Most importantly, the major demographic events inferred in Magadi tilapia are 

consistent with our knowledge of the geographic and climatic history of the Magadi-Natron 

lake region as discussed in Chapter four. 

Rapid ecomorphological diversification in Magadi tilapia 

Contrary to past studies that have suggested little or no morphological differences (Seegers 

& Tichy 1999) and a simple food web for Magadi tilapia (Coe 1966), the results of Chapter 

three revealed significant ecomorphological differences among the genetically distinct 

populations. The Little Magadi tilapia population in particular has undergone a major change 

in shape from the ancestral terminal mouth suggested for the Alcolapia species (Seegers & 

Tichy 1999; Seegers et al. 2001), to a characteristically upturned mouth Chapter four, also see 

(Wilson et al. 2004). Interestingly, the upturned mouth is not exclusive to the population of 

Little Magadi tilapia. It has been demonstrated in several other fish species such as those of 

the Family Gasteropelecidae that prey on food items suspended on the water surface (Netto-

Ferreira et al. 2007), suggesting that Little Magadi tilapia individuals may dominantly be 

feeding on food items suspended on the water surface. The possibility of Alcolapia species of 

Lake Natron feeding on food items floating on the water surface was suggested in a prior 

study (Seegers & Tichy 1999), but no upturned mouths were reported in the Natron tilapia 

lineage. In addition to the upturned mouth, Little Magadi displays a narrow niche breadth 

suggesting specialization to a narrow food resource. Stomach content analyses are however 

necessary to confirm if the observed mouth shape and the diet exploited by the species are 

congruent. Nevertheless, by exhibiting strong ecomorphological differences from the rest of 

the Magadi tilapia populations from which it was isolated only recently (1 100 generations 

ago), Little Magadi tilapia population seems to have undergone rapid phenotypic evolution. 

Previous studies have provided evidence that various genes and genetic pathways are 

involved in shaping the structure of the trophic apparatus in cichlids (Albertson et al. 2005; 

Albertson & Kocher 2006; Roberts et al. 2011). Thus, it seems likely that the shape change in 

Magadi tilapia could have a genetic basis. In our study, genome-wide screening of RADseq 

data of samples with the upturned (Little Magadi) versus samples with terminal mouth (FSL 
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and ROM) did not yield any region with potential candidate genes that could be associated 

with this divergence in mouth shape. Nevertheless, apart from the source populations, the 

power of population genomics based on RADsequencing data to detect loci associated with 

specific phenotypic traits depends on several factors including the number of independent 

markers, their variability, and the number of individuals screened (Davey & Blaxter 2010). 

Thus several pitfalls may have contributed to the inability of this study to detect genomic 

regions associated with the observed ecomorphological divergence. 

Future studies may explore whole genome resequencing of Magadi tilapia as it allows 

a better coverage for identification of causative loci underlying phenotypic traits (Ellegren 

2014). For instance, whole genome resequencing led to the identification of the ephrin 

receptor B3 (EphB2) gene underlying the headcrest phenotype in rock pigeon, Columba livia 

(Shapiro et al. 2013). Additionally, controlled breeding experiments are important to test to 

what extent the mouth shape is genetically inherited and/or is the result of a plastic response 

(Baird et al. 2008). Indeed, RADsequencing of individuals from the F2 generation generated 

from an initial cross of terminal and the up-turned mouth individuals may provide a more 

robust approach for mapping the genomic regions that may contain genes underlying the 

mouth shape trait in Magadi tilapia. This approach proved useful in mapping the genomic 

regions associated with the pelvic spine trait in stickle backs (Baird et al. 2008). 

Adaptive divergence in gene expression in Magadi tilapia 

Transcriptome profiling has been suggested as a powerful tool to examine the complex 

interactions of multiple stressors on organismal function (Kassahn et al. 2007; Rasmussen et 

al. 2013). Using comparative transcriptomic approach (Chapter five), we identified several 

well-known functional GO categories associated with responses to water stress between wild 

and acclimated samples of Magadi tilapia, and between Magadi tilapia and a closely related 

freshwater species. In particular, GO terms encompassing genes related to metabolism, 

osmoregulation, body detoxification, and immune response were overrepresented in Magadi 

tilapia samples. Differences in gene expression between Magadi tilapia compared to its close 

relative species under laboratory and wild conditions is a strong indication that Magadi tilapia 

may be exploiting adaptive gene expression as a compensatory strategy to guard against 

varying stressful conditions in the its physiologically stressful environment. Interestingly, a 

different set of 25 genes that were not differentially expressed showed signs of positive 

selection, suggesting that evolution of stress tolerance in Magadi tilapia may be facilitated by 

variation in both gene expression and coding sequences. The results of the transcriptomic 

study also suggest that Magadi tilapia may constitutively express stress-response genes even 
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following acclimation to abiotic conditions that are considered as less stressful. For instance, 

Magadi tilapia acclimated to freshwater were found to express the entire complement of the 

urea pathway genes, yet freshwater conditions should favor the less metabolically expensive 

ammonia excretion strategy. It has been suggested that traits that are unconditionally 

adaptive may become genetically fixed (canalized) such that they may continue to be 

expressed long after the stressor has been removed (Stearns 1994; Badyaev 2005; Lande 

2009). A major explanation for their retention is that such traits may be correlated with other 

traits such that their loss could result in detrimental fitness effects on other traits (Stearns 

1994). Notably, the unique finding of a fully functional urea pathway cycle in the gills of 

Magadi tilapia demonstrates yet another adaptive strategy in Magadi tilapia aimed at 

increasing efficiency of urea excretion its extremely alkaline environment, in which ammonia 

excretion is impossible. Lastly, while my study provides crucial insights into the genes and 

molecular pathways that may be involved in stress response in Magadi tilapia, further 

screening of the candidate genes and the genes showing signatures of positive selection 

identified in this study are necessary. 

 A roadmap for studying local adaptation in the Magadi tilapia populations 

Diversifying ecological selection can lead to local adaptations and drive the divergence of 

populations (Nosil 2012), see also Chapter Four. The patchy distribution of Magadi tilapia 

populations coupled by interlagoon differences (Wilson et al. 2004) provides more chances 

for natural selection to act on individual populations, which could result in locally adapted 

demes (Fraser et al. 2011). Although only a single loci was found to show signs of positive 

selection among the Magadi tilapia populations (Chapter Five, Figure 4.10, Table 4.1), tests 

for local adaptation are necessary to determine if it may play a role in shaping the genetic 

structure and the ecomorphological differentiation observed this study. Understanding local 

adaptations is also important to determine how quickly, and to what extent individual 

Magadi tilapia populations may respond to future changes in their habitats induced by 

climate change and anthropogenic processes (Fraser et al. 2011). Two main types of 

experiments are used to test local adaptation among populations; common garden and 

reciprocal transplants (Kawecki & Ebert 2004). Common garden experiments involve testing 

fitness traits in populations raised in contrasting conditions under a controlled setting. In this 

case, a group of broodstock fish (at least F2 generation) is split into two groups, and 

subjected independently to contrasting conditions following which their relative fitness are 

compared. If the individuals have better fitness in conditions similar to that of the original 

parents than in the contrasting conditions, then local adaptation is inferred and vice versa 
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(Kawecki & Ebert 2004). In reciprocal transplant experiments individuals are transplanted 

into foreign environments and their relative fitness in the new environment are compared 

with that in its local environment. If the individuals have better fitness in their own 

environment than in the foreign environment, then local adaptation is inferred and vice 

versa. While studies based on either of the approaches may provide useful insights on the 

significance of local adaptation among populations, studies employing both methods are 

recommended. Moreover, consistent results using both methods provide compelling 

evidence for inferring local adaptations among populations (Kawecki & Ebert 2004; Westley 

et al. 2013). In the case of Magadi tilapia, several challenges make either experiment difficult 

to implement. Although Magadi tilapia have been shown to acclimate well to freshwater 

aquaria conditions, breeding of Magadi tilapia under normal water conditions may pose a 

great challenge. For instance breeding has been reported to occur only when temperatures 

were raised to about 30 °C (Seegers et al. 2001). In this case, the researcher may not have 

much control on the conditions at which the experiments are undertaken, as it is often the 

case with most common garden experiments. Another major challenge is to simulate the 

multiple stress matrix of the Magadi water within laboratory settings. Yet, any slight 

differences in the simulation such as the omission of a single stress factor may result in 

conditions that are different from those that the populations experience in nature, which 

may in turn bias the results obtained. Moreover, various studies have demonstrated that 

even within individual lagoons of Lake Magadi, the water conditions vary substantially. For 

instance, diurnal fluctuations in dissolved oxygen leads to contrasting oxygen regimes - 

daytime hyperoxia and nighttime hypoxia (Narahara et al. 1996). Diurnal fluctuations in 

temperature regimes have also been suggested (Coe 1967). 

Although my original research plan had included a component to test local adaptation 

in Magadi tilapia, I encountered first hand some of the above mentioned challenges, 

particularly the inability to breed Magadi tilapia. This is despite the fact that I exercised due 

caution to maximize the chances of breeding Magadi tilapia fish, such as maintaining 

replicates of field-acquired babies both in freshwater and simulated Magadi water conditions. 

Although the fish displayed no signs of stress in both conditions, in two separate trials, the 

health of the fish deteriorated suddenly leading to deaths in a span of a few days. Although I 

could not rule out the role of aquarium manipulations in the death of deaths of the fish, given 

their sudden nature, I hypothesized that the fish may have succumbed following encounters 

with diseases or parasite infections in aquarium, to which they could not mount sufficient 

immunity. While repeating the trials was the most reasonable option, the logistical challenges 
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of obtaining Magadi tilapia babies compounded by time constraint, forced me to abandon 

this experiment. Nevertheless, future studies should attempt to test for local adaptation in 

Magadi tilapia. Moreover, the small sizes and short generation times of the Magadi tilapia 

should facilitate tests of local adaptation in this species. Thus, with careful experiments, 

proper optimization and appropriate facilities, a test of local adaptation in Magadi tilapia may 

be possible. To circumvent the problem associated with transporting the delicate Magadi 

tilapia babies and to ensure access to natural Magadi water, future studies aiming at testing 

local adaptation in the Magadi tilapia populations should consider setting up field-based 

breeding experiments. 

Conservation and Management implications for Magadi tilapia populations 

Despite the extreme conditions of Lake Magadi and the patchy distribution of suitable 

habitats, the Magadi tilapia populations maintain high genetic diversity as demonstrated in 

Chapter three (Tables 3.2 and 3.3). Gene flow between the lagoons seems to reduce the 

effects of genetic drift thus allowing the isolated populations to maintain high genetic 

diversity. However, the physically isolated Little Magadi population is genetically 

depauperate which may be as a result of low levels of gene exchange with other populations 

confounded by the effects of genetic drift as discussed in Chapter Four. Moreover, Little 

Magadi population is the most genetically and ecomophologically distinct cluster, suggesting 

that the population may be experiencing different evolutionary processes compared to the 

other populations (Chapters Three and Four.) 

Since differences were observed between all populations of the Magadi tilapia 

examined, measures aimed at protecting individual populations in their respective lagoons 

are necessary. Tests for isolation by distance were non-significant suggesting that geographic 

distance may not play a significant role in shaping the genetic structure of Magadi tilapia 

populations (Chapter three). Therefore, in the event where translocations are necessary such 

as following the drying of a lagoon as has been observed within Lake Magadi (Wilson et al. 

2004), genetic distances or the Bayesian clustering of the populations should be used to 

determine the source population for stocking exercises. Moreover, conservation measures 

should aim at preserving the unique gene pools of Magadi tilapia for long-term survival of the 

species (Frankham et al. 2002). As such, any socio-economic activities around Lake Magadi 

should ensure minimal disturbances are caused to the Magadi tilapia populations.  
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Table S2.1 Fish species in East African saline lakes 
EN, Endangered, CN Critically endangered, LC, Least concern, VU, Vulnerable, NE, Not evaluated, DD, Data deficient, * introduced species, ** occasional 
occurrence of the species. Data modified from Seegers et al. (2003) 

Family Species Name Occurrence Status Saline Lake Country 

Cyprinidae Afronemacheilus kaffa (Prokofiev & Golubtsov 2013)   Native NE Lake Turkana Ethiopia 

Cichlidae Alcolapia alcalicus (Hilgendorf 1905) Native EN Lake Natron  Tanzania 
Cichlidae Alcolapia grahami (Boulenger 1912) Native VU Lake Magadi Kenya 
Cichlidae Alcolapia ndalalani (Seegers & Tichy 1999) Native NE Lake Natron  Tanzania 
Cichlidae Alcolapia latilabris (Seegers & Tichy 1999) Native NE Lake Natron  Tanzania 
Alestidae Alestes baremoze (Joannis 1835) Native LC L. Turkana Kenya, Ethiopia 
Alestidae Alestes dentex (Linnaeus 1758) Native LC L. Turkana Kenya, Ethiopia 
Poeciliidae Aplocheilichthys jeanneli (Pellegrin 1935) Native LC L. Turkana Kenya, Ethiopia 

Poeciliidae 
Aplocheilichthys rudolfianus (Haplochilichthys 
rudolfianus/Micropanchax rudolfianus) (Worthington 1932) 

Native LC L. Turkana Kenya, Ethiopia 

Claroteidae Auchenoglanis occidentalis (Valenciennes 1840) Native LC L. Turkana Kenya, Ethiopia 
Bagridae Bagrus bajad (Forsskål 1775) Native LC L. Turkana Kenya, Ethiopia 

Bagridae Bagrus docmak (Forsskål 1775) Native LC L. Turkana Kenya, Ethiopia 

Cyprinidae Barbus bynni (Forsskål 1775) Native LC L. Turkana Kenya, Ethiopia 
Cyprinidae Barbus neumayeri (Fischer 1884) Native LC L. Turkana Kenya, Ethiopia 
Cyprinidae Barbus turkanae (Hopson & Hopson 1982) Native LC L. Turkana Kenya, Ethiopia 
Cyprinidae Lebias stiassnyae (Getahun & Lazara 2001) Native EN L. Alfdera Ethiopia 
Alestidae Brycinus ferox (Hopson & Hopson 1982) Native LC L. Turkana Kenya, Ethiopia 
Alestidae Brycinus minutus (Hopson & Hopson 1982) Native LC L. Turkana Kenya, Ethiopia 
Alestidae Brycinus nurse (Rüppell 1832) Native LC L. Turkana Kenya, Ethiopia 
Cyprinidae Chelaethiops bibie (Joannis 1835) Native LC L. Turkana Kenya, Ethiopia 
Claroteidae Chrysichthys auratus (Geoffroy Saint-Hilaire 1809) Native LC L. Turkana Kenya, Ethiopia 
Claroteidae Chrysichthys turkana (Hardman 2008) Endemic NE Lake Turkana Kenya, Ethiopia 

Citharinidae Citharinus citharus (Geoffroy Saint-Hilaire 1809) Native NE Lake Turkana Kenya, Ethiopia 

Clariidae Clarias gariepinus (Burchell 1822) Native NE 
Lake Turkana, Lake 
Manyara, Lake Bogoria 
drainage** 

Kenya, Ethiopia 

Distichodontidae Distichodus nefasch (Bonnaterre 1788) Native NE Lake Turkana Kenya, Ethiopia 
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Gymnarchidae Gymnarchus niloticus (Cuvier 1829) Native LC Lake Turkana Kenya, Ethiopia 
Cichlidae Danakilia franchettii (Trewavas 1983)  Native EN Lake Alfdera Ethiopia 
Cichlidae Haplochromis macconneli (Greenwood 1974) Native LC Lake Turkana Kenya, Ethiopia 
Cichlidae Haplochromis rudolfianus (Trewavas 1933) Native LC Lake Turkana Kenya, Ethiopia 
Cichlidae Haplochromis turkanae (Greenwood 1974) Native LC Lake Turkana Kenya, Ethiopia 
Cichlidae Hemichromis exsul (Trewavas 1933) Native LC Lake Turkana Kenya, Ethiopia 
Cichlidae Hemichromis letourneuxi (Sauvage 1880) Native LC Lake Turkana Kenya, Ethiopia 

Clariidae Heterobranchus longifilis (Valenciennes 1840) Native LC Lake Turkana Kenya, Ethiopia 

Arapaimidae Heterotis niloticus (Cuvier 1829) Native LC Lake Turkana Kenya, Ethiopia 
Alestidae Hydrocynus forskahlii (Cuvier 1819) Native LC Lake Turkana Kenya, Ethiopia 
Alestidae Hydrocynus vittatus (Castelnau 1861) Native LC Lake Turkana Kenya, Ethiopia 
Mormyridae Hyperopisus bebe (Lacepède 1803) Native LC Lake Turkana Kenya, Ethiopia 

Cyprinidae Labeo cylindricus (Peters 1852) Native LC 
Lake Bogoria 
drainage**, Lake 
Turkana  

Kenya, Ethiopia 

Cyprinidae Labeo horie (Heckel 1847) Native NE Lake Turkana Kenya, Ethiopia 

Cyprinidae Labeo niloticus (Linnaeus 1758) Native LC 
Lake Turkana, Lake 
Chilotes (Hiloa Kilole)  

Kenya, Ethiopia 

Cyprinidae Labeobarbus intermedius (Rüppell 1835) Native LC 
 Lake Turkana, Lake 
Bogoria drainage** 

Kenya, Ethiopia 

Poeciliidae: 
Procatopodinae 

Lacustricola jeanneli (Pellegrin 1935) Native NE  Lake Turkana Kenya, Ethiopia 

Latidae Lates longispinis (Worthington 1932)  Native  DD Lake Turkana  Kenya, Ethiopia 

Latidae Lates niloticus (Linnaeus 1758) Native LC Lake Turkana Kenya, Ethiopia 

Malapteruridae Malapterurus electricus (Gmelin 1789) Native LC Lake Turkana  Kenya, Ethiopia 
Lestidae Micralestes elongatus (Daget 1957) Native NE  Lake Turkana  Kenya, Ethiopia 
Mochokidae Mochokus niloticus (Joannis 1835) Native LC  Lake Turkana  Kenya, Ethiopia 
Mormyridae Mormyrus kannume (Forsskål 1775) Native LC  Lake Turkana  Kenya, Ethiopia 
Cyprinidae Neobola bottegoi (Vinciguerra 1895) Native DD  Lake Turkana  Kenya, Ethiopia 

Cyprinidae Neobola stellae (Worthington 1932) Native LC  Lake Turkana  Kenya, Ethiopia 

Cichlidae Oreochromis niloticus (Linnaeus 1758) Native NE 
 Lake Turkana, Lake 
Chilotes (Hora Kilole) 

Kenya, Ethiopia 
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Cichlidae  Oreochromis esculenta (Graham 1928) Native CE 
Lake Singinda, Lake 
Kitangiri 

Tanzania 

Cichlidae Oreochromis niloticus vulcani (Trewavas 1933) Native NE Lake Turkana Kenya, Ethiopia 

Cichlidae Oreochromis spilurus (Günther 1894) Native NE Lake Turkana Kenya, Ethiopia 

Polypteridae Polypterus bichir (Lacépède 1803) Native NE Lake Turkana Kenya, Ethiopia 

Polypteridae Polypterus senegalus (Cuvier 1829) Native NE Lake Turkana Kenya, Ethiopia 

Protopteridae Protopterus aethiopicus aethiopicus (Heckel 1851) Native NE Lake Turkana Kenya, Ethiopia 

Cyprinidae Raiamas senegalensis (Steindachner 1870) Native LC Lake Turkana Kenya, Ethiopia 

Cichlidae Sarotherodon galilaeus (Linnaeus 1758) Native NE Lake Turkana Kenya, Ethiopia 

Schilbeidae Schilbe uranoscopus (Rüppell 1832) Native LC Lake Turkana Kenya, Ethiopia 

Mochokidae Synodontis frontosus (Vaillant 1895) Native LC Lake Turkana Kenya, Ethiopia 

Mochokidae Synodontis schall (Bloch & Schneider 1801) Native LC Lake Turkana Kenya, Ethiopia 

Tetraodontidae Tetraodon lineatus (Linnaeus 1758) Native LC Lake Turkana Kenya, Ethiopia 

Cichlidae Tilapia zillii (Gervais 1848) Native NE Lake Turkana Kenya, Ethiopia 
Cyprinidae Barbus intermedius (Rüppel 1835) Native NE Lake Abijata, Lake Shala Kenya, Ethiopia 

Cyprinidae Barbus paludinosis (Peters 1852) Native LC 
Lake turkana, Lake 
Abijata, Lake Shala 

Ethiopia 

Clariidae Clarias gariepinus (Burchell 1822) Native NE 
Lake Turkana, Lake 
Abijata, Lake Shala 

Ethiopia 

Cichlidae Aplocheilichthys antinorii (Vinciguerra 1883) Native LC 
Lake Turkana, Lake 
Abijata, Lake Shala 

Ethiopia 

Cichlidae Tilapia rendalli (Boulenger 1897) Native LC 
Lake Turkana, Lake 
Abijata*, Lake Shala*, 
Lake Kitangiri* 

Kenya, Ethiopia, 
Tanzania 

Cichlidae Oreochromis amphimelas (Hilgendorf 1905) Native EN 
Lake Manyara, Lake 
Kitangiri, Lake Eyasi and 
Lake Singida 

Tanzania 

Clariidae Clarias gariepinus (Burchell 1822) Native NE 
Lake Manyara*, Lake 
Chilotes (Hiloa Kilole)* 

Tanzania, 
Ethiopia 
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Table S4.1 Tested Models and their support 

 Models (column 1) are denoted by the presence of certain demographic parameters. # param = number of parameters,  
Est logLhood = estimated maximum logLikelihood value, Δi = the delta AIC-value compared to the best model (top), Model Likelihood = relative 
likelihood compared to the best model. Model Probability: the overall probability each model holds in our set." 

Model # param Est logLhood Δi 
Model 

Likelihood 
Model 

Probability 

sim-split, ANC-change, LM-change, twomig, nomigROM-LM 10 -23182.26 - 1 0.333 
ROM-first, ANC-change, LM-change, twomig, nomigROM-LM 11 -23181.927 1.334 0.513 0.171 
sim-split, ANC-change, LM-change, twomig 10 -23183.449 2.378 0.305 0.101 
ROM-first, ANC-change, LM-change, twomig 11 -23182.489 2.458 0.293 0.097 
LM-first, ANC-change, LM-change, twomig* 11 -23183.021 3.522 0.172 0.057 
LM-first, ANC-change, LM-change, twomig, nomigROM-LM 11 -23183.18 3.84 0.147 0.049 
ROM-first, split1-change, LM-change, twomig 10 -23184.281 4.042 0.133 0.044 
sim-split, ANC-change, split-change, LM-change, twomig 11 -23183.503 4.486 0.106 0.035 
ROM-first, ANC-change, split2-change, LM-change, twomig 12 -23182.744 4.968 0.083 0.028 
LM-first, ANC-change, split2-change, LM-change, twomig 12 -23183.022 5.524 0.063 0.021 
ROM-first, split1+2-change, LM-change, twomig 11 -23184.179 5.838 0.054 0.018 
LM-first, ANC-change, split1-change, LM-change, twomig 12 -23183.659 6.798 0.033 0.011 
sim-split, ANC-change, LM-change, nomig 8 -23187.754 6.988 0.03 0.01 
LM-first, ANC-change, LM-change, nomig 9 -23186.855 7.19 0.027 0.009 
sim-split, ANC-change, LM-change, sixmig 14 -23181.927 7.334 0.026 0.009 
ROM-first, ANC-change, split1-change, LM-change, twomig 12 -23184.714 8.908 0.012 0.004 
ROM-first, split1+2-change, LM-change, sixmig 15 -23183.175 11.83 0.003 8.99E-04 
ROM-first, ANC-change, LM-change, eightmig 17 -23181.858 13.196 0.001 4.54E-04 
LM-first, ANC-change, LM-change, eightmig 17 -23182.864 15.208 4.99E-04 1.66E-04 
ROM-first, ANC-change, LM-change, nomig 9 -23191.765 17.01 2.03E-04 6.75E-05 
sim-split, split-change, LM-change, twomig 9 -23200.275 34.03 4.08E-08 1.36E-08 
ROM-first, split2-change, LM-change, twomig 10 -23199.466 34.412 3.37E-08 1.12E-08 
LM-first, split2-change, LM-change, twomig 10 -23200.169 35.818 1.67E-08 5.56E-09 
LM-first, split1-change, LM-change, twomig 10 -23200.231 35.942 1.57E-08 5.22E-09 
LM-first, split1+2-change, LM-change, twomig 11 -23199.965 37.41 7.53E-09 2.51E-09 
LM-first, split1+2-change, LM-change, sixmig 15 -23196.349 38.178 5.13E-09 1.71E-09 
sim-split, split-change, LM-change, sixmig 13 -23199.188 39.856 2.22E-09 7.38E-10 
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sim-split, ANC-change, twomig 8 -23204.698 40.876 1.33E-09 4.43E-10 
ROM-first, ANC-change, twomig 9 -23204.477 42.434 6.10E-10 2.03E-10 
ROM-first, split1+2-change, twomig 9 -23204.503 42.486 5.95E-10 1.98E-10 
sim-split, split-change, twomig 7 -23206.574 42.628 5.54E-10 1.85E-10 
LM-first, ANC-change, twomig 9 -23205.003 43.486 3.61E-10 1.20E-10 
ROM-first, split1+2-change, ROM-change, twomig 11 -23203.106 43.692 3.25E-10 1.08E-10 
sim-split, split-change, ROM-change, twomig 9 -23205.219 43.918 2.91E-10 9.68E-11 
sim-split, split-change, FSL-change, twomig 9 -23205.923 45.326 1.44E-10 4.79E-11 
LM-first, split1+2-change, twomig 9 -23206.026 45.532 1.30E-10 4.32E-11 
ROM-first, split1+2-change, FSL-change, twomig 11 -23204.44 46.36 8.57E-11 2.86E-11 
LM-first, split1+2-change, ROM-change, twomig 11 -23204.693 46.866 6.66E-11 2.22E-11 
LM-first, split1+2-change, FSL-change, twomig 11 -23205.954 49.388 1.89E-11 6.28E-12 
LM-first, split1+2-change, singlemig 8 -23209.203 49.886 1.47E-11 4.90E-12 
ROM-first, eightmig 13 -23206.053 53.586 2.31E-12 7.70E-13 
LM-first, eightmig 13 -23206.669 54.818 1.25E-12 4.16E-13 
sim-split, LM-change, sixmig 12 -23216.492 72.464 1.84E-16 6.13E-17 
LM-first, sixmig 11 -23217.777 73.034 1.38E-16 4.61E-17 
ROM-first, LM-change, twomig 9 -23220.913 75.306 4.44E-17 1.48E-17 
LM-first, LM-change, twomig 9 -23223.565 80.61 3.13E-18 1.04E-18 
ROM-first, sixmig 11 -23221.892 81.264 2.26E-18 7.52E-19 
sim-split, sixmig 10 -23224.811 85.102 3.31E-19 1.10E-19 
sim-split, LM-change, twomig 8 -23229.536 90.552 2.17E-20 7.24E-21 
LM-first, split1+2-change, nomig 7 -23232.153 93.786 4.31E-21 1.44E-21 
sim-split, twomig 6 -23236.642 100.764 1.32E-22 4.39E-23 
ROM-first, twomig 7 -23236.408 102.296 6.12E-23 2.04E-23 
LM-first, twomig 7 -23236.775 103.03 4.24E-23 1.41E-23 
LM-first, singlemig 6 -23250.824 129.128 9.13E-29 3.04E-29 
sim-split, split-change, singlemig 6 -23252.339 132.158 2.01E-29 6.68E-30 
sim-split, split-change, nomig 5 -23255.319 136.118 2.77E-30 9.23E-31 
ROM-first, split1+2-change, singlemig 8 -23252.654 136.788 1.98E-30 6.60E-31 
ROM-first, split1+2-change, nomig 7 -23255.297 140.074 3.83E-31 1.28E-31 
sim-split, singlemig 5 -23291.134 207.748 7.73E-46 2.58E-46 
ROM-first, singlemig 6 -23291.044 209.568 3.11E-46 1.04E-46 
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LM-first, nomig 5 -23303.564 232.608 3.09E-51 1.03E-51 
sim-split, nomig 4 -23321.589 266.658 1.25E-58 4.16E-59 
ROM-first, nomig 5 -23323.369 272.218 7.74E-60 2.58E-60 
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Table S5.1 List of candidate genes surveyed in the transcriptome study (E value < 10-5) 

Presence or absence (=Y/N) of each gene was checked among the DEGs obtained per pair-wise comparison from reference (Cuffdiff) and de 
novo (edgeR) 

Physiological Aspect 
Candidate 

Gene 
Description 

AgW vs 
AgL -

Cuffdiff 

AgW 
vs 

AgL 
edgeR 

OlW vs 
OlL 

Cuffdiff 

OlW vs 
OlL 

edgeR 

AgW-
OlW 

cuffdiff 

AgW vs 
OlW 

(edgeR 

AgL-OlL 
cuffdiff 

General stress STIP1  stress-induced-phosphoprotein 1-like Y Y Y Y Y Y Y 
Heat stress HSC71  heat shock 70 kDa protein 1 Y Y N Y Y Y Y 
Heat stress HSPA1L  heat shock cognate 71 kDa Y Y N Y Y Y Y 
Heat stress Hsp90-α1  heat shock protein HSP 90-alpha 1 Y N N N Y Y N 
Hypoxia HBB-B1  hemoglobin subunit beta-A N N Y Y N Y Y 
Hypoxia HIF1AN  hypoxia-inducible factor 1-alpha inhibitor Y N N N Y N Y 
Ion induced stress ca2  carbonic anhydrase 1 Y Y Y Y Y Y Y 
Osmoregulation  prlr2 prolactin receptor 2 Y Y N Y N Y Y 
Osmoregulation PRL Oreochromis niloticus prolactin  N N N N N N N 
Osmoregulation AGTR2  type-2 angiotensin II receptor-like Y Y Y Y Y Y Y 
Osmoregulation SLC12A8  solute carrier family 12 member 9-like  Y Y N Y Y Y Y 
Osmoregulation VAMP3  vesicle-associated membrane protein 3 N Y N Y N Y Y 
Osmoregulation VAMP5  vesicle-associated membrane protein 5 N Y N N N Y N 
Osmoregulation SEC22A  vesicle-trafficking protein SEC22a Y N N N N Y N 
Osmoregulation SEC22B  vesicle-trafficking protein SEC22b-B Y N N N N Y N 
Osmoregulation VAMP  vesicle-associated membrane protein N Y N Y N Y Y 

Osmoregulation ATP1B3 
 sodium/potassium-transporting ATPase subunit 
beta-3 

Y Y N Y Y Y Y 

Osmoregulation MAPK8b  mitogen-activated protein kinase 8B Y Y Y Y Y Y Y 

Osmoregulation ATP1A3 
 sodium/potassium-transporting ATPase subunit 
alpha-3 

Y Y N Y Y Y Y 

Osmoregulation atnb233 
 sodium/potassium-transporting ATPase subunit 
beta-233 

Y Y N Y Y Y Y 

Osmoregulation PRLR prolactin receptor  Y Y N N N Y Y 
Osmoregulation TRH  thyrotropin-releasing hormone receptor Y Y Y Y Y Y Y 
Oxidative stress PRDX6  peroxiredoxin-6-like  Y N N N Y Y Y 
Oxidative stress APOD  apolipoprotein D- transcript variant1 N N N N Y Y Y 
Urea excretion slc14a2  urea transporter 2 N N Y Y Y Y N 
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Table S5.2 Summary of the survey (presence/absence) of urea cycle pathway genes in the gill transcriptomes 
 

 
Query Urea Gene (from Nile tilapia) 
 
 

Oreochromis 
leucostictus 
assembly 

Alcolapia 
grahami 
assembly 

Multi-species 
(grahami + 
leucostictus) 
assembly 

Ref-based 
Oreochromis niloticus N-acetylglutamate synthase, mitochondrial-like 
(LOC100697065), mRNA 

Y Y Y 

  
Oreochromis niloticus ornithine carbamoyltransferase, mitochondrial-
like (LOC100708459) 

N N Y 

  
Oreochromis niloticus carbamoyl-phosphate synthase (ammonia), 
mitochondrial-like (LOC100696002) 

N N Y 

  Oreochromis niloticus argininosuccinate synthase-like (LOC100701548) Y Y Y 
  Oreochromis niloticus argininosuccinate lyase-like (LOC100698403) Y Y Y 
  Oreochromis niloticus arginase-1-like (LOC100706482) Y Y Y 
  Oreochromis niloticus arginase-2, mitochondrial-like (LOC100700368) Y Y Y 
  Glutamine synthetase Y Y Y 
De novo         

  
Oreochromis niloticus N-acetylglutamate synthase, mitochondrial-like 
(LOC100697065), mRNA 

Y Y Y 

  
Oreochromis niloticus ornithine carbamoyltransferase, mitochondrial-
like (LOC100708459) 

Y Y Y 

  
Oreochromis niloticus carbamoyl-phosphate synthase [ammonia], 
mitochondrial-like (LOC100696002) 

N Y Y 

  Oreochromis niloticus argininosuccinate synthase-like (LOC100701548) Y Y Y 
  Oreochromis niloticus argininosuccinate lyase-like (LOC100698403) Y Y Y 
  Oreochromis niloticus arginase-1-like (LOC100706482) Y Y Y 
  Oreochromis niloticus arginase-2, mitochondrial-like (LOC100700368) Y Y Y 
  Glutamine synthetase Y Y Y 
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Table S5.3 Summary results of differential expression analysis of urea pathway gene based on reference method (Cuffdiff)  

Experimental 
comparisons 

Urea gene Transcript_ID Group_1 Group_2 log2 (FC)) significant 

AgW vs AgL N-acetylglutamate synthase TCONS_00016593_gene=XLOC_009392 AgW AgL -0.033 no 
  Mitochondrial ornithine transporter TCONS_00036413_gene=XLOC_020885 AgW AgL 0.145 no 

  Argininosuccinate synthase TCONS_00014404_gene=XLOC_008195 AgW AgL -0.610 no 

  Argininosuccinate lysase TCONS_00017469_gene=XLOC_009917 AgW AgL -0.367 no 

  Arginase1 TCONS_00022314_gene=XLOC_012669 AgW AgL 5.915 yes 

  Arginase2 TCONS_00014860_gene=XLOC_008444 AgW AgL -0.775 yes 

OlW vs OlL N-acetylglutamate synthase TCONS_00016350_gene=XLOC_009328 OlW OlL 3.545 no 

  Mitochondrial ornithine transporter TCONS_00035881_gene=XLOC_020732 OlW OlL -0.505 no 

  Argininosuccinate synthase TCONS_00014185_gene=XLOC_008137 OlW OlL 0.426 no 

  Argininosuccinate lysase TCONS_00017219_gene=XLOC_009853 OlW OlL -0.570 no 

  Arginase1 TCONS_00022005_gene=XLOC_012593 OlW OlL -1.578 yes 

  Arginase2 TCONS_00014633_gene=XLOC_008380 OlW OlL 0.358 no 

AgW vs OlW N-acetylglutamate synthase TCONS_00019828_gene=XLOC_010300 AgW OlW -3.187 no 

  Mitochondrial ornithine transporter TCONS_00043814_gene=XLOC_023302 AgW OlW -0.817 no 

  ornithine carbamoyltransferase TCONS_00034587_gene=XLOC_018114 AgW OlW -5.548 yes 

  Carbamoyl-phosphate synthase TCONS_00017475_gene=XLOC_009117 AgW OlW -7.371 no 

  Argininosuccinate synthase TCONS_00017249_gene=XLOC_009001 AgW OlW -2.448 yes 

  Argininosuccinate lysase TCONS_00020946_gene=XLOC_010946 AgW OlW -2.843 yes 

  Arginase1 TCONS_00026692_gene=XLOC_013939 AgW OlW 6.512 yes 

  Arginase2 TCONS_00017778_gene=XLOC_009272 AgW OlW 0.638 no 

AgW vs OlL N-acetylglutamate synthase TCONS_00019828_gene=XLOC_010300 AgL OlL 0.462 no 

  Mitochondrial ornithine transporter TCONS_00043814_gene=XLOC_023302 AgL OlL -1.450 yes 

  ornithine carbamoyltransferase TCONS_00034587_gene=XLOC_018114 AgL OlL -3.329 yes 

  Carbamoyl-phosphate synthase TCONS_00017475_gene=XLOC_009117 AgL OlL -7.112 yes 

  Argininosuccinate synthase TCONS_00017249_gene=XLOC_009001 AgL OlL -1.416 yes 

  Argininosuccinate lysase TCONS_00020946_gene=XLOC_010946 AgL OlL -3.043 yes 

  Arginase1 TCONS_00026692_gene=XLOC_013939 AgL OlL -0.857 yes 

  Arginase2 TCONS_00017778_gene=XLOC_009272 AgL OlL 1.537 yes 
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Tables S5.4 Summary results of differential expression analysis of urea pathway gene based on de novo method (edgeR) 

Experimental 
comparisons 

Urea_gene Transcript_ID Group_1 Group_2 log2(fold_change) significant 

AgW vs AgL Argininosuccinate synthase comp93930_c1_seq7 AgW AgL 1,881 yes 

  Arginase1 comp92387_c3_seq27 AgW AgL -5,604 yes 

AgW vs OlW             

  ornithine carbamoyltransferase comp176384_c2_seq1 AgW OlW -4,857 yes 

  ornithine carbamoyltransferase comp155193_c0_seq6 AgW OlW -4,850 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq7 AgW OlW -8,824 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq8 AgW OlW -5,119 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq2 AgW OlW -8,095 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq5 AgW OlW -6,286 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq9 AgW OlW -4,086 yes 

  Carbamoyl-phosphate synthase  comp181720_c0_seq9 AgW OlW -4,086 yes 

  Argininosuccinate synthase comp165864_c0_seq1 AgW OlW -2,525 yes 

  Argininosuccinate lysase comp156691_c1_seq1 AgW OlW 3,214 yes 

  Arginase1 comp163602_c0_seq1 AgW OlW 6,972 yes 

  Arginase2 comp168414_c0_seq6 AgW OlW -9,784 yes 

AgL vs OlL             

  N-acetylglutamate synthase         na 

  Mitochondrial ornithine transporter ccomp176331_c0_seq5 AgL OlL 6,375 yes 

  ornithine carbamoyltransferase comp176384_c2_seq1 AgL OlL -3,965 yes 

  ornithine carbamoyltransferase comp155193_c0_seq6 AgL OlL -3,682 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq8 AgL OlL -7,805 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq7 AgL OlL -7,460 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq1 AgL OlL -6,288 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq9 AgL OlL -5,321 yes 
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  Carbamoyl-phosphate synthase comp181720_c0_seq4 AgL OlL -5,294 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq5 AgL OlL -5,827 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq2 AgL OlL -6,217 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq3 AgL OlL -6,823 yes 

  Carbamoyl-phosphate synthase comp181720_c0_seq12 AgL OlL -2,433 no 
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Table S5.5 Up- and down- regulated (potential candidates) for adaptation to stress in wild Magadi tilapia   

Gene descriptions are based on BLASTX hits in Nr. Database. a false discovery rate (FDR) of 0.05 was used to identify differentially expressed genes. +' = 
upregulated, '-' = downregulated, FC = Fold Change 

Up/down Transcript ID Gene description 
FC 
AgW-AgL 

Log2 (FC) 
 AgW-Ag 

FC  
AgW-
OlW 

Log2 (FC) 
AgW-
OlW 

- TCONS_00030150_gene=XLOC_017125 
3-methyl-2-oxobutanoate 
dehydrogenase 1.85 0.884 4.60 2.203 

- TCONS_00027805_gene=XLOC_015780 4f2 cell-surface antigen heavy chain-like 2.19 1.133 3.48 1.798 
- TCONS_00005832_gene=XLOC_003350 adenosylhomocysteinase 3-like 52.90 5.725 3.01 1.591 
- TCONS_00035635_gene=XLOC_020377 ammonium transporter rh type b-like 8.36 3.063 20.99 4.392 
- TCONS_00016932_gene=XLOC_009616 an1-type zinc finger protein 3-like 4.21 2.072 3.56 1.831 

- TCONS_00028343_gene=XLOC_016062 
arrestin domain-containing protein 3-
like 15.71 3.973 8.05 3.009 

- TCONS_00025991_gene=XLOC_014787 
atp-sensitive inward rectifier potassium 
channel 15-like 8.77 3.133 2.59 1.372 

- TCONS_00030643_gene=XLOC_017403 butyrophilin subfamily 3 member a1-like 2.66 1.414 3.31 1.726 
- TCONS_00006837_gene=XLOC_003918 calpain-2 catalytic subunit-like 4.55 2.187 2.21 1.143 
- TCONS_00015357_gene=XLOC_008702 cell surface a33 antigen-like 1.94 0.953 4.50 2.171 
- TCONS_00018071_gene=XLOC_010247 claudin-10a-like isoform x1 6.94 2.795 7.93 2.986 

- TCONS_00011737_gene=XLOC_006645 

cmp-n-acetylneuraminate-beta-
galactosamide-alpha- -sialyltransferase 1-
like 4.38 2.132 3.33 1.736 

- TCONS_00037902_gene=XLOC_021841 
cysteine serine-rich nuclear protein 1-
like 2.57 1.359 3.10 1.634 

- TCONS_00000748_gene=XLOC_000592 cytochrome p450 1a 2.31 1.209 2.82 1.494 

- TCONS_00013996_gene=XLOC_007959 
diphosphoinositol polyphosphate 
phosphohydrolase 2 isoform x1 6.98 2.80 3.70 1.888 

- TCONS_00013154_gene=XLOC_007482 
doublesex- and mab-3-related 
transcription factor 2-like 3.89 1.96 7.05 2.818 

- TCONS_00041614_gene=XLOC_024201 e3 ubiquitin-protein ligase rnf182-like 8.57 3.10 3.66 1.874 
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isoform x1 
- TCONS_00037550_gene=XLOC_021579 e3 ubiquitin-protein ligase trim39-like 2.57 1.36 0.07 -3.805 
- TCONS_00035752_gene=XLOC_020454 fh2 domain-containing protein 1 4.33 2.11 2.73 1.450 
- TCONS_00015414_gene=XLOC_008740 forkhead box protein i1-ema-like 7.22 2.85 4.26 2.092 
- TCONS_00033329_gene=XLOC_018954 glycine dehydrogenase 6.02 2.59 9.08 3.183 

- TCONS_00028053_gene=XLOC_015909 
growth arrest and dna-damage-
inducible protein gadd45 beta 3.92 1.97 3.29 1.719 

- TCONS_00036822_gene=XLOC_021131 gtpase imap family member 8-like 27.09 4.76 13.53 3.759 
- TCONS_00028336_gene=XLOC_016057 guanine deaminase 4.39 2.14 2.36 1.236 

- TCONS_00039772_gene=XLOC_023011 

high affinity camp-specific and ibmx-
insensitive 3 -cyclic phosphodiesterase 8a-
like 7.87 2.98 7.20 2.849 

- TCONS_00017080_gene=XLOC_009687 krueppel-like factor 11-like 6.10 2.61 3.65 1.867 

- TCONS_00032292_gene=XLOC_018399 
mitogen-activated protein kinase 
kinase kinase 10-like 8.79 3.14 5.99 2.582 

- TCONS_00014089_gene=XLOC_008026 monocarboxylate transporter 2-like 19.92 4.32 4.39 2.134 
- TCONS_00009502_gene=XLOC_005346 mpv17-like 31.47 4.98 4.57 2.191 
- TCONS_00031242_gene=XLOC_017774 neuron navigator 2 isoform x2 2.83 1.50 5.83 2.544 
- TCONS_00014838_gene=XLOC_008432 ornithine decarboxylase-like 17.37 4.12 2.83 1.499 

- TCONS_00022140_gene=XLOC_012569 
period circadian protein homolog 1-like 
isoform x1 10.62 3.41 3.56 1.832 

- TCONS_00005816_gene=XLOC_003342 

pleckstrin homology domain-
containing family g member 7-like 
isoform x1 3.49 1.80 5.10 2.351 

- TCONS_00026112_gene=XLOC_014860 prostaglandin g h synthase 1-like 1.66 0.73 4.72 2.238 
- TCONS_00035702_gene=XLOC_020408 protein nlrc3-like 3.36 1.75 6.87 2.780 

- TCONS_00005741_gene=XLOC_003313 
protein phosphatase 1 regulatory 
subunit 12a-like isoform x3 2.45 1.30 2.70 1.431 

- TCONS_00006274_gene=XLOC_003610 
protein phosphatase 1 regulatory subunit 
14c-like 8.84 3.14 3.22 1.688 

- TCONS_00044872_gene=XLOC_026501 
ras gtpase-activating-like protein iqgap1-
like 5.48 2.46 5.00 2.321 

- TCONS_00029458_gene=XLOC_016732 regulator of g-protein signaling 5-like 9.97 3.32 45.90 5.521 
- TCONS_00032054_gene=XLOC_018254 sodium potassium-transporting atpase 7.88 2.98 0.38 -1.413 



Appendices 

 
160 

subunit beta-233-like 

- TCONS_00017913_gene=XLOC_010160 
sperm acrosome membrane-associated 
protein 4-like 4.06 2.02 3.78 1.919 

- TCONS_00027551_gene=XLOC_015632 spermine oxidase-like 7.59 2.92 5.86 2.551 
- TCONS_00022314_gene=XLOC_012669 tpa_exp: arginase type i 60.33 5.92 2.25 1.170 
- TCONS_00010551_gene=XLOC_005952 transcription factor vbp-like isoform x2 3.29 1.72 4.69 2.229 

- TCONS_00022105_gene=XLOC_012551 
transmembrane 4 l6 family member 5-
like 2.80 1.48 5.27 2.398 

- TCONS_00043475_gene=XLOC_025493 
tripartite motif-containing protein 16-
like 9.30 3.22 0.13 -2.984 

- TCONS_00030961_gene=XLOC_017601 type i cytoskeletal 18-like 22.99 4.52 12.88 3.687 

+ TCONS_00013753_gene=XLOC_007829 
6-phosphogluconate decarboxylating-
like 0.29 -1.81 0.06 -4.033 

+ TCONS_00006531_gene=XLOC_003755 acyl- -binding protein 0.26 -1.94 0.19 -2.400 

+ TCONS_00040744_gene=XLOC_023630 
ankyrin repeat domain-containing 
protein sowahc-like 0.40 -1.34 0.32 -1.651 

+ TCONS_00020345_gene=XLOC_011546 apolipoprotein l3-like 0.54 -0.89 0.03 -5.153 

+ TCONS_00028610_gene=XLOC_016260 
arf-gap with dual ph domain-containing 
protein 2-like 0.41 -1.29 0.31 -1.708 

+ TCONS_00031547_gene=XLOC_017932 
atp-binding cassette sub-family b 
member mitochondrial-like 0.35 -1.52 0.17 -2.564 

+ TCONS_00001260_gene=XLOC_000885 b-cell lymphoma 6 protein homolog 0.39 -1.36 0.12 -3.076 
+ TCONS_00044928_gene=XLOC_026535 c-c motif chemokine 3-like 0.09 -3.50 5.31 2.408 
+ TCONS_00018736_gene=XLOC_010635 calnexin precursor 0.56 -0.83 0.43 -1.233 

+ TCONS_00004012_gene=XLOC_002331 
carbonic anhydrase mitochondrial-like 
isoform x2 0.01 -6.52 0.04 -4.639 

+ TCONS_00038273_gene=XLOC_022063 claudin b 0.39 -1.35 0.38 -1.394 

+ TCONS_00018251_gene=XLOC_010335 
d-3-phosphoglycerate dehydrogenase-
like 0.16 -2.65 0.19 -2.416 

+ TCONS_00042656_gene=XLOC_024893 
dehydrogenase reductase sdr family 
member 13-like 0.34 -1.58 4.57 2.193 

+ TCONS_00017525_gene=XLOC_009947 dipeptidyl peptidase 3 0.50 -1.01 0.33 -1.620 
+ TCONS_00027681_gene=XLOC_015709 disks large homolog 1-like isoform x10 0.58 -0.78 0.44 -1.175 
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+ TCONS_00029950_gene=XLOC_017015 drebrin-like protein a-like 0.37 -1.43 0.36 -1.462 
+ TCONS_00035471_gene=XLOC_020268 e3 sumo-protein ligase cbx4-like 0.25 -2.01 0.39 -1.362 
+ TCONS_00027682_gene=XLOC_015710 fk506-binding protein 2 precursor 0.39 -1.38 0.45 -1.152 
+ TCONS_00013062_gene=XLOC_007427 fructose- -bisphosphatase 1-like 0.31 -1.67 0.05 -4.239 
+ TCONS_00016056_gene=XLOC_009086 gamma-glutamyl hydrolase-like 0.18 -2.51 0.12 -3.024 
+ TCONS_00016232_gene=XLOC_009176 gap junction beta-4 0.27 -1.87 0.15 -2.694 
+ TCONS_00002766_gene=XLOC_001713 gap junction delta-3 0.10 -3.29 0.12 -3.042 
+ TCONS_00024756_gene=XLOC_014025 gdp-fucose transporter 1-like 0.18 -2.48 0.23 -2.102 
+ TCONS_00003214_gene=XLOC_001940 glucose-6-phosphate 1-dehydrogenase 0.28 -1.85 0.04 -4.808 

+ TCONS_00030682_gene=XLOC_017424 
glycerophosphodiester phosphodiesterase 
domain-containing protein 3-like isoform x1 0.37 -1.43 0.21 -2.275 

+ TCONS_00010237_gene=XLOC_005773 glycogen liver form-like isoform 1 0.29 -1.80 0.09 -3.429 
+ TCONS_00046794_gene=XLOC_028081 granzyme a-like 0.11 -3.14 4.45 2.155 
+ TCONS_00005358_gene=XLOC_003061 gtpase imap family member 7-like 0.03 -5.11 0.14 -2.864 
+ TCONS_00030574_gene=XLOC_017359 hexokinase-2-like isoform x1 0.21 -2.24 0.10 -3.271 
+ TCONS_00026384_gene=XLOC_014981 huntingtin-interacting protein 1-related 0.54 -0.90 0.48 -1.053 
+ TCONS_00023715_gene=XLOC_013457 immunoglobulin superfamily member 1-like 0.31 -1.70 0.16 -2.665 

+ TCONS_00024853_gene=XLOC_014088 interferon induced protein 2 0.13 -2.91 4.73 2.243 
+ TCONS_00040123_gene=XLOC_023210 lanosterol synthase-like 0.08 -3.64 0.21 -2.233 

+ TCONS_00041238_gene=XLOC_023955 
lysophospholipid acyltransferase lpcat4-
like 0.28 -1.85 0.35 -1.532 

+ TCONS_00025682_gene=XLOC_014594 lysosomal thioesterase ppt2-like 0.53 -0.91 2.12 1.082 

+ TCONS_00028740_gene=XLOC_016338 
major facilitator superfamily domain-
containing protein 9-like 0.38 -1.39 0.18 -2.484 

+ TCONS_00033570_gene=XLOC_019081 mannose-6-phosphate isomerase-like 0.47 -1.10 0.46 -1.107 
+ TCONS_00024175_gene=XLOC_013724 meprin a subunit beta-like 0.34 -1.56 0.10 -3.267 
+ TCONS_00010720_gene=XLOC_006045 microsomal glutathione s-transferase 1 0.36 -1.47 0.08 -3.612 
+ TCONS_00044892_gene=XLOC_026514 myelin and lymphocyte protein 0.13 -2.91 0.04 -4.551 
+ TCONS_00040799_gene=XLOC_023665 n-acylneuraminate cytidylyltransferase 0.23 -2.12 0.23 -2.098 

+ TCONS_00027903_gene=XLOC_015833 
neurofilament heavy polypeptide-like 
isoform x2 0.53 -0.93 0.26 -1.938 

+ TCONS_00002198_gene=XLOC_001425 pi-plc x domain-containing protein 1-like 0.34 -1.55 0.26 -1.948 

+ TCONS_00040363_gene=XLOC_023356 
PREDICTED: uncharacterized protein 
LOC100696497 0.07 -3.89 0.00 -8.044 
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+ TCONS_00042722_gene=XLOC_024945 
PREDICTED: uncharacterized protein 
LOC102078076 isoform X1 0.48 -1.05 0.16 -2.609 

+ TCONS_00029159_gene=XLOC_016574 
probable ergosterol biosynthetic 
protein 28-like 0.23 -2.10 0.13 -2.980 

+ TCONS_00032437_gene=XLOC_018460 protein fam26e-like 0.36 -1.45 0.38 -1.394 
+ TCONS_00021003_gene=XLOC_011922 protein niban-like 0.25 -2.01 0.14 -2.860 
+ TCONS_00026915_gene=XLOC_015280 protein nlrc3-like 0.43 -1.22 0.02 -5.707 
+ TCONS_00010624_gene=XLOC_005991 ras-related protein rab-3d-like 0.23 -2.09 0.29 -1.809 
+ TCONS_00013759_gene=XLOC_007832 retinoid-binding protein 7-like 0.10 -3.35 0.21 -2.223 
+ TCONS_00011659_gene=XLOC_006590 riboflavin transporter 2-like 0.50 -1.01 0.37 -1.424 
+ TCONS_00028953_gene=XLOC_016463 ribonuclease zc3h12a-like 0.43 -1.22 0.39 -1.347 

+ TCONS_00017869_gene=XLOC_010136 
serine threonine-protein kinase sgk1-
like isoform x1 0.27 -1.91 0.11 -3.213 

+ TCONS_00023190_gene=XLOC_013150 sialic acid synthase 0.12 -3.03 0.05 -4.294 
+ TCONS_00023206_gene=XLOC_013159 superoxide dismutase- partial 0.15 -2.71 0.09 -3.396 
+ TCONS_00028927_gene=XLOC_016448 torsin-4a-like isoform x1 0.26 -1.94 0.44 -1.183 
+ TCONS_00024743_gene=XLOC_014016 transaldolase-like isoform x1 0.28 -1.86 0.13 -2.901 

+ TCONS_00005370_gene=XLOC_003071 
tripartite motif-containing protein 16-
like 0.09 -3.47 0.13 -2.984 

+ TCONS_00000450_gene=XLOC_000430 type-2 ice-structuring partial 0.04 -4.56 26.85 4.747 
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Table S5.6 GO enrichment terms of differentially expressed genes between Alcolapia grahami in wild and lab conditions (AgW vs AgL)
C= Cellular Component, P = Molecular Function, P = Biological process; Under/Over = Under- or over-representation of the GO term 

GO ID GO Term GO Category FDR p-value Over/under 

GO:0031981 nuclear lumen C 2.87E-02 5.68E-06 under 
GO:0006259 DNA metabolic process P 2.87E-02 1.04E-05 under 
GO:1901677 phosphate transmembrane transporter activity F 2.87E-02 1.29E-05 over 
GO:0009226 nucleotide-sugar biosynthetic process P 2.87E-02 1.37E-05 over 
GO:0009225 nucleotide-sugar metabolic process P 2.87E-02 1.71E-05 over 
GO:0015215 nucleotide transmembrane transporter activity F 2.87E-02 1.71E-05 over 
GO:0006412 translation P 2.87E-02 2.11E-05 under 
GO:0030529 ribonucleoprotein complex C 2.87E-02 2.14E-05 under 
GO:0008509 anion transmembrane transporter activity F 2.87E-02 2.34E-05 over 
GO:0019673 GDP-mannose metabolic process P 2.89E-02 2.73E-05 over 
GO:0015605 organophosphate ester transmembrane transporter activity F 2.89E-02 2.87E-05 over 

 

S5.7 GO enrichment terms of differentially expressed genes between Oreochromis leucostictus in wild and lab conditions (OlW vs OlL)
C= Cellular Component, P = Molecular Function, P = Biological process; Under/Over = Under- or over-representation of the GO term 

GO ID GO Term GO Category FDR p- value Over/under 

GO:0005581 collagen C 1.99E-08 1.80E-12 over 

GO:0031012 extracellular matrix C 4.60E-08 8.32E-12 over 

GO:0044420 extracellular matrix part C 3.23E-07 8.77E-11 over 

GO:0005578 proteinaceous extracellular matrix C 7.37E-07 2.67E-10 over 

GO:0005576 extracellular region C 1.66E-06 7.49E-10 over 

GO:0005201 extracellular matrix structural constituent F 8.93E-05 4.84E-08 over 

GO:0044421 extracellular region part C 2.29E-04 1.45E-07 over 
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Table S5.8. GO enrichment terms of differentially expressed genes between lab-acclimated Alcolapia grahami and Oreochromis leucostictus (AgL vs Ol) 
C= Cellular Component, P = Molecular Function, P = Biological process; Under/Over = Under- or over-representation of the GO term 
 

GO ID GO Term GO Category FDR p-value Under/Over 

GO:0044710 single-organism metabolic process P 7.13E-06 1.16E-09 over 
GO:0006396 RNA processing P 7.13E-06 1.29E-09 under 
GO:0055114 oxidation-reduction process P 1.25E-05 3.39E-09 over 
GO:0016491 oxidoreductase activity F 2.60E-04 9.42E-08 over 
GO:0003676 nucleic acid binding F 6.24E-04 3.03E-07 under 
GO:0043436 oxoacid metabolic process P 6.24E-04 4.10E-07 over 
GO:0019752 carboxylic acid metabolic process P 6.24E-04 4.50E-07 over 
GO:0006082 organic acid metabolic process P 6.24E-04 4.51E-07 over 
GO:0044428 nuclear part C 4.65E-03 3.79E-06 under 
GO:0015101 organic cation transmembrane transporter activity F 1.17E-02 1.06E-05 over 
GO:1901677 phosphate transmembrane transporter activity F 1.21E-02 1.26E-05 over 
GO:0009064 glutamine family amino acid metabolic process P 1.21E-02 1.31E-05 over 
GO:0050764 regulation of phagocytosis P 1.21E-02 1.42E-05 over 
GO:0032991 macromolecular complex C 1.91E-02 2.42E-05 under 
GO:0034470 ncRNA processing P 2.94E-02 3.99E-05 under 
GO:0005681 spliceosomal complex C 3.73E-02 5.40E-05 under 
GO:0031981 nuclear lumen C 4.23E-02 6.84E-05 under 
GO:0030529 ribonucleoprotein complex C 4.23E-02 6.88E-05 under 
GO:0001666 response to hypoxia P 4.32E-02 8.20E-05 over 
GO:0036293 response to decreased oxygen levels P 4.32E-02 8.20E-05 over 
GO:0070482 response to oxygen levels P 4.32E-02 8.20E-05 over 
GO:0006520 cellular amino acid metabolic process P 4.39E-02 8.73E-05 over 
GO:0005634 nucleus C 4.49E-02 9.93E-05 under 
GO:0005544 calcium-dependent phospholipid binding F 4.49E-02 9.95E-05 over 
GO:0005739 mitochondrion C 4.49E-02 1.03E-04 over 
GO:0005576 extracellular region C 4.49E-02 1.06E-04 over 
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Table S5.9. GO enrichment terms of differentially expressed genes between wild Alcolapia grahami and Oreochromis leucostictus (AgW vs OlW) 
C= Cellular Component, P = Molecular Function, P = Biological process; Under/Over = Under- or over-representation of the GO term 

GO ID GO term GO Category FDR p-value Over/Under 

GO:0044710 single-organism metabolic process P 4.02E-06 3.64E-10 over 

GO:0003676 nucleic acid binding F 6.98E-04 1.38E-07 under 

GO:0044260 cellular macromolecule metabolic process P 6.98E-04 1.89E-07 under 

GO:0006007 glucose catabolic process P 3.58E-03 1.58E-06 over 

GO:0019320 hexose catabolic process P 3.58E-03 1.94E-06 over 

GO:0046365 monosaccharide catabolic process P 3.58E-03 1.94E-06 over 

GO:1901605 alpha-amino acid metabolic process P 3.62E-03 2.29E-06 over 

GO:0016491 oxidoreductase activity F 6.68E-03 4.88E-06 over 

GO:0044281 small molecule metabolic process P 6.68E-03 5.43E-06 over 

GO:0044724 single-organism carbohydrate catabolic process P 7.35E-03 7.15E-06 over 

GO:0019362 pyridine nucleotide metabolic process P 7.35E-03 7.97E-06 over 

GO:0046496 nicotinamide nucleotide metabolic process P 7.35E-03 7.97E-06 over 

GO:0016052 carbohydrate catabolic process P 7.84E-03 1.00E-05 over 

GO:0072524 pyridine-containing compound metabolic process P 7.84E-03 1.04E-05 over 

GO:0097159 organic cyclic compound binding F 7.84E-03 1.06E-05 under 

GO:0030529 ribonucleoprotein complex C 8.48E-03 1.29E-05 under 

GO:1901363 heterocyclic compound binding F 8.48E-03 1.32E-05 under 

GO:1901564 organonitrogen compound metabolic process P 8.48E-03 1.38E-05 over 

GO:0003824 catalytic activity F 1.47E-02 2.52E-05 over 

GO:0055114 oxidation-reduction process P 1.47E-02 2.65E-05 over 

GO:0044428 nuclear part C 1.77E-02 3.36E-05 under 

GO:0006098 pentose-phosphate shunt P 1.86E-02 3.87E-05 over 

GO:0006740 NADPH regeneration P 1.86E-02 3.87E-05 over 

GO:0006733 oxidoreduction coenzyme metabolic process P 1.94E-02 4.21E-05 over 

GO:0005634 nucleus C 1.94E-02 4.38E-05 under 
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GO:0009410 response to xenobiotic stimulus P 2.01E-02 4.72E-05 over 

GO:0009617 response to bacterium P 2.11E-02 5.15E-05 over 

GO:0005975 carbohydrate metabolic process P 3.07E-02 7.77E-05 over 

GO:0006520 cellular amino acid metabolic process P 3.15E-02 8.25E-05 over 

GO:0051707 response to other organism P 3.33E-02 9.31E-05 over 

GO:0006006 glucose metabolic process P 3.33E-02 9.49E-05 over 

GO:0032991 macromolecular complex C 3.33E-02 9.64E-05 under 

GO:0043228 non-membrane-bounded organelle C 3.52E-02 1.08E-04 under 

GO:0043232 intracellular non-membrane-bounded organelle C 3.52E-02 1.08E-04 under 

GO:0019752 carboxylic acid metabolic process P 3.68E-02 1.17E-04 over 

GO:0006739 NADP metabolic process P 4.12E-02 1.34E-04 over 

GO:0010467 gene expression P 4.52E-02 1.51E-04 under 

GO:0016810 
hydrolase activity, acting on carbon-nitrogen (but 
not peptide) bonds 

F 4.81E-02 1.72E-04 over 

GO:0006525 arginine metabolic process P 4.81E-02 1.83E-04 over 

GO:0018401 
peptidyl-proline hydroxylation to 4-hydroxy-L-
proline 

P 4.81E-02 1.83E-04 over 

GO:0019471 4-hydroxyproline metabolic process P 4.81E-02 1.83E-04 over 

GO:0019511 peptidyl-proline hydroxylation P 4.81E-02 1.83E-04 over 

 




