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the decline. Characterisation of Nile perch populations of E. Africa and 

important for both capture fisheries

ABSTRACT
Nile perch is an important food fish species of the genus Lates, belonging to family Latidae. It 

widely occurs in the Afro-tropical region in Africa, and in East Africa it is native to Lakes Albert 

and Turkana and River Albert Nile. It was introduced to lakes Kyoga, Nabugabo and Victoria 

where it successfully established itself. Nile perch became the leading fishery, bolstering 

economies of Uganda, Kenya and Tanzania, countries that are engaged in Nile perch processing 

and export, to the value of US $250m annually. But reccently Nile perch stocks have been 

reported to be on 

understanding the species’ evolutionary history 

management and culturing efforts of Nile perch. Earlier studies were mostly based 

morphological characters and were all less or not definitive. This study combined morphological 

and molecular characterisation to establish the phylogenetics, genetics and evolutionary history 

of Nile perch sampled from lakes - Albert, Kyoga, Nabugabo, Victoria (Uganda), Turkana 

'Kenya) and Chamo (Ethiopia) and Senegal River (Senegal). The aims of this study were to 

determine phyletic and phylogeographic relationships among populations of Nile perch in its 

extant range in E. Africa and to establish the species evolutionary history on the African 

continent. Morphological phylogenetics of E. African Nile perch revealed existence 2 

norphotypes. Analysis of genetic variation among populations in E. Africa, based on 9 

polymorphic microsatellite loci and partial sequence (463bp) of mtDNA showed that introduced 

Nile perch had higher genetic diversity than populations from the putative native origins. In 

iddition, findings revealed that all sampled water bodies had 2 underlying populations of Nile 

}erch, which most probably represent 2 different subspecies. Evolutionary history studied using 

^itDNA CR partial sequence (476bp) revealed 37 distinct haplotypes in 124 samples. The 

haplotypes clustered into 2 major groups, one composed of individuals sampled from eastern and 

■lie other from western Africa. The 2 most probably belong to 2 different Nile perch lineages that 

-Hay have developed in geographical isolation during the Pleistocene times and have remained 

Hrgely allopatric. The 2 groupings should be considered as different ESUs since depletion of 

individuals from one lineage cannot easily be replenished by natural migration by the other, 

■rerefore, the ESUs should be conserved as such and genetic exchange due to translocations 

=t|Ould never be allowed
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CHAPTER ONE

1.0 General introduction

1.1 Background

1

Mile perch belongs to Lates genus of the teleost fishes. Nile perch is native to Lakes Albert and 

furkana in East Africa (Azeroual, Entsua-Mensah, Getahun, Laleye, Moelants, and Ntakimazi, 

2009), they are also found widely distributed in Afro-tropic region of the African continent. Nile 

)erch are found in major river basins including the Nile, Congo, Senegal, Volta, and Niger 

?asins. Nile perch is also naturally occurring in Lake Chad and Lake Marriott in Nile delta, River 

Setit in Eretria (Azeroual et al. 2009) , in Lakes Chamo, Abaya and Gambella and River Baro in 

Ethiopia (Golubtsov and Hebteselassie, 2010), and numerous small river systems in Central and 

Vest Africa (Moritz & Linsenmair, 2005). Nile perch was introduced into Lakes Victoria, 

Cyoga and Nabugabo in the 1950s and 1960s with intention of bolstering the then failing fishery 

)f these Lakes and as a potential for sport fishing (Gee, 1969, Acere, 1985; Barlow & Lissle, 

.987; Achieng, 1990). After its introduction, the Nile perch slowly colonised its new environs 

md then exploded in the 1980s (Arunga, 1981; Okaronon, Acere, and Ocenodengo, 1985; 

Goudswaard & Ligtvoet, 1988). This increase in Nile perch population coincided with the 

dsappearance of close to 50% of the endemic fish species in the new environs and Nile perch 

vas labelled the villain (Barel et al. 1985). Nile perch has established itself in the new environs 

?nd currently dominates the fishery in these Lakes. Despite this ecological wrath, due to the 

lucrative international and regional markets, the Nile has boosted the economies of the three 

-iparian countries of Lake Victoria - Kenya, Uganda and Tanzania, where most Nile perch is 

'arvested, bringing in a hefty US $250 million from the international markets alone (Odongkara, 

=.bila, and Luomba, 2009). But because it’s a now much sought after fish due to the lucrative 

Market, the Nile perch fishery has been subjected to overfishing, exacerbated by deteriorating 

=ivironment, and is showing signs of a declining fishery with resurgence of few of the native 

Jecies that were thought to be extirpated (Balirwa et al. 2003; Witte, Wanink, and Kishe- 

Tachumu, 2007; EflD, 2008). There have been postulations of the possibilities of Nile perch 

!>pulation crash if management of the fishery were not improved (Lowe-McConnell, 1994), 

“fiich may lead to the eventual collapse of the fishery with socio-economic reverberations.



2

2 Statement of the problem
lie lack of clear delineation of stocks, populations, presumed sub-lineages and lineages as well 

slack of understanding of their phyletic and phylogeographic relationships present difficulty for 

I'ective management of this species. With the ecological and socioeconomic significance of 

lie perch especially in East Africa and the apparent efforts to limit some of its detrimental 

□^logical effect and yet harness its natural production potential and socioeconomic advantages 

=;uires very good understanding of the population genetic structure of Nile perch. It is 

sportant to establish what occurs in the native lakes and what is occurring in the introduced

Jgandan public agricultural research institute for fisheries (NaFIRRI) reacted to the possible 

rash of Nile perch by proposing the domestication and culture of the Nile perch, and embarked 

n the preliminary studies including the species reproductive biology, feeding biology, genetic 

haracterisation, hormonal physiology and digestive system biology (Anderson, 2010).

or both the domestication efforts and effective management of the Nile perch it is a preliquisite 

lat we find out what occurs in the native waters and what has happened to the genetic structure 

if Nile perch in the novel environments five decades afterintroductions. There is need to 

stablish which species/sub-species successfully established itself and may be responsible for the 

nprecedented socioeconomic performance and associated ecological ‘wrath’ of the Nile perch 

n the introduced environs. It is also necessary to determine the most suitable taxon for use in 

bmestication efforts and culture of the species. This study involved use of both morphological 

-id molecular markers to characterise the Nile perch of East Africa and study of its evolutionary 

ustory on the African continent.

pecific plans for management of Nile perch have been developed (LVFO, 2010) in response to 

ie continuing decline of stocks. The species socioeconomic significance and the need to 

raintain the apparent resurgence of part of lost fisheries biodiversity have to be balanced in the 

ew plan. Nile perch fish cannot easily be eradicated from the introduced environs to reverse to 

ic old status quo, the generally agreed plausible way out is effective management of the fishery 

) allow for its sustainable exploitation and resurgence of some of the endemic fish species to 

rovide ample prey without extirpation of the latter by the Nile perch fish (Mwanja & Mwanja, 

008; Ogutu-Ohwayo, 1994).



I

a

3

I

*3 General Objective/Purpose

generate information for improved management of the Nile perch fishery, protection of 
'gion’s fisheries biodiversity and development of the species’ aquaculture.

ikes as the species seemed to have performed much better in the new environs, especially as to 

/hether there is a genetic and evolutionary basis for differences in establishment and ecological 

erformance in the new environs. Lack of knowledge about the definite historical and 

volutionary relationships and differentiations of Nile perch populations within and between 

/ater bodies limits our understanding of the current situation. With reported declining trends in 

re introduced environs, domestication of the species has been proposed. Given the varied stock 

arameters within and between water bodies domestication of Nile perch requires establishing 

/hether the apparent differences between stocks have a genetic basis and hence aid in the choice 

f the best broodstock of Nile perch for use in culture systems. On the other hand, it is important 

lat the roles of the different introduced sub-species and species in ecological and economic 

erformance of the Nile perch is clarified given the current understanding that are two different 

ixa of Nile perch may have been introduced from lakes Albert and Turkana (Harrison, 1991). 

ake Victoria currently contributes most to the produced Nile perch in East Africa (Bagumire, 

009) yet the species’ population structure in this vast lake is not defined. This study sets out to 

onfirm what occurs in the native lakes using a combination of both morphological and 

lolecular analyses, and determine whether the same situation is developing in the introduced 

nvirons. In addition, Nile perch is widely distributed in the Afro-tropical region of the African 

antinent (Lipton, 2003) that has experienced a number of palaeoclimatic and 

alaeoenvironmental changes (Leveque, 1997). The phyletic relationshipps among the different 

Nile perch populations and how these historical changes have affected the recent evolution of the 

'tie perch on the African continent are not known. Therefore this study sets out to unravel the 

Cent as well as historical evolution of the Nile perch on the African continent in order to 

-dineate the different evolutionary lineages that may warrant separate management and 

•jnservation strategies, and that may guide in the domestication of the Nile perch as well as 

rther expansion of natural and culture fisheries production of this species.
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1.5 Major findings of this study
• Nile perch of East Africa is of 2 morphotypes apparently one more dominant than the 

other. The 2 morphotypes are consistently found in all lakes in East Africa where Nile 

perch exists with the same distributional patterns.

• Nile perch in East African lakes had genetic diversity above average for freshwater 

species (He = 0.71, 0.62, 0.75, 0.65 and 0.69 for lakes Victoria, Albert, Kyoga, Nabugabo 

and turkana respectively; the freshwater fish (0.62, averaged from 105 species, Mccusker 

. and Bentzen, 2010) based on microsatellite DNA analyses. The analyses also revealed a 

total of 28 haplotypes among 104 samples of the East African Nile perch indicating high 

levels of genetic diversity.

• Nile perch in novel environments had genetic diversity relatively higher than the native 

environments (He introduced average = 0.70, He native average = 0.66). This indicate a

• better performing fishery in the novel environments

• The different Nile perch geographical populations of L. Victoria exhibited genetic 

differentiation (Fsr = 0.0234, P < 0.5) indicating that there is a tendency of Nile perch 

population structuring (population subdivision) in the L. Victoria

1.4 Specific Objectives
1. To review works so far done on evolution and genetics of Nile perch as well as the 

ecological and socioeconomic changes of this species.

2. To determine whether there are morphological variations associated with the different 

geographical populations of the Nile perch of East Africa.

3. To assess the genetic diversity and establish the population structure of the Nile perch of 

Lake Victoria.

4. To determine, compare and contrast the genetic variation between the native and introduced 

environments to evaluate the species establishment success.

5. To explore the evolutionary history of Nile perch in perspective of the palaeoclimatic and 

paleo-environmental changes that have occurred in the species extant range on the African 

continent.
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• The two lineages may have developed in geographical isolation in the Pleistocene times 

and have remained largely allopatric without genetic exchange between the two lineages 

most probably caused by evolution of the drainage system of the African continent.

• Phylogenetic and phylogeographic analyses clearly showed the presence of two distinct 

Nile perch lineages among the Nile perch of the African continent, one East African 

lineage and the other West African lineage that have recently diverged.

1.6 Applicability of research findings
The effective management of an exploited fish species requires the resource managers to ensure 

sustainability in harvesting fish stocks and to avoid a depletion of these stocks (Reiss, Hoarau, 

Dickey-Collas, and Wolff, 2009). Understanding the population genetic structure, that is, the 

genetic diversity, composition, and divergence among its component populations of a fishery is 

essential for its rational management (Waples & Naish, 2009; Reiss et al., 2009; Tudela, Garca- 

\4arn Pla, 1999; Coyle, 1998). For these measures are used to assess migration patterns, 

biogeographic variability, recruitment success, and the effects of anthropogenic exploitation and 

habitat loss for the fishery (Zhang, Cai, and Huang, 2006; Kenchington, 2003). In addition, 

molecular genetic techniques offer the ability to identify and delineate fish stock structure where 

it may not be apparent from phenotypic or behavioural characteristics (Shaklee & Currens, 2003; 

Coyle, 1998). Population genetic structure is also essential in providing information to underpin 

resource recovery and to aid delineating and monitoring populations for fishery management 

Roldan et aL, 2000). But a holistic approach for fisheries management and stock assessment is 

required for an exploited species (Trenkel, 2007; Caddy, 2002) such as the Nile perch of East 

Xfrica, where genetics forms part of the wider range of suitable indicators of population 

lemography and evolutionary changes. Ascertaining the evolutionary history of a species 

Enables us to determine how and why organisms have become what they are and understand the 

Processes that were and are currently responsible for the action to modify these organisms. In 

addition for the successful selective breeding in aquaculture of a species there must be significant 

“mounts of genetic variation for the production-related traits in the fish populations (Law, 2000).

• East African Nile perch clustered in 2 genetic groupings, which 2 genetic groupings were 

present in all East African lakes, one consistently more dominant than the other.
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The findings of this study that include will greatly aid management in identifying and delineating 

the lineages, sub-lineages and/or stocks responsible for varied performance of the Nile perch 

fishery of the East African region. The established genetic diversity characteristics and 

distribution will be used in determining the source of broodstock for the on-going efforts of Nile 

perch domestication and culture. In addition, the findings will also provide the genetic 

benchmark for future genetic monitoring of the Nile perch resource in the wild in all its extant 

range in the region and for monitoring the effects of the proposed domestication and culture of 

the Nile perch.

In this study because of limited resources, we used microsatellite DNA markers characterized 

and developed for a sister species Lates calcarifer, its more suitable to develop species specific 

markers for following the changes in the different stocks, sub-lineages and lineages of the Nile 

perch.

3oth morphological and genetics analyses revealed that the Nile perch of East Africa exists in 2 

major underlying populations, there is need for further study and characterisation of these two 

populations. Nile perch of E. Africa should be reclassified using techniques such as barcoding 

asing coenzyme I of mtDNA (COI), DNA-DNA hybridization and other biochemical tests.

For the evolutionary history studies of the Nile perch on the African continent, the sampling in 

this study was not as fine over the natural range of the species, as such there is need for finer 

sampling especially from West and along the River Nile as well as use of other more definitive 

molecular markers such as the COI and more advanced genetical analytical methods such as 

genomics to get a better resolution of the evolutionary relationships of the Nile perch.

1.7 Suggestions for future research
For the population structure of Nile perch in L. Victoria, there need for routine sampling and 

genetic analyses to determine the changes in population structure with changes in fishing 

activity. The sampling should be both spatial and temporal following similar transects.
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Invasiveness of the Nile perch in the introduced environs in East Africa has been a puzzle 

because of its very high success in such a short time. This study attempts to unravel the puzzle 

by establishing and comparing the genetic diversity in both the native and introduced environs. 

This study also investigated how the patterns of palaeoclimatic and palaeoenvironmental changes 

on the African continent influenced the historical and modem distribution of Nile perch.

The study investigated the morphological phylogenetics of the Nile perch of East Africa from 

both introduced and native lakes to get insights into how the species is morphologically varied in 

the region and to test the hypothesis by ecologists that Nile perch existed in two criptic 

populations in its native environs.

Since Lake Victoria is a vast lake, the second biggest in the world, and of all lakes in East Africa 

contributes most of Nile perch production, the study set out to establish whether Nile perch in 

Lake Victoria is a single panmictic population and determine the patterns of genetic diversity in 

this population. The source populations used for the introductions are said to have two criptic 

populations (Harrison, 1991), this study set out to determine the validity of this scenario and 

whether Lake Victoria Nile perch population maintains the two criptic population.

1.9 Brief description of each of the Chapters:
Chapter 2 (‘The Evolutionary history, ecology, socioeconomics, consequences of introductions 

into new environs and the management challenge of the Nile perch (JLates spp. Linnaeus 1758) of 

East Africa.’) contributes to the state of art knowledge of the Nile perch, with particular 

reference to the species’ genetics and evolution, ecology and socioeconomic importance 

especially in the East African region where the species is both native and introduced (Mwanja & 

Mwanja, 2008). It brings out the two sides that argue for and against the current Nile perch status 

in the introduced environs and the need to strike a balance between the two sides and how this 

can be done. This chapter discusses ways for the possible sustainable exploitation of the Nile

1.8 Thesis organisation
The thesis begins with review of the literature and works on Nile perch collating the latest 

findings and providing the state-of-the-art knowledge on the subject, bringing together research 

findings from over 115 highly rated scientific publications.
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perch fishery and at the same time allowing for possible recovery of the disappeared native fish 

species in the introduced environs as a balance between the two antagonistic sides.

Chapter 3 (‘Population Morphological Variation of the Nile perch (Lates niloticus, L. 1758), of 

East African Lakes and their associated waters’) investigates whether the different Nile 

populations within and among different lakes both native and introduced are morphologically 

varied and whether these findings agree with works of earlier ecologist who characterised the 

East African Nile perch basing on morphological analyses. Morphological variation was also 

used to detect possible differentiation within and among the different lakes and for stock 

identification. This work is compared and contrasted to findings in subsequent chapters whose 

analyses are based on genetic markers to determine the congruence of the two methods. The 

study was based on 864 Nile perch sampled from 25 different locations from different lakes in 

the region and 10 morphological characters. Also determined were the Length - Weight 

relationships and condition factor of sampled Nile perch. The log transformed data of all 

sampled Nile perch were subjected to multivariate analysis. Multivariate analysis of 

morphological characters is an effective method for defining population units and differentiating 

between genera, species, sub-species and groups of animals (Kusznierz, Kotusz, Kazak, 

Popiolek, and Witkowski, 2008; Bektas & Belduz, 2009). The chapter examines the 

morphological variation among Nile perch of East Africa and determines which morphological 

characteristic contributes most to this variation as well as deciphering its morphological 

phylogenetics.

Chapter 4 (‘Microsatellite DNA analyses reveal population subdivision among the recently 

introduced Nile perch {Lates spp. L.1758) of Lake Victoria’) deals with assessment of the 

genetic variation and establishment of the population of Nile perch within and among different 

geographical samples of Lake Victoria. Nile perch (n = 432) was sampled from 22 different 

geographical locations within Lake Victoria and genotyped at 9 microsatellite loci. Microsatellite 

markers are highly polymorphic with codominant inheritance (Chistiakov, Hellemans, and 

Volckaert, 2006), their polymorphism has enabled revelation of adequate information for 

effective management of fish stocks (Alam & Islam, 2005). The hypervariability of 

microsatellites makes them especially useful for recently isolated populations and detection of 

fine-scale genetic differentiation (van Oppen, Turner, Rico, Deutsch, Ibrahim, and Robinson,
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Chapter 6 (‘Evolutionary History of Nile perch inferred from mitochondrial DNA variation 

analyses’) investigates the evolutionary history of the Nile perch using mtDNA sequence data, 

dr effective management and conservation of an exploitable species such as the Nile perch, it is 

mportant to define its taxonomic status and its historical distributions throughout its extant range

1997). Microsatellite variations reveal the amount of genetic diversity, which is expected to 

decrease during rapid population size reductions, so called genetic bottlenecks common with 

invasive species introductions, and increase when the primary introduction expands and 

establishes a population in the new environs (Rollins, Woolnough, Wilton, Sinclair, and 

Sherwin, 2009). The Nile perch introduced just over five decades, using a few hundred 

individuals that slowly colonised, then later exploded, currently having a Lake-wide distribution 

ind established a dominant fishery in Lake Victoria, suits this category of invasive species and 

its genetic diversity can be best explored using the microsatellite DNA markers.

Chapter 5 (‘Successful establishment of the Nile perch (Lates spp. L.): genetic variation in the 

invasive populations versus that in the native source populations of Nile perch in East Africa’) 

ixplores the genetic diversity of the Nile perch and its distribution in both the native and 

introduced environs to infer the mechanism of establishment of the Nile perch in its novel 

environs. The chapter also establishes, compares and contrasts the number of taxa of Nile perch 

in both native and introduced environs to in a bid to define the taxonomy of this species within 

East Africa and find out which of the introduced taxa is got itself established and is responsible 

tor the ecological wrath and socioeconomic boom within the East African region. Populations 

introduced using small numbers are expected to suffer from low genetic variation, which lowers 

heir.ability to adapt to the new conditions in the novel environs (Dlugosch & Parker 2008). 

Small numbers are said to have been used for the introduction of the Nile perch in East Africa, 

he official record has it that 382, 585 and 295 Nile perch fish were used for the introductions 

into lakes Victoria, Kyoga and Nabugabo respectively (Hauser, Carvalho, Pitcher, Ogutu- 

Ohwayo, 1998). These small populations were expected to experience reduced genetic variability 

•esulting from founder effects, population bottlenecks and genetic depletion. This did not happen 

vith the introduced Nile perch in East Africa, as the introduced fish went ahead to colonise its 

'.ovel environs, multiplied its populations and expanded its range to cover almost all habitats and 

became the leading fishery in the novel environs (Witte et al., 2007).
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delineate its different evolutionary lineages that may warrant separate management strategies 
tjs & Gitzendanner 1999). A 476bp sequence of the control region of the mtDNA was 
ysed for distinct number of haplotypes and their distribution. The inferred phylogeny was 
fished by analysis of bootstrapped neighbour-joining and maximum-parsimony trees of 
jtnces of the revealed haplotypes to determine the possible extant Nile perch lineages on the 
jean continent.
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abstract
lutionary biologists and conservationists have loathed the human facilitated expansion of 

; perch (Lates spp.) into other fish species rich waters of Lake Victoria Region (LVR) for its 

ogical wrath. Since the introduction of Nile perch it is estimated that over 50% of native fish 

lies in LVR waters have been extirpated. On the other hand the socio-economists are all 

se and even protective of the Nile perch in LVR waters for its bolstering of the economies of 

itries riparian to Lake Victoria. Explosion of the Nile perch fishery in the novel environs led 

le establishment of industrial fish processing and export industry in the three countries based 

he expanded Nile perch fisheries production. Over this period hundreds of key evolutionary 

ecological species mostly cichlids were thought to have been predated to extinction by the 

: perch. Recently heightened fishing pressure has led to signs of collapse of the Nile perch 

ks with real fears for sustainability of the fishery. Among the recent changes reported has 

i-a notable resurgence of some native species previously reported to have disappeared. To the 

utionary biologists and conservationists the resurgence was welcome news for natural 

iration of the fisheries biodiversity. To the socio-economists the decline in Nile perch fishery 

luction was perceived as a significant threat to the fishing industry upon which millions of 

ihoods were dependent and serious detrimental impact to the national economies of the three 

rian countries. The question is whether a balance could be struck where a fair amount of 

ogical integrity of Lake Victoria fisheries is ensured while maintaining socioeconomically 

le exploitable Nile perch stocks in LVR? In this paper, we review work so far done on 

ution and genetics of Nile perch as well as the ecological and socioeconomic changes of this 

les.

. Evolutionary history, ecology, socioeconomics, consequences of introductions into new 
^irons and the management challenge of the Nile perch (Lates spp. Linnaeus 1758) of

East Africa
t|iew. T. Mwanja, Wilson. W. Mwanja, Sylvester Nyakaana and Vincent Muwanika.
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introduction
tigh the ecological dominance of the Nile perch was associated with the disappearance of 

-jreds of species (Barel et al., 1985), socioeconomically the introduction of the Nile perch is 

;d as one of the most successful fisheries bio-manipulations in recent times. It gets this 

,|ade for having led to the development of a very lucrative international and regional Nile 

|i based fish export trade. Nile perch boosted the economies of the three riparian countries of 

'ictoria that include Kenya, Tanzania and Uganda bringing in an estimated US $250 million 

jally from the international markets alone (LVFO, 2005) from the previous less than US 

ii gotten from the local-based subsistence fishery before 1980 (. Ogutu-Ohwayo (1994), 

-st, Kaufman, and Mwanja (2000), and Mwanja & Mwanja (2008) recognizing the difficult 

[iminating the Nile perch or reversing the obtaining ecological situation in waters where the 

ies was introduced and became ecologically dominant, recommended that the most plausible 

out was manipulation of the stocks through controlled fishing of the Nile perch to allow for 

rgence of naturally occurring species as has recently been reported (Balirwa et al. 2003; 

e et al. 2007). For further protection of the native species, Mwanja et al. (2003) and Mwanja 

uerst (2001) called for protection of the minor satellite lakes in LVR. Recognising the Nile 

li successful establishment, its dominant ecological role and important socioeconomic status 

e Nile perch fishery in the major water bodies of LVR, called for recognition and protection 

le sizeable component of the original fish species biodiversity of these major water bodies 

was found to still occur in the minor lakes that surround the major lakes, as an alternative to 

iced cropping of the Nile perch. These minor lakes thought to have played key role as life 

5 during the episodes of repeated drying up and refilling associated with hydrological history 

e LVR (Kaufman, 1992) are envisaged as ecological safe havens or natural refuggia for the 

e fish species against the predation from Nile perch.

igh the resurgence of cichlid species at time when Nile perch biomass in the LVR is falling 

rwa et al. 2003) has made a case for management interventions to keep the Nile perch 

lass in check through fishing. The socioeconomic concerns are about the collapse of the Nile 

i fishery. The ever increasing fishing pressure that may eventually lead to collapse, has 

us threats the maintaining the lucrative Nile perch based fish export trade and consequently 

le millions of livelihoods (LVFO, 2005; Lowe-McConnell, 1994). The three riparian 

tries of the major Nile perch fisheries production water body, L. Victoria, called for special
17
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_vl-ntions to bolster the Nile perch fishery to its former ecological dominance level (LVFO 

^Jl of Ministers Communique, 2008). Theese measures would put the continued existence 

tper species that largely form Nile pech prey, the native fish species, at risk of complete 

ndi°n- Native species resurgence data indicates that heavy fishing of Nile perch may indeed 

aIice biodiversity (Balirwa et al. 2003), creating a debate between conservation ecologists and 

^-economists as to the continued role of the Nile perch in the LVR water bodies. The later 

sidering the Nile perch as a bane where overfishing restores the native fisheries biodiversity; 

le the former called it a boom to the socio-economic fabric of the region that should not be 

,ved to collapse into a bust, but should only be exploited sustainably. To find an acceptable 

ition, the resources managers need to design and implement appropriate management 

ines. These regimes should be based on identified and mapped units of Nile perch in the 

Eerent waters of the region. This will allow for ample harvests of Nile perch that make 

>nomic sense, allow for recruitment into the fishery to support sustainable harvests while at 

same time allowing for continued resurgence of threatened native fish species. The native 

:cies, which are indeed needed to maintain healthy stocks of Nile perch by providing the 

icies’ prey. Such fisheries management measures require a combination of ecological, 

dutionary and genetics studies for both the hunter - Nile perch and the hunted - the native 

i species, especially the cichlids, Nile perch’s most favoured prey (Mkumbo & Ligtvoet, 

•2). For the Nile perch, efforts have been focused mainly on its ecology and much less on its 

dution and genetics, with only a few genetic studies done (Hauser et al. 1998; Mwanja & 

/anja, 2008) yet the general view is that both ecological and evolutionary factors need to be 

sn into account when elucidating the success of establishment and designing management 

imes for the introduced non-indigenous species (Hanfling, 2007). One key debate is whether 

Nile perch is composed of a number of species - Lates macropthalamus, Lates albertianus, 

es niloticus having two subspecies, L. niloticus niloticus and L. niloticus longipinus, or 

ether these groups are simply different morphs of the same species inhabiting different parts 

the water bodies without clear genetic distinction to a level of sub-speciation (Harrison, 1991; 

vanja & Mwanja, 2008). Earlier ecologists noted that the Nile perch in its native environs 

:urs in two populations a leaner, deep open water dwelling and big deeper bodied, shallow 

hore water dwelling sub species (Harrison, 1991). Bwathondi (1985) also suspected that the



19

I

perch in the introduced waters of L. Victoria exhibited similar distinction. But the 

^sification of the Nile perch to subspecies level, both in the native and introduced environs, 

; not been wholly accepted with the Nile perch being managed in every lake where it exists, as 

jngle panmictic population.

ihis paper we review the socioeconomic issues related to the Nile perch fishery in East Africa, 

ecology and ecological genetics, the species taxonomy, recent evolutionary history and the 

.Sil record of the genus Lates. We also discuss the causes of the successful establishment of the 

-jle perch in the introduced environs. Furthermore, we discuss the possible use of population 

pieties tools in the management of the Nile perch in East Africa and the feasibility of striking a 

jance between the sustainable exploitation of the Nile perch and the resurgence and 

jintenance of the biodiversity of the native fisheries of the introduced environs that form the 

jle perch prey.

2 Socioeconomics of the Nile perch in LVR
lile perch introductions into lakes Victoria, Kyoga and Nabugabo were intended to boost the 

tn failing native fisheries of these lakes and creating a sports fishery (Pringle, 2005; Ogutu- 

Iwayo, 1993). The riparian communities initially perceived the establishment of the Nile perch 

gatively in most aspects - cultural, nutrition requirements, employment and income provision 

ith the development and dominance of the new Nile perch fishery. Despite the ecological wrath 

sociated with the introduction of the Nile perch in its novel environs and the initial negative 

cioeconomic impacts on the artisanal fisher folk and the riparian communities, the Nile perch 

came a darling of the fisheries sector. Fish processing, with two players, the artisanal fish 

)cessors who mostly smoke or dry fish mostly for local and regional markets and the industrial 

h processors of chilled fresh fillets and frozen head and gutted fish targeting mostly the 

emational markets, provides employment to good number of people (Nyombi and Bolwig, 

04). Setting up of fish processing industries provided hundreds of thousands with both direct 

d indirect employment opportunities in the three L. Victoria riparian countries. Most 

portantly, the Nile perch industry became a sure source of foreign exchange, greatly 

ntributing to the balance of payments of the three National economies (Nyombi and Bolwig, 

04).
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-ch fishery came with its peculiar challenges to the riparian communities, the fisher folk, 

■ng industries, fish ecologists, resource managers and the economies of the riparian 

=s (Ikwaput-Nyeko, Kirema-Mukasa, Odende, Mahatane, 2009). To the riparian 

unities, fishing was mostly done for food and as a cultural activity, but it became 

j-cialised and controlled in that permission to fish must be sought before through licensing 

s respective government bodies. To riparian communities and the artisanal fisher folk the 

rch fishery required strong and more expensive fishing gear, and required use of sizeable 

r of the permitted gillnets and long lines to realise a good return on investment. The 

nl fisher folk who mostly process the fatty Nile perch by smoking for the local market, 

to surrounding forests for provision of required firewood, which has led to unchecked 

-un offs and increased siltation as well nutrient loading (Hecky et al., 1993). Nile perch 

so resented by the artisanal fisherfolk because of marketing problems created by the 

nndance of Nile perch on the local market, a situation where supply always exceeded the 

d of such an easily perishable and hard to preserve good that consequently led to fetching 

■er prices compared to the then scarce native fish species (Barel et al., 1985). For the 

sing industries the increased value of Nile perch and reported declining stocks led to 

>ed competition for raw material with a number of the processing factories having to close 

;k of raw materials - the Nile perch (LVFO, 2005). To the resource managers, the 

ige became one of how to design a management regime that fits a species whose attributes 

/ning mode, spawning ground, larvae feed, stock differentiation, declining sizes at first 

Ly, sex ratios and the causes of life history changes of the Nile perch at different 

pmental stages and reaction to stress were not well understood . Resource managers also 

:hallenge of policing the vast water bodies to stem the increasing fishing malpractices as 

rermen go out for ‘big kills’ to make quick gains. To the fish ecologists the challenge was 

) restore the native species when the option of totally eliminating the Nile perch was 

ble and regional governments want to maintain Nile perch’s ecological dominance 

ija et al. 2003; LVFO, 2008). To the national economies of the East African countries, the 

ige was how to maintain a steady or even increasing inflow of foreign exchange from the 

erch trade with the reported decline in Nile perch stocks (Amason, 2009). To tackle and 

e the above challenges requires a good understanding of the Nile perch stocks in addition
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pck assessment, fisheries ecology, and socioeconomic analyses. Knowledge of responses of 

jfic stocks of Nile perch to human and natural pressures would guide the design and 

tlopment of socioeconomic and ecological interventions that are needed for sustainable 

pitation of Nile perch resource.

Ecology and ecological genetics of the Nile perch
:perch (Lates spp) is known to occur in the major river basins within the Afro-tropic region 

tiding the Nile, Congo, Senegal, Volta, and Niger basins (Lipton, 2003). Nile perch also 

yrs naturally in a number of lakes that are linked to these river systems including L. Albert, L. 

j^na (Harrison, 1991), L. Chad and L. Mariout in Nile delta, River Setit in Eretria (Azeroual 

1. 2010), and in Lakes Chamo, Abaya and Gambella and River Baro in Ethiopia (Golubtsov 

Hebteselassie, 2010). The species also occurs in numerous small river systems in Central and 

st Africa (Moritz and Linsenmair, 2005). Nile perch was also introduced into lakes Victoria, 

iga and Nabugabo in Uganda starting in the 1950s to 1960s with the putative origins as lakes 

ert and Turkana (Hauser et al., 1998). Nile perch slowly colonised its new environs and 

bded in population size in the early 1980s, ecologically and socioeconomically dominating 

fisheries of these new environs (Mwanja & Mwanja, 2008). The population explosion of the 

: perch in the novel environs coincided with disappearance of over 50% of the native fish 

:ies, especially the haplochromines. For this, the Nile perch was labelled the villain (Barel et 

1985) even though stocks of a number of the native fish species had been reported to be 

ihing way before the time of Nile perch introduction (Graham, 1929). In addition, 

sphication due to increased farming activities and urbanisation around the introduced water 

es, which is also thought of as one of the causes of cichlids species disappearance, had 

idy been reported and still continued after the introduction of the Nile perch (Welcomme, 

7; Hecky, 1993). Prior to its introduction, the prospect of introducing a large predator into L. 

oria was very controversial with the proponents arguing that the Nile perch would feed on 

■datively unexploited and abundant haplochromines in the novel environs thereby creating a 

fishery for the region, whereas the opponents argued that the top predator would extirpate 

/e fish species and cause disruption of the food chain and consequently the ecology of the 

environs (Fryer, 1960). A settlement was found in the introductions trials of Nile perch into 

s Kyoga and Nabugabo to find out the effect of the introduced Nile perch on the native

21
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j,as in these two lakes, which had similar fish biodiversity to that of L. Victoria (Gee, 1964). 

tbefore the evaluation of the introduction trials, Nile perch was found in the fish catches of 

Victoria in 1960 and the authorities then decided to officially allow more introductions into the 

^(Ogutu-Ohwayo, 1993). Nile perch became the mainstay of the capture fisheries in the novel 

,irons until recently with the reported signs of collapse of Nile perch fisheries (LVFO, 2005; 

[irwa et al. 2003).

ecause of the population explosion of the Nile perch after a dormancy or staying for between 

io 30 years as minor component in the fisheries of the introduced environs is unknown 

jiifman, 1992). The successful establishment and ecological explosion of the Nile perch in the 

/ environs (Mwanja et al. 2011) creates a genetic paradox - ‘How did the Nile perch 

jfcome low genetic diversity and consequently low evolutionary potential, associated with 

roductions based on small numbers (Dlugosch and Parker, 2008) and establish its self in the 

,el environs where it did not exist before?’ Like other invasive species, the answer to this 

idox is most probably found in multiple introductions (Dlugosch and Parker, 2008) that may 

,e repeatedly augmented genetic diversity of the introduced Nile perch. Official records have 

hat only a few fish were used for the introductions (Hauser et al., 1998), however, according 

Pringle (2005) there were repeated stealthy introductions into these new environs that were 

tied out for over a decade from the early 1950s. This is further proven by the fact that even 

ore introductions trials were evaluated and concluded, the Nile perch had already found its 

into L. Victoria (Ogutu-Ohwayo, 1993).

as been hypothesized that one of the major drivers in Nile perch fishery is the changes in 

liability of prey (Ogutu-Ohwayo, 1994, Mkumbo and Ligvoet, 1992). Some life history 

racteristics of Nile perch have been found to vary with the size (Ogutu-Ohwayo, 1994), like 

type, size, and number of prey ingested in most habitats varies with the length, one of the 

/ival mechanisms of this species. It is of scientific and ecological interest to establish the 

ct of resurgence of haplochromines, the preferred prey and related cichlids on the Nile perch 

eries in the introduced environs. Chapman et al. (2003) observed that in L. Nabugabo with 

resurgence of the haplochromines, the presence of haplochromines in the diet of Nile perch 

> increased and that the Nile perch switched from a predominantly invertebrate diet to 

:ivory diet at a smaller size (5-10cm) than when the haplochromines were rare (30 cm total
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1

|i). Kishe-Machumu et al. (2012) have observed a similar pattern in the Nile perch diet of 

tiiza Gulf of L. Victoria. The key question of interest is whether the resurgence is a typical 

.predator relationship or an outcome of the impact of fishing mortality and/or environment 

<jes on the two species groups? This issue needs to be followed and studied, as to ascertain 

»al cause of native species resurgence in the novel environments.

Jier key driver in ecology of a species is its investments into its system of reproduction 

er, Shuter, and Abrahams, 2004). Reproduction in Nile perch was earlier thought to be all 

round with peaks in the rainy season (Mkumbo & Ligtvoet, 1992). Later it was found out 

4ile perch spawned over a protracted period, with each adult fish spawning once a year and 

Mile perch was a broadcast spawner (Ogutu-Ohwayo, 1994; Kitchell, Schindler, Ogutu- 

ayo, and Reinthal, 1997). But more recently Kahwa (2012) using histological techniques 

j out that indeed Nile perch was a batch spawner, spawning for a period between September 

March. The Nile perch reproductive potential has been considered not to be affected by 

ges in prey because Nile perch can adjust its size at first maturity under changing feeding 

les in a way that promotes reproductive success (Ogutu-Ohwayo, 1994).

stablish whether the ecological and life history changes noted above have evolutionary 

iquences, it’s important that we understand the population genetic structure of the Nile 

i, genetically characterize the different populations and stocks, and establish the phyletic 

onships among the different populations and subpopulations of the Nile perch species.

ivolutionary history, fossil record and taxonomic status of the Nile perch
perch belongs to the extant Lates genus that were previously considered to belong to the 

y Centropomidae (Olga, 2004; Froese., & Pauly, 2004). A cladistic analysis showed the 

tai family Centropomidae was paraphyletic whereas the new family Latidae is 

phyletic, having the genera Lates, Psammoperca and Eolates', the former family 

opomidae is now monogeneric having only one genus, Centropomus (Otero, 2004). The 

■ Lates contains both marine fish, native to the Indian and western Pacific oceans, and 

vater fish, native to rivers and lakes in Africa, with some alleged to be endemics to some 

alley lakes (Otero, 2004; Harrison, 1991). According to the latest classification the Lates 

is made up of 6 fossil and 8 extant species. The extant species include: L. niloticus, L. 

*-ifer, L. macr opthalamus, L. longispinis, L. angustifrons, L. microlepis, L. mariae and L.
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in a balance be struck between fish biodiversity conservation and Nile 
harversts that make economic sense in LVR?
ig a balanced approach to the management of Nile perch requires in-depth understanding 

evolutionary, ecological and socioeconomic aspects of this species. Critical in these 

would be the need for genetics assessment of the species past history, its introduction, 

ihment and ecological dominance of this species in the new environs. The new demands 

: defining with precision the taxonomic status of the Nile perch, stock characterization, 

cation of the best material and taxa/strains for aquaculture development and assessment of 

logical viability of the Nile perch in the LVR.

>ue in fisheries socioeconomics is whether the Nile perch fisheries should be managed as 

isource or as a controlled resource. For controlled fishing of the Nile perch will allow for 

ainable exploitation, which will maintain the species in the introduced environs balanced 

e need to protect the resurging remnant native species. On the other hand, due to the high 

atiable demand for Nile perch on the market, if its exploitation is not controlled or poorly

the last four are endemic to L. Tanganyika, whereas two species, L. albertianus and L. 

js, were found to be synonymous with L. niloticus (Otero, 2004). Fossil record has it that 

lates has been around since early Miocene to the Pleistocene eras with extensive presence 

[>m and North Eastern Africa (Elmer, 2009) and its members have also been found in 

;us areas in Europe (Otero, 2004). There is an argument that Nile perch introduction into 

K is a second home coming since Miocene fossil deposits for the genus Lates were found 

jinga Island at the entrance to the Nyanza Gulf of L. Victoria (Greenwood, 1951). This 

’nt, though, is countered by one that the current L. Victoria is a relatively new lake, just 

15,000 years old, formed due to tectonic movements and changes in hydrology, whereas 

iocene fossil deposits belonged to a totally different lake system (Leveque, 1997). 

rly there were reported early Pleistocene fossil deposits of Nile perch on the shores of both 

ssent day lakes - Albert and Edward, lakes formed only recently through tectonic 

lents and rifting of the African continent (Elmer, 2009, Otero, 2004). Zoogeographically, 

(2009) argues that the freshwater Lates is a marine immigrant known only from Africa 

such may not be a very close relative of the Lates of other regions such as L. calcarifer of 

stralian region.
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i> tiaged, the resulting immense fishing pressure will lead to the collapse of the fishery and most 

^bably allow for the full resurgence of disappeared native species as is already being reported 

/h the Nile perch declining stocks (Balirwa et al. 2003; Chapman et al. 2003). There is an 

/(ent need to strike a balance between the socioeconomic side that advocates for sustainable 

^jloitation of the Nile perch and the ecological biologists that advocate for the species 

j.-nination or Nile perch stocks reduction through increased fishing pressure in the introduced 

//irons to protect the remaining native fish species and allow for resurgence of disappeared 

jive species. The question though is whether the resurgence is a result of collapsing Nile perch 

-ficks or it is as a result of the changes in the lake environment?

sjust concluded MSI-Nile perch project by NaFIRRl, Uganda for domestication of Nile perch 

,;s led the groundwork for the species culture as an alternative for reduced wild stocks in the 

igion. However, the major undoing to the culturing of such a voracious and ecologically 

versatile species is the re-entry into the wild through escape from the production systems as it 

/s been found to happen with farmed tilapias (Mwanja & Mwanja, 2009), which may lead to 

irther catastrophic effects in the whole of East African region including the satellite water 

;odies that have acted as safe havens and natural refuggia for the native species following the 

1st Nile perch introductions (Mwanja et al, 2001).

urrently the regional Nile perch markets are haphazard and responsible for most illegal and 

nmature Nile perch fishing (Benkenstein, 2011). The three East African countries processing 

id exporting Nile perch - Kenya, Tanzania and Uganda working together with the industrial 

sh processors ought to re-invest part of the incomes from Nile perch fish trade into the fisheries 

lanagement, fisheries and aquaculture research and the proposed alternatives of increasing Nile 

erch production outlined above. Furthermore, since both the native fish species and the Nile 

erch in the LVR can only thrive in quality environment, the East African governments must 

ork to ensure good water quality and environment management for the region’s inland fishery 

1 thrive.

ound knowledge and use of evolutionary and ecological genetics are crucial in the management 

ad control of non-indigenous and invasive species (Allendorf & Lundquist, 2003). In addition, 

has been established that effective fisheries management is only possible with knowledge of 

lentifiable self-sustaining population units (Hauser & Ward, 1998). The classification of Nile
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Ji and delineation of its associated geographical ranges is fundamental to the effective 

^agement of its fishery and understanding of its role in the whole ecosystem. The traditional 

fries management system (Arlinghaus et al. 2002) though generally successful in the short 

over the long term it is problematic as it may not reveal the impact of the management 

,nes on genetic viability of stocks. Under the conventional fisheries management system the 

; perch in such a vast water body like L. Victoria is taken as one uniform and panmictic 

illation. Such an understanding ordinarily employs uniform management measures across the 

> However, results of molecular variation analyses so far question such a stand (Mwanja & 

anja, 2008). Confirming of genetic based differences in populations and subpopulations 

vs for designing of targeted management measures for the specific units and monitoring of 

tespective groupings in a more direct and focused manner.

ording to Povh et al., (2008), use of population genetics to assess biological diversity through 

etic monitoring is important in maintaining fish diversity. Introduced Nile perch, like other 

illations established by translocations, should be periodically surveyed for genetic diversity 

ds (Stockwell, Mulvey, and Vinyard, 1996) so as to enable accurate identification and 

dtoring of locally adapted populations as well guiding of actions that have to be taken to 

ntain the species genetic biodiversity.

Conclusions
: perch remains a key fisheries species in East Africa which has impacted greatly on the 

ogy, population dynamics and evolution of other species. Socioeconomically though slow 

ler Nile perch has to be managed carefully as millions of people and national economies 

:nd on it. Ecologically the Nile perch remains the most dominant but recent findings of 

rgence of a number of native species in waters where the Nile perch was introduced is 

ogically and evolutionary good news. Definition of the population structure and extant 

;tic diversity of the Nile perch is key not only in the ecological and evolutionary studies but 

le effective management of this species. Such studies are also a big complement to the efforts 

trm the Nile perch under controlled conditions.
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pulation Morphological Variation of the Nile perch (Lates niloticus, L. 1758), of East 
African Lakes and their associated waters

(hew. T. Mwanja, Vincent Muwanika, Sylvester Nyakaana, Charles Masembe, Dismas

■Abstract
this study an attempt was made to determine whether there are morphological variations 

jciated with the different geographical populations of the Nile perch of East Africa. Analyses 

the levels of morphological differentiation based on morphological characterisation and 

iiation were carried out. The study was based on 864 Nile perch individuals sampled from 25 

3'erent locations from different Lakes in the region and 5 morphological characters. Also 

lermined were the Length - Weight relationships (LWRs) and condition factor of sampled 

Je perch. The log transformed data of all sampled Nile perch were subjected to multivariate 

iilysis, using ‘PAST’ statistical software. The findings showed that peduncle form and size, of 

j the variables used in this study, contributed most to the variance. The analysis clustered the 

ile perch into two groups, which were found to be as characterised by earlier morphological 

scription of this species and most probably are representatives of two distinct taxa of Nile 

rch in the East African waters. The LWRs and condition factor conformed to the fish isometric 

>wth formula W = aLb with the value for the pooled data being W = O.6664L03264 

istence of 2 morphs agrees with earlier taxonomists who proposed that Nile perch exists in two 

pulations - a bigger shallow water dwelling morph and a smaller deep open water dwelling 

irph. This calls for identification and mapping of the 2 populations in the different waters of 

st Africa that may require application of different management regimes.



e to its high demand in the market, this fish species has been put under increased fishing 

ssure in this region, leading to a great decline in its stocks (EfD, 2008). The decline in Nile 

ch stocks is further compounded by habitat degradation, water pollution and changes in prey 

Nile perch (Ogutu-Ohwayo, 1990; Mkumbo and Ligtvoet, 1992). One way to mitigate this 

blem is to domesticate and culture this species so as to supplement the supplies from the wild 

1 reduce the pressure on the natural stocks. This study is part of a bigger project whose overall 

il is to domesticate, breed and culture the Nile perch based at ARJDC - Kajjansi, Uganda.

culture any species from the wild it is prudent that the species is characterized taxonomically, 

•logically and geographically as the first step. This enables one to define this species and to 

ermine the performance of the different taxa that are in the wild so as to aid selection of the 

it suited taxon for culturing (Liao & Haung, 2000). Earlier efforts failed to unambiguously 

ine the Nile perch in this region (Worthington, 1929, 1932; Harrison, 1991; Hauser et al. 

)8). For example what was being taken as one species - Lates niloticus, turned out to be 

isidered as two different species - Lates albertiensis and Lates macropthalamus for the Lake 

?ert Nile perch (Worthington, 1929; Worthington, 1940), and interestingly the Lake Turkana 
34

introduction
perch Lates niloticus (Linnaeus 1782) is an important commercial freshwater fish species in 

Africa. It is endemic to Lakes Albert and Turkana and was introduced into Lakes Victoria, 

oga and Nabugabo over five decades ago (Hamblyn, 1961; Gee, 1964; EAFFRO, 1967; 

jDomme, 1988; Pringle, 2005) with intention of bolstering the then failing fishery of these 

js and as a potential for sport fishing (Gee, 1969, Acere, 1985; Barlow & Lissle, 1987; 

-ieng, 1990). After its introduction, the Nile perch slowly colonised its new environs and then 

loded in the 1980s (Arunga, 1981; Okaronon et al. 1985; Goudswaard & Ligtvoet, 1988). 

; increase in Nile perch population coincided with the disappearance of close to 50% of the 

imiic fish species in the new environs and Nile perch has been labelled the villain (Barel et al. 

?5). Nile perch has established itself in the new environs and currently dominates the fishery 

hese Lakes. Despite this ecological wrath, due to the lucrative international and regional 

jkets, the Nile has boosted the economies of the three riparian countries of Lake Victoria - 

lya, Uganda and Tanzania, where most Nile perch is harvested, bringing in a hefty US $250 

lion from the international markets alone (Odongkara et al. 2009).



1.2 Study area, materials and methods
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.2.1 Study area
ile perch samples were taken from Lakes Albert in Uganda and Turkana in Kenya where the 

sh is endemic and the putative origins for the introduction of this species into Lakes Victoria, 

yoga and Nabugabo in Uganda. Lakes Albert and Turkana are rift valley lakes, with Lake 

.Ibert found on the western border of Uganda with Democratic Republic of Congo and Lake 

urkana on the north western border of Kenya with Ethiopia. Lake Victoria is the second largest 

esh water lake in the world, and is shared between three countries: Uganda (41%), Kenya (6%) 

ad Tanzania (53%). Lake Kyoga is in Central Uganda connected to both Lake Victoria and 

ake Albert by the Victoria Nile River. There are waterfalls on either side of Lake Kyoga - 

>wen Falls and Murchison Falls, which act as a buffer to the movement of adult Nile perch due 

) their size. Lake Nabugabo is a small (24 km2) satellite lake, formerly a bay on the western 

hore of Lake Victoria separated from the main lake by a sand bar more than 5,500 years ago 

Lhapman et al. 1996). It is alleged that before introduction of Nile perch from Lake Albert into

perch were taken to be two different subspecies - Lates niloticus rudolfianus and Lates 

 ficus longispinus of the riverine species Lates niloticus (Worthington, 1932; Greenwood, 

5). Later this grouping was revised to subspecies level and not species of Lates niloticus as 

specimens from Lakes Albert and Turkana were seen as intermediates and also thought to 

rbreed (Worthington, 1940). The other school of thought is that the observed differences in 

^phology of the Nile perch may be arising from the extremities of a normal population curve, 

fording to Harrison (1991) the Lake Victoria Nile perch has been and is wrongly referred to 

states niloticus, yet its taxonomic status has never been resolved. This paper is part of a bigger 

dy that is attempting to taxonomically characterise the Nile perch using a combination of both 

jrphological and molecular techniques. The paper examines the morphological variation 

■song Nile perch of East Africa and determines which morphological characteristic contributes 

ost to this variation as well as deciphering its morphological phylogenetics. In this paper, 

■suits of the analysis of the Nile perch populations and subdivisions based on measurement of 

I morphological characteristics, done using the ‘PAST’ statistical software are presented and 

jscussed.
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e Victoria, the fish were first rested and tried out in Lake Nabugabo before eventually being 
oduced into Lake Victoria (Barlow and Lissle, 1987).

.2 Sample collection
Lakes Albert, Turkana, Kyoga and Nabugabo (FIGURE 1) fish were caught using seine nets, 
.hese lakes the sampling followed different eco-zones (shallow offshore waters and the deep 
;n waters) because different Nile perch morphs are believed to inhabit different eco-zones. In 
■ce Victoria, samples were caught from 22 different geographical locations (FIGURE 2) by 
.-.tom trawls. Sampling followed transects pre-determined by hydroacoustics experts after 
asideration of a number of factors including traditional fishing grounds, history as told by the 
pl fisher folk, previous knowledge of Nile perch distribution, findings of tagging experiments, 
d the Lake topography. Trawls were done after the hydroacoustics experts on board detected 
pals indicating abundance of relatively big size fish on their computer screen. For the trawls 
p depth of sampled sites ranged from as low as 4.5m to a maximum 50.4m (TABLEI). The 
.ining of Nile perch from both deep open and shallow offshore waters and trawling from the 
!eep open waters toward the shallow offshore waters ensured that if there are differences in 
iibitat for different morphs as alleged, then all morphs would be sampled and included in the 
aalyses. A total of 864 Nile perch fish were sampled from all lakes (TABLE 1).
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RJE 3. The morphological characteristics of the Nile perch fish that were measured during 

ady including total length (TL), standard length (SL), body depth (BD), peduncle length 

nd peduncle depth (PD). In addition, the wet weight of each sampled fish was also taken, 

e of photo - FAO Fish Finder)

SL
TL



^iometric measurements and data analysis
thological characters studied included - Total Length (7 L), Standard Length (SL), Body 

h (BD), Peduncle Length (PL) and Peduncle Depth (PD) (Figure 3) , so for every sampled 
I
measurements of these characteristics were taken immediately after capture/trawl. Ratios of

i
p all other variables - SL, BD, PL and PD, and ratio of PL to PD for each sampled fish were 

ilated and also used in the analyses. The study also considered the Length - Weight 

itionships (LWRs) and the condition factor of the fish and establish whether these are 

cted or affect the morphological variation of this fish. Condition factor refers to a 

lhematical formula for determining the physiological state of a fish, including its reproductive 

acity. The heavier a fish is for a given length, the higher its condition factor (K), which is one 

..or that is considered when determining the health of a fishery. The LWRs of pooled data for 

fish were estimated using the equation W = aLb (Pauly, 1983), where W = weight of fish in 

ms, L = TL in cm, b = length exponent (slope) and a = proportionality constant (intercept), 

e ‘a’ and ‘b’ values were obtained from a linear regression of length and weight of fish. The 

relation or degree of association between length and weight (r2) was calculated from linear 

jression analysis, R = r2. The condition factor ‘K’ was determined using the equation, K = 

OW/L3. In order to standardize the data, all variables taken including SL, BD, PL and PD were 

pressed as a percentage of TL. Also since different strains of the Nile perch are thought to 

Ter in PL and PD, the ratios of these two variables were expressed as percentage and the 

ndition factor ‘K’ was determined for each sample. To ensure normality and homogenous 

riances, all values were logio - transformed before statistical analyses were performed. The 

itcomes (PL/PD%, BD/TL%, BD/SL% and ‘K’) were then used as the variables in the 

nsequent multivariate data analysis using the PAST software. Principal Component Analysis 

CA) was used to extract principal components from the four variables. The ‘PAST’ 

Alaeontology STatistical) software package was originally aimed at palaeontology but 

rrently has become popular in ecology and other fields (Hammer et al., 2001). Using PAST, 

e measured morphological characters were subjected to multivariate analysis, a tool highly 

commended for determining relationships between populations of a species (Thorpe, 1987) and 

r use in stock identification of freshwater fish and investigating taxonomical problems in 

mpatric populations (Cawdery and Ferguson, 1988). The most significant component that 

mtributed most to the variance was then used in determining the morphological phylogenetic
41
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unships of the Nile perch in the East African waters. Based on the outcome of the mixture 

■s in ‘PAST’, all data were subjected to K-means clustering to determine non-hierarchical 

—ing of all the samples into the number of groups (2) specified under the mixture analysis.

analyses the significance level considered was 0.05.

■esults
WRs of Nile perch was found to be LogioW = 0.6664 + 0.3264LogioTL, corresponding to 

O.6664L03264, indicating an isometric growth pattern. The regression coefficient for the 

■1 data was r2 = 0.9832 (FIGURE 6). The relative condition factor ranged from 0.57 to 2.28 

average for pooled data at 1.16. Principal Component Analysis of the data from the four 

ziles revealed that approximately 96.8% of the total variation was explained along two 

■onents 1 and 2, that is PD/PL% and BD/TL% respectively. With most of the variance 

ded by the component 1 - PD/PL% (73.457%) followed by BD/TL% (23.300%) then 

=L% (3.2239%) and condition factor ‘K’ (0.017%) making the smallest contribution to 

:hological variation of the Nile perch (TABLE 2). All the Eigen values for all components 

positive (Table 2) indicating all used variables have some effect on the morphological 

iion of the Nile perch with the most significant contribution from the variable percentage 

PD/PL (Figure 5). When subjected to mixture analysis, the fish clustered into two groups 

ire 4). From the K-means clustering, the majority of the individuals (583) belonged to one 

3, that is, cluster 1 and the rest (281) belonged to the other group, that is, cluster 2. The 

are analysis curve (Figure 4) for all data pooled together showed two major groupings. The 

hbour-Joining clustering using Euclidean similarity measure generated by ‘PAST’ using the 

-transformed data from the principal component 1 also revealed two clades.
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GURE 5. Scores of the first two most significant principal components in this study, 

imponent 1 represents the PD/PL percentage ratio whereas Component 2 represents the BD/TL 

rcentage ratio.
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1

satellite DNA analyses reveal population subdivision among the recently introduced 
Nile perch (Lates spp. L.1758) of Lake Victoria

—w. T. Mwanja; Vincent Muwanika; Charles Masembe, Justus Rutaisire, Wilson. W.

a and Silvester Nyakaana.

zjstract
erch introduced into Lake Victoria only over five decades ago has become the leading 

 in the East African region with significant socioeconomic and ecological importance.

edge of Nile perch population structure in such a vast lake with high micro-geographical 

ion that creates a potential for genetic differentiation is important in the effective 

gement of the species. In this study, microsatellite DNA variability was used to assess the 

ic diversity and define the population structure of the Nile perch collected from 22 different 

aphical locations within Lake Victoria. A total sample of 432 individuals were genotyped 

iiicrosatellite loci. Analyses of the multilocus microsatellite genotypes revealed that genetic 

sity of Nile perch of Lake Victoria is relatively high (//f = 0.68). They also reveal shallow 

ignificant genetic differentiation (Fsr ~ 0.029; P<0.05) within the lake. STRUCTURE 

ited that Nile perch of Lake Victoria was made up of two (K=2) populations. These results 

uprising given that Nile perch was only recently introduced in the lake and is known to be 

itory by nature. We interpret these results in light of the multiple introductions from two 

ent source populations, which could have been from two different source subspecies of Nile 

and discuss the implications of these results for the region’s fisheries management.



reduction
le perch is an important food fish that currently dominates the fisheries of three East 

—i countries riparian to Lake Victoria - Uganda, Kenya and Tanzania despite the former 

-ving a vast coastline with a very high potential for marine fisheries production (Mwanja et

1). Nile perch, caught mostly from Lake Victoria, forexport to the international markets, 

in a hefty USD $250 million returns annually to the three economies with even much 

-evenues accruing from local and regional markets (Odongkara et al. 2009).

erch is not native to Lake Victoria; it was introduced into the lake beginning in the mid 

(Mwanja & Mwanja, 2008). Before the introductions of none-native fish species, Lake 

ria’s ecology had high levels of fish faunal biodiversity, with over 500 fish species, of 

■ 90% were cichlids (genus haplochromis) (Graham, 1929; Witte et al. 1992). In East 

a, Nile perch are native to Lakes Albert and Turkana (Worthington and Ricardo, 1936), 

n are the putative origins of introductions into lakes Victoria, Kyoga and Nabugabo (Ogutu- 

ayo, 1993; Hauser 1998). Nile perch and four exotic tilapias (originally not found in the 

including Oreochromis niloticus, O. leucostictus, Tilapia zillii, and T. rendalli were 

duced into Lake Victoria beginning in the 1950s for purposes of bolstering then failing 

ry of the Lake and for the possible use of Nile perch as a sport fishery on the vast Lake 

tu-Ohwayo, 1993). Nile perch were first introduced into Lakes Kyoga and Nabugabo, 

hi had similar fauna like Lake Victoria for trial purposes before introduction into Lake 

>ria (Gee, 1964). But before the trials were concluded Nile perch had found its way into the 

and subsequently the then authorities ordered for more Nile perch introductions into Lake 

>ria in early 1960s (Ogutu-Ohwayo, 1993). For this purpose, about 400 Nile perch fish 

iduals were used for the introductions into Lake Victoria in the early 1960s (Gee, 1969; 

er et al. 1998).

perch slowly colonised its new habitat for the first 20 years and then exploded in the 1980s 

aga, 1981; Okaronon et al. 1985; Goudswaard & Ligtvoet, 1988), currently has a Lake-wide 

bution and dominates the fishery of the lake. The Nile perch together with Nile tilapia 

ochromis niloticus) the other introduced species and mukene (Rastrineobola argentea), 

the major commercial fisheries of Lake Victoria (Taabu et al. 2010). In the novel environs, 

■Jile perch genetics and distribution may have been affected by factors such as the vast size 

e lake, microgeographic variation within the Lake, the mode of colonisation, extension of
55
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.crdsatellite markers are highly polymorphic with codominant inheritance (Chistiakov et al. 

06). Their polymorphism has enabled revelation of adequate information for effective 

inagement of fish stocks (Alam & Islam, 2005). The hypervariability of microsatellites makes

sit range by the Nile perch to cover the whole Lake, prey distribution and abundance and 

=ler effects due to small numbers used for the introductions. These factors could have 

=ted Nile perch’s genetic variation causing possible population structuring and genetic 

=rentiation within a seemingly uniform lake without physical barriers to fish dispersal 

_anja & Mwanja, 2008).

-er attempts to define the population structure of Nile perch in Lake Victoria by Huaser et al. 

~8) and Mwanja & Mwanja, (2008) indicated that the species was genetically differentiated, 

:he markers they employed were limited in power to completely define the species genetic 

jlation structure in the lake. Similarly Bwathondi (1985) suspected population structuring of 

-■ perch in Lake Victoria, just as was alleged to be occurring in the native environs by earlier 

Jutionary ecologists (Worthington & Ricardo, 1936; Gee, 1969; Ribbink, 1987; Harrison, 

21). These ecologists believed Nile perch in its native environs, lakes Albert and Turkana, 

-e structured into two different populations, one a smaller morph, deep open water dwelling 

j the other a bigger morph, shallow water, inshore dweller (Worthington & Ricardo, 1936;

1969; Ribbink, 1987; Harrison, 1991). Unfortunately to date there is no systematic study 

1 has definitely clarified the population structure of the Nile perch in Lake Victoria yet this is 

portant for the effective management of the region’s fisheries considering that the lake is not 

!y extensive in area, but also shared and managed by three different riparian countries.

h genetic resources can be exploited sustainably only when the fishery stocks are defined 

merjee et al. 2008, Carvalho & Hauser, 1994) and the first step to conserve, manage and 

;tainably exploit genetically divergent stocks of fish species is to identify such stocks 

llington, 2003). Population genetic analysis is a useful tool in fisheries management with a 

mber of applications including ability to determine whether a fishery is panmictic or is 

nposed of different subunits/stocks, the spatial distribution of genetic variation, elimination of 

luence of environment that affects meristic and morphometric characters, genetic stock 

mtification, studying impacts of fish introductions, genetic marking, forensics and population 

ibility analysis (Shaklee & Bentzen, 1998; Utter, 2003).
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lis study, we assessed the microsatellite variability within Nile perch populations, the extent 

-iierarchical genetic differentiation at intrapopulation, regional, and whole-species levels, and 

comparison of genetic relationships with geographical relationships among populations in 

,e Victoria. We also discuss how the outcomes can be used to design better management 

mes for the sustainable exploitation of the Nile perch fishery, to stem its decline and the 

dieted population crash (Lowe-McConnell, 1994) and devise ways for possible turn round for 

: fishery.

especially useful for recently isolated populations and detection of fine-scale genetic 

—entiation (van Oppen et al. 1997). Microsatellite DNA variations reveal the amount of 

lie diversity, which is expected to decrease during rapid population size reductions (genetic 

enecks) common with invasive species introductions, and increase when the primary 

—duction expands and establishes a population in the new environs (Rollins et al. 2009). The 

perch introduced just over five decades ago, using about 400 individuals slowly colonised 

Movel environments and later exploded its population with a Lake-wide distribution. This kind 

-oecies suits the above category of invasive species and its genetic diversity can be best 

~ored using the microsatellite DNA markers.

.1 Study area
;e Victoria (Figure 1) with a highly indented shoreline of 3,440 Km and many isles has a 
face area of 68,800 Km2, making it Africa’s largest lake by area, the largest tropical lake and 

second largest freshwater lake in the world (Kendall, 1969). It is situated between longitude 

40’ E to 34° 50’ E and latitude 3° 40’ S and 0° 30’ N. The lake is shared by three riparian 

ntries in the following order, Tanzania (51%), Uganda (43%), and Kenya (6%). Its average 

>th is 40m and maximum depth 84m. The lakes fish fauna previously included mostly cichlid 

les as the endemic species (Graham, 1929). Nile perch introduced into the lake only over five 

ades ago currently dominates the fishery of Lake Victoria with a Lake-wide distribution, 

urring in almost every habitat (Witte et al. 1992).
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^Sampling

—file perch samples

2.4 Microsatellite DNA Analysis
icrosatellite markers originally developed for sister species Lates calcarifer were used for the 

iplification and identification of polymorphic products in the Nile perch. Thirty seven different 

crosatellite loci developed for Lates calcarifer (Zhu et al. 2006a, 2006b; Genhua Yue et al. 

01) were screened and optimised for use on the Nile perch, only nine were found to be

?.3 DNA extraction
tai genomic DNA was extracted using the Dneasy1M tissue kit (QIAGEN) according to the 

nufacturer’s instructions. The DNA extracts were dissolved in 300 p.1 of elution buffer and 

red at -20°C. To test for success of the DNA extracts, 4p.l of the total genomic DNA was 

ctrophoresed on 2 % agarose gel stained with Ethidium bromide (EtBr) and then visualized 

der ultra violet (u.v) light for clear DNA bands.

were taken from 22 different locations within Lake Victoria, whose map 

he different locations and the numbers of individuals taken from each location are shown in 

Jq 1. These locations were chosen following clearly identified stocks as defined by the 

^■acoustics preliminary findings during bi-annual hydroacoustic and environmental surveys 

_i(d out from 2000 to 2006 by Lake Victoria Fisheries Organisation (Taabu et al. 2010). 

—t'ries hydroacoustics involves estimation of biomass and abundance of pelagic fish by 

^mining parameters of the pelagic fish stocks using transmitted sound. The parameters 

_,ide initial data for forecast models to estimate fish size, location, age, abundance and 

B)gically sustainable catch quantities (Taylor & Maxwell, 2007). The transects/routes 

owed by the vessel we used, were determined after considering several factors such as 

jtional fishing grounds of the Nile perch, previous knowledge of Nile perch distribution, 

yious tagging studies and the lake’s topography (Tumwebaze & Getabu, 1999). Stocks and 

;ir locations were delimited using prior hydro-acoustics data. The fish were caught using 
iom trawling technique following the hydro acoustics signals. Fin clips 2-4 cm2 were taken 

;m each sampled Nile perch fish stored in a separate vial of 5 cm2, filled with absolute ethanol, 

iich was drained off one hour later and refilled. On board samples were kept at ambient 

iperature and in the laboratory before DNA extraction at -80°C.
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4.3.1 Genetic diversity. This was assessed by evaluating of Hardy-Weinberg (H-W) 

expectations, linkage disequilibrium, inbreeding coefficients, total number of alleles per locus, 

heterozygosity both expected and observed and the allelic richness per locus per sample. The 

GENEPOP 4.0 software package (Rousset, 2008) was used to test for deviations of genotypic 

distributions from H-W (exact tests; Guo & Thompson, 1992), linkage disequilibria (LD), and 

for estimating inbreeding coefficients Fis- The program CONVERT 1.3.1 (Glaubitz, 2004) was 

used to calculate allele frequencies. ARLEQUIN 3.5 (Excoffier and Lischer, 2010) was used for 

estimation of the observed (Hq) and expected (He) heterozygosities. The software FSTAT 

2.9.3.2 (Goudet, 2001) was used to estimate number of alleles (A) at each locus of each sample 

and the allelic richness per locus per sample (AR), which represents the number of alleles 

independent of sample size (Mousadik & Petit, 1996).

4.3.2 Genetic structure. ARLEQUIN 3.5 (Excoffier & Lischer, 2010) was used to test for 

heterozygosity excess and deficiency (exact tests), to determine allele frequency divergence and 

to calculate Analysis of Molecular Variance (AMOVA). AMOVA was used to partition genetic

4.3 Data Analysis
The software MICRO-CHECKER 2.2.1 (van Oosterhout et al. 2004) was used for identifying 

possible genotyping errors (i.e. stuttering, large allele dropout and null-alleles) within the 

microsatellite data set by performing 1000 randomizations.

polymorphic. These nine that were used include Lca70, Lca74, Lca98, Leal47, Leal65, Lcal71, 

Lcal85, Lcal93 and LcaMOl. Amplification of each sample was performed in 20 pl reaction 

mixture containing 1X PCR buffer, 1.15 mM MgCl2, 1 mM dNTP for both forward and reverse 

primers, 0.08 U Taq DNA polymerase and 50ng template genomic DNA. Amplifications were 

carried out in an Eppendorf master cycler under the following conditions that involved 

Touchdown (TD) PCR. TD protocol consisted of 1 cycle at 94 °C for 5 min, 1 cycle of 94 °C for 

30 s, 65 °C for 30 s, and 72 °C for 30 s, followed by 9 cycles reducing the annealing temperature 

from 65 °C to 55 °C at 1 °C steps for each cycle, and finally 35 cycles of 94 °C for 30 s, 55 °C 

for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for 5 min. Samples were genotyped by 

BioScience (UK), on an ABI 3730 (Applied Biosystems) using GS-500 (Liz) in each capillary as 

a size standard. Allele sizes were estimated on GeneMapper version 3.7 (Applied Biosystems).
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4.4.1 Microsatellite DNA polymorphisms
Out of the 37 microsatellite loci screened, 30 (81.08%) were successfully amplified, but only 9 

were found to be polymorphic and therefore usable on the Nile perch. Their primer sequences, 

number of alleles, allele sizes and references are listed in Table 1.

variance hierarchically within and among populations using F-statistics (Weir & Cockerham, 

984). For AMOVA the populations were grouped according to geographical distribution into 

Uganda, Kenya and Tanzania populations. The significance of the genetic structure generated 

rom AMOVA was tested by comparing observed values to null distribution generated by 

Permutation using 10,000 replicates. The genetic relationships among samples were visualised 

oy multidimensional scaling (MDS) of Fsr values using the program PAST version 2.13 

(Hammer et al. 2001). Populations were ordinated according to the first and second axes.

To further analyse the Lake Victoria Nile perch genetic structure, we used the Bayesian based 

model-clustering in the program STRUCTURE 2.3.1 (Falush et al. 2003), which involved 

conducting genotypic population assignment (MCMC = 10,000 generations; bumin = 10,000; 

and iterations = 20). To infer the genetic groups sampled we analysed the results of 

STRUCTURE using AK method (Evanno et al. 2005). We used the admixture model with 

correlated allele frequencies, 20 replicates and set the number of genetic groups from K = 1 to K 

= 25 for each level of analysis. The modal value of AK was taken as the indicator of ancestral 

population clusters or genetic groups (Evanno et al. 2005). For calculating AK we used median 

rather than mean likelihoods to minimise the effects of outlier runs. After determining the 

number of genetic groups (the chosen K value), each sampled individual Nile perch was assigned 

to one of the groups according to the highest ancestry proportion assigned by STRUCTURE.
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\.4.2 Genetic diversity. Genotypic distribution at all loci showed significant deviation from 

[1-W (heterozygosity excess) in a few populations, in 21 out of the 198 tests (Table 2). At locus 

,ca70 in MT and UKT, Leal 65 in BBU, KT, MT, RCU, and UST, Lca98 in RCU, SCU and 

IJST, Lcal47 in MIK, MWU, SAK, SCU,UKT and WIT, Leal85 in AUT, MWU and UST, 

.cal85 in AUT, Lcal93 in UST, Lcal71 in WIT, Lca74 in MT, LcaMOl in AUT (Table 2). All 

hese outcomes were due to heterozygosity deficiency. The global test for all locus and all 

populations was significant (P=0.000, S.E=0.000). MICRO-CHECKER software revealed 

possible existence of null alleles for 6 loci but in 11 out of the 22 populations. These included 

Lcal47 in UKT, SAK, MWU and UST, Leal93 in UST and MT, Leal65 in UST, RCU, MIK, 

KT and BBU, Leal 85 in UST, Lca98 in EPT and AUT, LcaMOl in AUT. In all these cases there 

were, fewer heterozygotes than expected, we therefore adjusted for null allele homozygotes 

following van Oosterhout et al. (2004) on a locus by locus basis coding them as missing data 

based on adjusted genotypes by MICRO-CHECKER. However, we did not find any evidence of 

stuttering or big allele dropout affecting our results, for when we used the adjusted genotypes to 

calculate test statistics and compared to the original values the overall results did not change. 

Examination of LD using Fisher’s exact test showed no disequilibrium in these loci. Therefore 

all the 9 loci were included in all analyses. A total of 161 alleles were detected at the 9 loci 

across the 22 data sets among the 432 individuals. The number of alleles per microsatellite locus 

within samples varied from 2 at loci Lca70 and Lcal47 to 17 at locus Leal65 (Table 2). Locus 

Lcal65 was most polymorphic with a total of 30 alleles, while Lca70 was least variable with a 

total of 12 alleles. Allelic richness (AR) per locus and sample varied from 1.46 at locus Lea 147 

in RUT to 7.41 at locus Lcal71 in SGU, (Table 2). The average AR over all loci for the different 

populations ranged from 3.65 for population KGU to 4.78 for population MT. Average observed 

heterozygosities, Ho, varied from 0.07 in AUT at LcaMOl to 1.00 in RUT and RPT at locus 

Leal 71 and in KIT at locus Lca98 and average expected heterozygosities, He, varied from 0.10 

in RUT at locus Lcal47 to 0.93 in MT at locus Leal65 (Table 2). The average He over all loci 

for the different populations ranged from 0.64 for populations BSU, MWU and RUT to 0.76 for 

population MT. The highest level of genetic diversity was detected in population MT (AR = 

4.78, He = 0.76). The He over all samples was 0.68 and the Hoover all samples was 0.64 (Table 

3), indicating a general deficiency in heterozygosity.
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II

1.3 Population structure. Pairwise F$r estimates for all loci ranged from -0.00045 (between 

KT and UST) to 0.0754 (between KT and WIT). Out of 231 pairwise comparisons 131 

6.71%) FSt values were significant (P < 0.05). The global tests for genic and genotypic 
fferentiation for all populations across all loci were all significant (X2 = infinity, df = 18) with 

obal FSt = 0.029. When samples were pooled into three different groups according the region 

r country waters of the lake from which they were sampled, results of AMOVA analysis 

jdicated that there was no genetic clustering according to the different regions - Kenya, 

anzania and Uganda, with 0.07% of the genetic variation attributed to among groups (P = 0.33). 

here was slight indication of genetic differentiation among populations within the groups (JP = 

.00) with 2.34% of the genetic variation, and 95.83% of the genetic variation attributed to 

yithin individuals (P = 0.00) (Table 4). Likewise, the derived stimulus Euclidean distance 

nodel for quick analysis using Fsr in a MDS procedure, which shows related samples together 

nd differentiated ones apart, its plot based on pairwise Fsr values among all samples did not 

ndicate any regional clustering (Figure 2). Some populations that are geographically far from 

:ach other and different regions of the Lake such as KIU in Uganda and EPT in Tanzania, RCU 

n Uganda and RUT in Tanzania, EPT and SAK in Kenya (Figure 1) were indicated as 

genetically near each other and clustered together (Figure 2), indicating absence of regional 

structuring of Nile perch populations in Lake Victoria. The MDS plot also indicates that the most 

related were RUT in Tanzania and RCU in Uganda, farthest from each other on the plot and 

therefore least related were KIT & UKT both in Tanzania, though not the most geographically 

separated. The two principal axes together explained 69.18% of the total genetic variation. The 

first principal axis explained 51.77% of the variance among populations and the second axis 

accounted for 17.41% of the variance. The median maximum likelihood (ML) of the data given 

a modal estimate of K = 1-25 populations is shown in Figure 3. The AX' Bayesian clustering 

analysis following the procedure of Evanno et al. (2005) indicates that a K = 2 model best fits the 

data (AX = 26.98 for X = 2, AX < 5.88 for all other X values). This suggests that the Nile perch 

of Lake Victoria clusters into two genetic groups. According to the highest ancestry proportion 

assigned by STRUCTURE, one group was more dominant (Figure 4) in the catch than the other, 

with one cluster assigned 259 and the other 173 individuals. All geographical populations had 

both individuals from both genetic groupings.
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Mble 3: Summary descriptive statistics of microsatellite data for the samples from the different 

■^graphical locations of L. Victoria showing sample size (TV), mean number of alleles (A), 

pected heterozygosity (He), observed heterozygosity (Ho), mean allelic size range (AS), Garza- 

illiamson index (AT).

LUT 
MIK 
MT___
4WU 
KCU 
KPT. 
KUT 
SAK 
SCU 
SGU 
JKT 
JST 
VIT
Overall

A__
5.33
5.56
5.78
5.89
6.11
4.89
6.56
5.56
8.11
6.22
6.11
6.44
5.78
6.56
6.22
5.89
7.00
6.22
6.11
7.00
7.33
6.89
6.25

AS
18.33
15.78
20.11
16.44
16.89
17.33
19.56
19.67
17.56
12.67
19.67
25.11
15.44
21.44
21.22
15.78
22.11
19.89
12.22
22.11
21.44
24.22
18.86

M 
0.48 
0.51 
0.44 
0.56 
0.52 
0.51 
0.54 
0.48 
0.63 
0.64 
0.48 
0.40 
0.57 
0.43 
0.38 
0.57 
0.44 
0.51 
0.61 
0.45 
0.45 
0.44 
0.50

zopulation
~UT
ZBU

SU
PT

-GU
-.IT
=ju

Statistics
N_____
19 ____
20 ____
20____
20 ____
21 ____
15 ____
20____
20____
24____
26____
20____
16 ____
20____
16____
22 ____
19 ____
20 ____
20 ____
12____
21 ____
21
20____
432

Hp 
0.51 
0.67 
0.65 
0.62 
0.69 
0.74 
0.74 
0.68 
0.71 
0.69 
0.66 
0.55 
0.59 
0.61 
0.73 
0.65 
0.66 
0.65 
0.64 
0.63 
0.62 
0.48 
0.64

He 
0.67 
0.65 
0.64 
0.65 
0.67 
0.67 
0.70 
0.66 
0.71 
0.67 
0.71 
0.76 
0.64 
0.70 
0.67 
0.64 
0.71 
0.71 
0.69 
0.71 
0.73 
0.67 
0.68
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^uattro 1992).

Source of variation df SS F-statistics P

410 471.332 0.02040 1.76 FIS = 0.0181 0.1139

432 479.000 1.10880 95.83 Fit = 0.0417 0.0020
Total 863 997.123 1.15703 100
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able 4: Analysis of molecular variance by distance method using number different of alleles 
^st) for the Nile perch microsatellite data (Wier & Cockerham, 1984; Excoffier, Smouse, and

Among groups
Among populations 
>vithin groups_____
Among individuals 
within populations 
Within individuals

2
19

4.809
41.981

Fct — 0.0007
Fsc = 0.0234

0.3294
0.0000

Variance 
components 
0.00081 
0.02702

% 
variation 
0.07 
2.34
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Figure 2: Multidimensional scaling plot of pairwise Fst values among samples of Nile perch 

collected from 22 different geographical locations within Lake Victoria. Each point represents a 

geographical population serially numbered as follows: AUT-1, BBU-2, BSU-3, EPT-4, IT-5, 

KGU-6, KIT-7, KIU-8, KT-9, LUT-10, MIK-11, MT-12, MWU-13, RCU-14, RPT-15, RUT-16, 

SAK-17, SCU-18, SGU-19, UKT-20, UST-21, WIT-22.
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Figure 3: AK values (a measure of the rate of change in the structure likelihood function) as a 
function of K, the number of putative genetic groupings of the Nile perch in Lake Victoria, K=2.
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4.5.2 Population structure
Identification of management units is very important to the effective management of wild 

resources and is crucial to monitoring anthropologic effects on the species abundance (Darwall, 

2005; Ferguson, 2004). The lack of biological information to delineate appropriate management 

units hinders the effective management of a fishery especially one like the Nile perch fishery 

whose yields are said to be declining and facing intense fishing pressure (Taabu, 2010; EfD, 

2008; Witte et al. 2007). In this study our main purpose was to detect genetic variation and its

4.5.1 Genetic diversity
The Nile perch, having been introduced into Lake Victoria only five decades back and using a 

small founding population, its genetic diversity is expected to be low due to founder effects and 

population bottlenecks characterised by reduced heterozygosity, loss of rare alleles, genetic drift 

and selection processes (Allendorf and Lundquist, 2003; Dlugosch & Parker, 2008). However, 

the findings in this study are not consistent with this expectation. In this study the findings 

indicated that Nile perch had relatively high genetic diversity. Significant heterogeneity was 

found among the collections of Nile perch from the different geographical locations of the vast 

Lake Victoria. The microsatellite markers used were all polymorphic with an average allele 

number alleles/locus across all data sets comparable to the average found in freshwater fishes 

■DeWoody & Avise, 2000) suggesting that there is substantial genetic diversity within the Nile 

perch. The overall gene diversity as measured by expected heterozygosity (He) of the Nile perch 

of Lake Victoria was also above average when compared to other freshwater fishes (0.62, 

averaged from 105 species) (Mccusker & Bentzen, 2010), further confirming that there is 

relatively high genetic diversity among the Nile perch of Lake Victoria. This relatively high 

genetic diversity is most probably attributed to stealth repeated introductions of the Nile perch 

into the lake (Pringle, 2005). Multiple introductions are known to augment genetic diversity of 

invasive species (Darling et al, 2008; Dlugosch & Parker, 2007) and thereby aiding there 

establishment. In addition the versatile and migratory nature of the Nile perch (Mkumbo and 

Ligtvoet, 1992), the then abundant prey, with the preferred prey species being the originally 

abundant cichlids (Graham, 1929; Gee, 1969) and the species high fecundity may have 

contributed to the species successful establishment and its ecological dominance.
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?h two underlying genetic groupings detected in the Nile perch with all sampled populations 

saving both groupings in differing proportions most probably is an indicator that Nile perch is 

tructured into two distinct genetic groupings. These findings are consistent with our earlier 

norphology findings (Mwanja et al. 2011) and those other ecological biologists who suggested 

zxistence of two populations in the putative origins of the Nile perch - Lakes Turkana and Albert 

Harrison, 1991; Gee, 1969; Worthington & Ricardo, 1936) and Bwathondi (1985) who 

inspected formation of two underlying populations of Nile perch in Lake Victoria. After the 

ssignment of individuals to the two groups we found that one of the two genetic groups had 

□ore individuals making it more dominant than the other, which is consistent with our earlier 

■ile perch morphology studies (Mwanja et al. 2011). These findings suggest that most probably 

=vo taxa of Nile perch became established in Lake Victoria after its introduction. Most probably 

□e Nile perch exists as two sub-species in Lake Victoria, taxa that require mapping and further

Jistribution in a bid to definitely define the population structure of the Nile perch fish of Lake 

Victoria. We found significant genetic differentiation among the Nile perch populations of Lake 

/ictoria, which is consistent with that reported in previous studies (Hauser et al. 1998; Mwanja 

fc Mwanja, 2008). The observation of genetic heterogeneity among Nile perch in Lake Victoria 

suggests existence of independent sub-populations of Nile perch with limited genetic exchange, 

fhe existence of relatively high levels of genetic diversity and the indication of genetic 

Jifferentiation among the Nile perch of Lake Victoria are interesting as well as perplexing 

indings. For Nile perch has only had limited time for isolation in its novel environs, having been 

ntroduced only over five decades back (Mwanja & Mwanja, 2008). In addition, Nile perch was 

ntroduced using small numbers (Hauser et al. 1998) that slowly colonised and exploded into a 

ery .large population (Ogutu-Ohwayo, 1994) that may not be very sensitive to genetic drift 

DeWoody & Avise, 2000). This further compounded by the very high fecundities of the Nile 

i'erch of several millions of eggs per female spawn in the open waters (Ogutu-Ohwayo, 1994), 

he migratory nature of this species (Mkumbo & Ligtvoet, 1992) and the long range dispersal 

ypical of large pelagic fishes (Waples, 1998), factors work against population structuring. The 

ause of the population structuring of the Nile perch of Lake Victoria may be more of cryptic 

[rocesses such as water mixing/circulation patterns, prey distribution patterns and the heightened 

iuman exploitation rather than physical barriers for Lake Victoria is largely open (Kendall, 

1969).
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studying to determine whether they are following same or different trends of population 

structuring and would require separate management regimes.

4.6 Implications for fisheries management
In most cases fisheries managers would require hard stock boundaries or stock boundaries that 

are concordant with pre-existing fisheries jurisdictions (Broderick, et al. 2011), which is hard to 

achieve in vast open waters such as Lake Victoria with especially a migratory species like Nile 

perch (Mkumbo & Ligtvoet, 1992). From the findings of this study there is no regional 

population subdivision of the Nile perch or partitioning according to state jurisdictions. 

Therefore the most efficient and sustainable way to manage the Nile perch fishery of Lake 

Victoria is to do it cooperatively. A coordinated management of the fishery by the three riparian 

countries is best way to sustainably exploit the Nile perch fishery of this lake. Nile perch in Lake 

Victoria is genetically differentiated and most probably belongs to two subspecies, which calls 

for urgent mapping of the different subspecies and stocks and design appropriate management 

regimes for the fishery in Lake Victoria. The genetic diversity of Nile perch in Lake Victoria is 

relatively high to support sustainable exploitation. But there is need to routinely genetically 

monitor the Nile perch and other species (endangered prey) to follow their genetic diversity 

trends for the sustainable exploitation of the Nile perch and conservation of the native fishery of 

Lake Victoria.
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Genetic evidence of successful establishment of the Nile perch (Lates spp. L.) in East 
African lakes and implications for management

Matthew Tenywa Mwanja, Sylvester Nyakaana, Vincent Muwanika, Charles Masembe and

Wilson Waiswa Mwanja

5.0 Abstract
Nile perch establishment in novel ranges in East Africa is one of the most successful freshwater 

invasion stories in the recent history. It became ecologically dominant and well established in 

several lakes in the Lake Victoria Region in a period of less than 5 decades. Genetic diversity of 

both introduced and native populations were assessed and patterns compared in order to establish the 

genetic consequences of their introductions. Genetic variation was surveyed at both the 

mitochondrial control region (CR) and at nine microsatellite loci. A total of 527 Nile perch fish 

were sampled from 5 East African lakes: native source populations were examined from lakes 

Albert and Turkana while introduced populations were sampled from lakes Kyoga, Nabugabo 

and Victoria. Both types of markers revealed higher average genetic diversity for invasive 

species {He = 0.70, h = 0.81) than for native source populations {He — 0.66, h = 0.69). Both 

populations scored relatively higher than the average for freshwater fishes {He — 0.62). Both 

native and introduced populations had 2 underlying genetic groupings in similar proportions as 

revealed by the STRUCTURE program. The high genetic diversity was most probably a 

consequence of higher numbers of propagules than outlined by official records of introductions. 

Use of high number of individuals at stocking is probably the reason for apparently minimized 

‘founder effects’ of Nile perch in the introduced ranges. The two underling populations revealed 

through genetic analysis may be representatives of the two subspecies of Nile perch previously 

reported in other studies. Implications to the management of this fishery in the East African 

region is that with the relatively high genetic diversity, the species could be sustainably exploited 

if it were effectively managed. In addition, further studies of the life histories and other attributes 

of the two genetic groupings of Nile perch in the region are recommended, as they may require 

different management plans.
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Official introductions were reported to be done using small numbers totalling to 382, 295 and 

; 585 individuals for introductions into lakes Victoria, Nabugabo and Kyoga respectively (Hauser 
let al. 1998). These fish were intended to bolster the then failing fisheries in the non-native 

ranges of Nile perch, and for possible use as a sport fishery (Ogutu-Ohwayo, 1994). Nile perch 

slowly colonised its new habitat for the first 20 to 30 years and then its population exploded in

Lake Albert was said to contain two perch species, namely Lates niloticus and Lates 

macrophthalamus (Holden, 1967). Welcomme (1967), who considered the two as sub-species 

rather than species, presumed that the two sub-species were introduced together into Lake 

Victoria either accidentally or intentionally. In addition, some introductions are said to have 

been from the Lake Turkana, which is said to have a sub-species of L. niloticus, i.e. Lates 

niloticus longispinus (Greenwood, 1976). The putative origins of Nile perch were reported to be 

composed of two characteristic populations; one having a smaller body form and found dwelling 

in deep open waters while the other population have a deeper bodied morph and inhabit inshore 

and shallow waters (Harrison, 1991; Holden, 1967; Worthington & Ricardo, 1936). This 

population structuring has also been suspected to be occurring in the introduced ranges 

(Bwathondi 1985); and is being questioned if it may signify different taxa of the Nile perch.

5.1 Introduction
Genetic characteristics of invasive species are important in their successful establishment and 

range expansion (Lee, 2002). Explanation of the importance of evolutionary and genetic 

processes during establishment of invasive fish species has received little consideration with 

most research focused on the victims of translocations, i.e. the native fish species (Hanfling, 

2007). From the evolutionary and genetics perspectives, the potential for a species to adapt to a 

novel or changing environment depends on the quantity of genetic variability of the species 

(Lavergne & Molofsky, 2007). Yet introduced species are expected to undergo loss of genetic 

diversity during introduction and establishment due to the founder effect caused by genetic drift 

resulting from small number introductions, which greatly lowers the adaptability of the 

population in novel habitats (Dlugosch & Parker, 2008). In East Africa Nile perch {Lates spp.) 

occurs naturally in Lake Albert and the White Nile River in Uganda, and in Lake Turkana in 

Kenya. It was introduced into lakes Kyoga and Nabugabo from Lake Albert and into Lake 

Victoria from lakes Albert and Turkana (Mwanja & Mwanja, 2008).
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5.2.1 Study area
Nile perch samples were taken from five lakes - Victoria, Kyoga and Nabugabo in Uganda, the 

introduced environs; and from their native ranges of Lake Albert in Uganda and Lake Turkana in 

Kenya. Lakes Albert and Turkana are considered as the putative origins for the introduction of 

Nile perch into the novel ranges (Figure 1). Lakes Albert and Turkana are rift valley lakes, with 

Lake Albert found on the western border of Uganda with the Democratic Republic of Congo 

forming part of the Nile system while Lake Turkana is on the north western border of Kenya 

with Ethiopia (Figure 1). Lake Turkana is said to have had a connection with the River Nile for 

more than once during the wet periods of the Pleistocene, with the most recent connection 

occurring approx. 7,000 ago (Dgebuadze et al. 1994). Lake Kyoga is located in Central Uganda 

and connected to both Lake Victoria (the second largest fresh water lake in the world with varied 

habitat types and ranges) and Lake Albert by the Victoria Nile River. There are a number of 

areas'with rapids which culminate into spectacular waterfalls on either side of Lake Kyoga along 

Victoria Nile River, the Owen Falls and Murchison Falls. The rapids and falls act as 

impediments to the free movement of fish such as Nile perch between two watersheds. Lake 

Nabugabo is a relatively smaller lake (24 km2) commonly classified as a satellite lake to Lake

Both introduced and the putative source populations were examined for genetic variation in the 

mitochondrial CR and at nine microsatellite loci. Comparison of the patterns of genetic diversity 

of these populations was necessary to understand the mode and mechanism of the species’ 

successful establishment. It also gave insight into the relationships of the different Nile perch 

taxa in both introduced and native ranges. Genetic diversity patterns of the species were also 

compared to other freshwater exploited species to determine how the species has been affected 

by the reported overfishing and to recommend how the species may be effectively managed to 

best conserve its genetic integrity in the region.

the 1980s (Mwanja & Mwanja, 2008). The cause of the population explosion of the Nile perch 

after staying for the lag time as a minor component in the fisheries of the introduced 

environments is unknown. The successfully establishment of the Nile perch and extension of its 

geographical range to cover all the new introduced ranges, despite the expected loss of genetic 

variation due to founder effects, creates a genetic paradox (Mwanja & Mwanja, 2008).
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Victoria. Lake Nabugabo was formerly a bay on the western shore of Lake Victoria which was 

separated from the main lake by a sand bar more than 5,500 years ago (Chapman et al. 1996). It 

is alleged that Nile perch from Lake Albert were first held and tried out in Lake Nabugabo 

before eventually being introduced into Lake Victoria (Barlow & Lissle, 1987).

5.2.3 Mitochodrial DNA Sequence Analysis
D-loop region of mtDNA of Nile perch was amplified using primers 

(ACCACTAGCACCCAAAGCTA) and HN20 (GTGTTATGCTTTAGTTAAGC) (Bematchez 

& Danzmann, 1993). PCR reactions consisted of the following: 5 pL genomic DNA; 25 pL 

AmpliTaq Gold® Master Mix, 5 pL of a 10 pM solution of each of two primers, and ddHzO 

added for a final volume of 50 pL. Touchdown PCR conditions used for amplification included 

an initial denaturing step of 10 min at 95°C, followed by one cycle each of 94°C for 1 min, 67 - 

51°C for 1 min 30s, and 72°C for 2 mins for each of the annealing temperatures starting at 67°C 

and stepping down by 2°C from each preceding cycle up to 51 °C. This was followed by 25 

cycles of 94°C for 1 min, 61 °C for 1 min 30s and 72°C for 2 mins with a final extension of 72°C 

for 7 mins. Double stranded PCR products were cleaned following the manufacturer’s protocol 

(QIAquick). The sequencing reactions were carried out by Macrogen Inc. (South Korea) using 

Applied Biosystems 3730x1 DNA analyser. Samples were sequenced in both forward and reverse 

directions to guarantee accuracy of nucleotide identification. Standard chromatographic curves 

of forward and reverse sequences were imported into the program ChromasPro 

(Technelysium Pty Ltd, Tewantin QLD, Australia) and were manually aligned and edited. 

Consensus sequences were exported to the program BioEdit version 7.0.9 (Hall, 1999) and 

aligned with other sequences using the CLUSTALW algorithm (Thompson et al. 1994).

5.2.2 Sample collection and DNA extraction
A total of 527 Nile perch fish were sampled randomly along representative transects in the 5 

lakes, using bottom trawls for Lake Victoria and seining for lakes Albert, Kyoga, Nabugabo and 

Turkana. Transects were made in such a way as to cut across all key habitat types in each lake. 

Small (2 cm x 4 cm) fin clips were taken from each sampled fish and stored in absolute ethanol. 

Total genomic DNA was extracted using the Dneasy™ tissue kit (QIAGEN) according to 

manufacturer’s instructions.
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5.2.4 Microsatellite M Analysis
Microsatellite markers developed for sister species Lates calcarifer (Zhu et al. 2006a, 2006b; 
Genhua Yue et al. 2001) were used for screening of Nile perch. Nine microsatellite markers that 
consistently gave scoreable results and exhibited polymorphism were used for genotyping of the 
Nile perch samples (Table 1). Samples were genotyped by BioScience (UK), on an ABI 3730 
(Applied Biosystems) using GS-500 (Liz) in each capillary as a size standard. Allele sizes were 
estimated on GeneMapper version 3.7 (Applied Biosystems).
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The software program MEGA 5.05 (Tamura et al. 2011) was used to generate a table of variable 

sites and for constructing a neighbour-joining tree based on the Tamura & Nei (1993) distance.

■The T92 model, with invariable sites parameter (T92+I, I = 0.90) was selected as best fitting 

model using MEGA 5.05 (Tamura et al. 2011). A bootstrap analysis with 5000 replicates was 

used to evaluate support of phylogenetics relationships. In addition, a maximum parsimony 

network was constructed using TCS 1.6 (Clement, Posada, and Crandall, 2000); a program that 

provides a 95% plausible set for all haplotype linkages in an un-rooted tree.

5.3.2 Microsatellites
The software MICRO-CHECKER 2.2.1 (van Oosterhout et al. 2004) was used for identifying 

possible genotyping errors within the microsatellite data set by performing 1000 randomizations. 

Microsatellite data were checked for departures from Hardy-Weinberg (HW) and linkage 

■disequilibrium (LD) using GENEPOP 4.0 (Rousset, 2008). Genetic variation in the population 

samples were quantified by the ‘expected heterozygosity’ and number of alleles at the loci. 

.ARLEQUIN 3.5 was used for calculations of observed (Hq) and expected (He) heterozygosities,

5.3.1 Mitochondrial DNA
The software program ARLEQUIN 3.5 (Excoffier & Lischer, 2010) was used to perform intra- 

and inter-population analysis, calculating haplotype diversity (h) and nucleotide diversity (h) for 

the mtDNA sequence data, within sampling areas. Sequence based statistics (Hst, Kst*, Z* & 

Sun) together with gene flow (Nm), raggedness static, neutrality tests including Fu and Li’s D, Fu 

and Li’s F, Fu’s Fs & Tajima’s (1989) D were calculated using DnaSP 5.0 (Librado & Rozas, 

2009). The distribution of pairwise differences between sequences was also calculated to 

investigate demographic changes based on three parameters, tau (r), which is time since 

expansion expressed in units of mutational time, theta (Oo) and (0/), which is time before and 

after population expansion (Rogers & Harpending, 1992). Due to lack of calibrated mutation rate 

for the Nile perch mtDNA control region, a divergence rate of 3.6% per million years estimated 

using geminate species of snook from a sister family, Centropomidae (Kim & Ronald 1999) was 

used in the calculations. The concordance of observed with the expected under the sudden 

expansion model of Rogers was tested using Harpending’s Raggedness Index (Hri), and Sum of 

Squared deviation (SSD). The mismatch distributions were all calculated using ARLEQUIN 3.5.
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and to test for heterozygosity excess and deficiency (exact tests) for microsatellite data, and for 

estimating global single locus F/$. Furthermore, the software FSTAT 2.9.3.2 (Goudet, 2001) was 

used on the microsatellite data set to estimate allele richness per locus and sample (AR), which 

represents the number of alleles independent of sample size (Mousadik & Petit, 1996). Fsr and 

fo-were estimated using GENEPOP 4.0. The statistical significance of population pairwise Fsr 

was analysed using permutation with 10,000 replicates. The genetic structure was assessed 

through the use of Bayesian based model-clustering in the program STRUCTURE 2.3.1 (Falush 

et al. 2003), by conducting genotypic population assignments (MCMC = 50,000 generations; 

bumin = 50,000 and iterations = 20). To infer the genetic groups sampled, STRUCTURE results 

were analysed using the AK method (Evanno et al. 2005). The admixture model with correlated 

allele frequencies, 20 replicates and set the number of genetic groups from K = 1 to K = 10 for 

each level of analysis. The modal value of AK was taken as the indicator of ancestral population 

clusters or genetic groups (Evanno et al. 2005). After determining the number of genetic groups, 

each individual sampled Nile perch was assigned to one of the groups, according to the highest 

ancestry proportion assigned by STRUCTURE.

5.4.1 Mitochondrial DNA Sequence Analyses
Out of the 104 Nile perch mtDNA sequences analysed, they were a 

variable/segregating sites (no indels) of which 24 were parsimony informative with a 2.2:1 

transition to transversion ratio (Table 2). There were 27 haplotypes detected with hap-5 found in 

four out of the five lakes in East Africa, and noted as the most dominant of the identified 

haplotypes of Nile perch (Table 2). They were eight shared haplotypes - hap-1, hap-5, hap-9, 

hap-,TO, hap-11, hap-15, hap-20 and hap-23, which were all found in samples of L. Victoria. 2 

haplotypes, hap-24 and hap-25, were unique to L. Albert; 2 haplotypes, hap-26 and hap-27, were 

unique to L. Nabugabo; haplotypes 2, 3, 4, 6, 7, 8, 12, 13, 14 ,16 ,17 , 19, 21 and 22 were unique 

to Lake Victoria; whereas Lakes Turkana and Kyoga did not have any unique haplotypes (Table

2) . Overall haplotype diversity (Hd) was high (0.86 ± 0.03), and ranged from 0.58 to 0.93. The 

overall nucleotide diversity (n) was 0.00855 ± 0.00139 and ranged from 0.0020 to 0.0153 (Table

3) . The Nile perch control region had a nucleotide composition of A = 26.8%, C = 18.3%, G = 

21.4%, and T = 33.5% making it A/T rich with A+T content = 0.603 and G+C content = 0.397.
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Reconstructing of phylogenies by both Neighbour-Joining and parsimony methods revealed that 
Nile perch of East Africa belong to 2 clades A and B (Figure 2). The minimum spanning 
haplotype network of genealogical relationships among haplotypes revealed a network for Nile 
perch of E. Africa that was characterised by a high number of unique haplotypes with a star-like 
general pattern, rooted in the central most common haplotype, hap-5 (VIC6), possibly suggesting 
a recent population expansion (Figure 3). The geographical distribution of haplotypes was non­
random with some of the samples having private haplotypes.

Haplotype sequences were deposited in the GenBank, accession numbers JQ778220 - 
JQ778247.



Table 2: List of 35 polymorphic sites of 27 mtDNA D-loop Nile perch haplotypes. Dots

respectively.

TotalsHaplotype distribution and35 Polymorphic sites
frequency

TLKAKUKYUNAUVIC

111 1111111111 1222222222 22234
3355569033 4444466789 9001122235 55943
1824787338 1234556750 6581606751 69645

615TCGATGTAAA CTCTCGTCCC TCCCGAACGC AAATA1 VICI
11. .G A . ....TATCG.. CA...G ..2 VIC2
22G.AT3 VIC3
11GT4 VIC5 ■ G
3335124G5 VIC6
11G6 VIC8 ■ G

33 G 
11GTAGG.C 
16628G T9 VIC14
1046G10 VIC15 c

3 915T11 VIC17
11• TG TCG....AG.G TCTCT..TAT12 VIC20
22G13 VIC22 CG
11. . .G.TG A.C..GC.AG.G TCTCT..TAT14 VIC48
312GT15 VIC49
11. .G. .16 VIC52 ■TG..G...CG..C.AG.G TCTCT..T..
11AG...GTTCG..C.AG.G TCTCT17 VIC53
11GGC18 VIC54
11. . .G.■TG......T.TCG.G..AG.G ..19 VIC55
211GG20 VIC67 C 
11G. TGTCG..C.AG.G TCTCTTGT.T21 VIC69
11. .A 22 VIC70
211G. .A23 VIC71
11GT24 XKUl c
11..G..GT.AA CG..C.AG.G ...CT..T..25 AKU5
11• G. . ..T. . .G. .A....GC.AG.G TCTCT..TAT26 NAU4
11G.G 

Surber

8 104910671
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represent nucleotide variants identical to the first sequence. VIC, NAU, KYU, AKU, and TLK 
represent lake populations of lakes - Victoria, Nabugabo, Kyoga, Albert and Turkana

7 VIC11
8 VIC13

i

Totals
'---

27 NAU7 
of bases 2222222222 2222222222 2222222222 22222
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5.4.2 Microsatellite Marker Analyses
MICRO-CHECKER software did not detect errors in the genotypic data matrix, indicating there 

were no scoring errors associated with null alleles, stuttering bands, or large allele drop outs in 

the 9 loci used in the genotyping; consequently all 9 were included in the analysis. A total of 499 

alleles were detected at the 9 loci across the 19 data sets, Lea 165 was the most polymorphic 

microsatellite with 32 alleles, while Lca70 and LcaMOl were least variable with 13 alleles each. 

Number of alleles per locus varied from 2 at alleles Lca70 and Leal 85 to 17 at Leal65. The 

mean number of alleles varied from 9.44 ± 1.47 for KYU samples from Lake Kyoga to 3.67 ± 

0.44 for ANU samples from Lake Albert, and the allelic richness varied from 4.30 ± 0.41 for MT 

samples from Lake Victoria to 3.33 ± 0.39 for AKU samples from Lake Albert. Pooled samples 

according to lakes from which they were collected revealed allelic richness ranging from 7.25 ± 

1.75 for Lake Kyoga to 5.20 ± 2.21 for Lake Nabugabo (Table 4). Private allelic richness ranged 

from 0.05 for RUT samples for Lake Victoria to 0.41 for MT samples for Lake Victoria. The 

private allelic richness average over all loci for the pooled lake populations was 0.34, 0.25, 0.16, 

0.13, and 0.35 for lakes Kyoga, Nabugabo, Victoria, Albert and Turkana respectively. The allele 

frequency for 9 loci varied significantly among the different populations but all loci had one 

most common allele for all populations. Observed heterozygosity (7/q) ranged from 0.08 to 1.00, 

whereas the expected heterozygosity {He') ranged from 0.10 to 0.93. The He average over all loci 

ranged from 0.60 for AKU population from Lake Albert to 0.76 for MT population from Lake 

Victoria, whereas the Hq overall loci ranged from 0.48 for WIT population from Lake Victoria to 

0.76 of KGU population from Lake Victoria. 16 populations exhibited heterozygosity 

deficiencies, 9 exhibited heterozygosity excesses and 2 populations had same values for both He 

and Ho- For the different pooled populations, 4 lake populations all had heterozygosity 

deficiencies (Kyoga - He 0.75 and Hq 0.64; Victoria - He 0.68 and Ho 0.65; Albert - He 0.63 and 

Ho 0.54; Turkana - He 0.69 and Ho 0.61) save for Lake Nabugabo {He 0.65 and Hq 0.68) with 

excess heterozygosity (Table 4). Three out of 243 tests for conformance to Hardy-Weinberg 

expectations differed significantly (P < 0.001) after corrections for multiple tests (data not 

shown). The IT and LUT samples had genotypic distributions that differed significantly at locus 

Lcal47. RPT samples had a genotypic distribution that differed at locus Lcal71. For most 

samples {- 70%) the value of the inbreeding index was positive.
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Table 4: Summary descriptive statistics - microsatellite data for the samples from the different 
lakes of East Africa showing sample size (N), mean number of alleles (A), expected 
heterozygosity (He), observed heterozygosity (Ho), Theta (H) under stepwise mutation model, 
mean allelic size range (As), Garza-Williamson index (M).

Victoria 
Albert 
Kyoga 
Nabugabo 
Turkana 
Overall

HE 
0.71 
0.62 
0.75 
0.65 
0.69 
0.68

HO 
0.65 
0.50 
0.64 
0.68 
0.61 
0.62

Theta (H) 
1.912 
1.620 
2.138 
1.688 
1.830 
1.837

AS
49.22
15.57
25.44 
16.89 
17.78 
24.98

A___
17.67
7.11
9.44
6.33
7.11
9.53

M 
0.49 
0.62 
0.47 
0.52 
0.50 
0.52

Statistics
N______
432
35_____
25_____
18_____
17_____
527
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Table 5: Assessment of bottleneck effects from the BOTTLENECK software at 9 microsatellite

Population WilcoxonSign Standardised

100

loci in 27 Nile perch populations in 5 East African lakes - Albert, Victoria, Nabugabo, Kyoga 

andTurkana. Significant P- values have * (P < 0.05).

IAM 
0.562 
0.237 
0.171 
0.409 
0.209 
0.159 
0.447 
0.047* 
0.206 
0.187 
0.593 
0.519 
0.044* 
0.212 
0.222 
0.208 
0.551 
0.439 
0.530 
0.178 
0.432 
0.201 
0.426 
0.534 
0.215 
0.528 
0.215

TPM 
0.109 
0.409 
0.566 
0.434 
0.026* 
0.387 
0.282 
0.428 
0.456 
0.436 
0.307 
0.086 
0.571 
0.217 
0.490 
0.281 
0.106 
0.094 
0.027* 
0.452 
0.287 
0.209 
0.426 
0.102 
0.269 
0.527 
0.284

SMM 
0.005* 
0.376 
0.034* 
0.311 
0.026* 
0.132 
0.028* 
0.539 
0.100 
0.117 
0.121 
0.029* 
0.116 
0.109 
0.487 
0.101 
0.005* 
0.026* 
0.029* 
0.122 
0.032* 
0.279 
0.115 
0.000* 
0.283 
0.527 
0.005*

IAM 
0.479 
0.208 
0.044* 
0.044* 
0.245 
0.076 
0.186 
0.017* 
0.096 
0.048* 
0.168 
0.464 
0.027* 
0.036* 
0.036* 
0.370 
0.315 
0.430 
0.304 
0.110 
0.139 
0.022* 
0.210 
0.483 
0.122 
0.125 
0.243

TPM 
0.023* 
0.444 
0.335 
0.320 
0.206 
0.420 
0.242 
0.149 
0.452 
0.294 
0.193 
0.047* 
0.281 
0.300 
0.199 
0.107 
0.143 
0.027* 
0.076 
0.487 
0.311 
0.236 
0.347 
0.051 
0.440 
0.283 
0.005*

IAM 
0.500 
0.285 
0.010* 
0.014* 
0.065 
0.082 
0.082 
0.002* 
0.082 
0.014* 
0.180 
0.455 
0.005* 
0.005* 
0.014* 
0.285 
0.213 
0.367 
0.285 
0.065 
0.082 
0.005* 
0.285 
0.367 
0.082 
0.082 
0.285

TPM 
0.875 
0.367 
0.326 
0.367 
0.850 
0.285 
0.850 
0.082 
0.367 
0.248 
0.752 
0.898 
0.285 
0.285 
0.213 
0.674 
0.875 
0.849 
0.936 
0.367 
0.674 
0.285 
0.500 
0.976 
0.590 
0.752 
0.674

SMM 
0.995 
0.787 
0.850 
0.715 
0.997 
0.787 
0.995 
0.633 
0.875 
0.820 
0.976 
0.995 
0.918 
0.850 
0.590 
0.976 
0.995 
0.995 
0.997 
0.976 
0.986 
0.545 
0.820 
1.000 
0.936 
0.820 
0.995

G- 
W 
M 
0.58 
0.43 
0.54 
0.52 
0.43 
0.56 
0.46 
0.48 
0.50 
0.47 
0.62 
0.46 
0.61 
0.47 
0.40 
0.55 
0.51 
0.43 
0.37 
0.57 
0.43 
0.47 
0.60 
0.50 
0.41 
0.45 
0.41

SMM 
0.000* 
0.300 
0.079 
0.107 
0.001 
0.021 
0.000* 
0.329 
0.007* 
0.090 
0.000* 
0.000* 
0.063 
0.075 
0.382 
0.000* 
0.000* 
0.000* 
0.000* 
0.031* 
0.001* 
0.155 
0.020* 
0.000* 
0.013* 
0.004* 
0.000*

AKU 
ANU 
AUT 
BBU 
BSU 
EPT 

JT_
KGU 
KIT 
K1U. 
KT 
KYU 
LUT 
MIK 
MT 
MWU 
NAU 
RCU 
RPT 
RUT 
SAK 
SCU 
SGU 
TLK 
UKT 
UST 
WIT
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5.4.3 Demographic Changes
ARLEQUIN analyses of mtDNA revealed large differences between Oi and 02 within all samples 
suggesting rapid population expansion (Table 3). Tajima’s D = (-1.26001, P>0.10), Fu and Li's 
D* test statistic (-1.26266, P < 0.02), Fu and Li's F* test statistic (-1.51239, P > 0.10), and Fu's 
F, statistic (-9.735) were all negative, all of which confirm the recent introduction and resultant 
population explosion for the Nile perch of East Africa, which is typical of recent natural 
population expansion (Fu, 1997). The overall Harpending’s raggedness Index, Hri = 0.119 and 
overall sum of squares, SSD = 0.0543 (Table 3). Results for assessment of bottleneck effects 
from the BOTTLENECK software at 9 microsatellite loci in 27 Nile perch populations in 5 East 
African lakes - Albert, Victoria, Nabugabo, Kyoga and Turkana for all 3 tests, revealed some 
evidence in 25 out of the T1 populations (results not shown). Most evidence was revealed under 
the standardised test where 8 populations had significant heterozygosity excess under IAM 
model, 4 populations had heterozygosity excess under TPM model and 16 populations had 
heterozygosity excess under SMM model. The assessment of Garza-Williamson index, M, 
(results not shown) for the different lakes, values ranged from 0.47 for L. Kyoga to 0.62 for L. 
Albert. For the individual populations the M values ranged from 0.37 for RPT population to 0.62 
for KT population.
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Table 7: Pairwise <t>sT values computed from haplotype frequencies for the mtDNA pooled data.
Below diagonal are the (I>st values and above diagonal are the P-values.

NABUGABO TURKANALake ALBERT VICTORIA KYOGA
*** 0.23ALBERT 0.12 0.370.00

0.00VICTORIA 0.18373 * * * 0.00 0.37
KYOGA * * * 0.130.03229 0.38520 0.08

NABUGABO *** 0.140.00310 0.04000 0.15591

TURKANA * * *0.31865 0.08046 0.087570.01598

103

I



1996).

Source of variation F-statistics% variationSS P

94.96 Oct —0.15 0.89

104

Table 8: Analysis of molecular variance by distance method Tamura & Nei (1993) distances for 

the Nile perch sequence data across lakes (Wier & Cockerham 1984; Excoffier et al. 1992; Wier,

Among groups
Among populations 
within groups_____
Within populations 
Total

99
103

3
1

AMOVA 
df

194.67
208.42

8.61
5.13

1.96641
2.07080

-15.35
20.39

Ost — 0.05 
Osc = 0.18

0.06
0.01

Variance 
components 
-0.31789 
0.42229



Table 9: Pairwise Fst values by distance method using number of different alleles for the

values.

0.05733

105

0.05129
0.09760
0.07078
0.15918

0.02923
0.02444
0.07246

0.01882
0.03533

Lake______
ALBERT 
VICTORIA 
KYOGA 
NABUGABO 
TURKANA

ALBERT
* * *

VICTORIA 
0.00
* * *

KYOGA
0.00
0.00
* * *

NABUGABO 
0.00________
0.00________
0.03________
***

TURKANA
0.00
0.00
0.00______
0.00______
* * *

microsatellite pooled data. Below diagonal are the Fst values and above diagonal are the P-
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5.5 Discussion

Both markers, the mtDNA CR and the microsatellite loci, revealed relatively high levels of 

genetic polymorphisms among native and introduced Nile perch of East African lakes. The 

availability of the high genetic variation in Nile perch offers a good reprieve in the management 

efforts of the fishery given the recent reports of fast dwindling yields and natural stocks of this 

species in the region. Both markers, the mtDNA CR and the microsatellite loci, showed L. 

Albert as having the least genetic diversity in spite of being the putative origin and the alleged 

biggest contributor to the introduced environs - lakes Victoria, Kyoga and Nabugabo during the 

translocations. This may be partly explained by the nature of Lake Albert whose major inflows 

either do not have Nile perch - Semiliki River, or have rapids or falls - Murchison falls that are 

effective barriers to faunal interchange, thereby preventing any gene flow from outside Lake 

-Albert.

■Tie putative origins, lakes Albert and Turkana, though they had relatively lower genetic 

Siversity than the introduced ranges had genetic diversities which were way above the average
108

5.5.1 Genetic diversity and genetic differentiation
The overall genetic diversity of the introduced ranges was found to be higher than that of the 

putative origins. This scenario is most probably explained by the introductions from multiple 

sources that were repeatedly done for a period of close to a decade from the mid 1950s to early 

1960s (Pringle, 2005). Repeated introductions are known to augment genetic diversity of 

invasive species (Dlugosch & Parker, 2008, Lavergne & Molofsky, 2007). In addition, even 

though Nile perch may have experienced bottlenecks these do not necessarily lead to population 

crash or stop evolution provided a population grows rapidly (Frankham 2005). Nile perch is 

known to have very high fecundity - said to be as high as 17 millions eggs per female (Ogutu- 

Ohwayo, 1994). The high fecundity and prolific reproduction may have kept the species’ 

population growth rate positive and growing despite the expected bottlenecks during the 

colonisation period in the introduced ranges. The unsuspecting and then most abundant prey, the 

haplochromines (cichlids), in the introduced ranges helped to easily provide the required energy 

bolstering of the population of the colonisers, as evidenced in the differences in the bigger and 

deeper bodied introduced Nile perch when compared to the source populations (EAFRO, 1969).
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According to structure analysis, there were two genetic groupings of the East African Nile perch 

and all lakes had both groupings but in differing proportions. There was no trend in the different 

proportions of the genetic clusters in different lakes, which may be attributed to geographical 

location. These findings indicate that Nile perch in East Africa is structured into two distinct 

genetic groupings found in all the lakes where Nile perch is found. These findings agree with our 

earlier morphology findings (Mwanja et al. 2011) and earlier studies by other ecological 

biologists who suggested the existence of two sub-species in the region (Harrison, 1991; 

Welcomme, 1967; Gee, 1964; Worthington, 1940). Therefore there are most probably two Nile 

perch sub-species in East African lakes.

for freshwater fish species, suggesting that the Nile perch fisheries of these two lakes are still 

healthy and stable enough to support management and conservation efforts for the species.

5.5.3 Demographic changes
Brant & Bowen (1998) proposed that fish with high h and low 7r probably might have undergone 

xipulation expansion after a period of low effective population size. Our findings on the genetic 

ariation of the Nile perch are in agreement with this scenario, with high haplotype diversity and 

bw nucleotide diversity (h, 0.62 - 0.71; it, 0.002 — 0.009). Similarly the star-like TCS 

arsimonious haplotype network is an indicator of recent population expansion with the central 

omrnon haplotype being the hypothetical ancestral haplotype (Sophie et al. 2007) and the large 

igative neutrality tests further support the phenomenon of recent population expansion (Fu, 

)97). The haplotype network for Nile perch of East Africa formed a star-like network 

iggesting recent population expansion. This was further supported by the small SSD and Hri 

dues, which are indicators of a historically expanding population model (Roggers, 1995). In the 

troduced ranges, the Nile perch, which was translocated using small numbers (Hauser et 

11998), and said to have slowly colonised its novel habitats and later exploded in the 1980s to

Phylogenetic reconstruction did not support the existence of more than one species of the Nile 

perch in East Africa as proclaimed by earlier fish ecologists based on morphological description 

(Harrison, 1991), instead it revealed 2 underlying clades found in all 5 lakes. What may have 

been considered as separate species are most likely synonyms of the same species. Most 

probably Nile perch of East African lakes belongs to one species having two subspecies.
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5.6 Implications to Fisheries Management
The relatively high genetic diversity, despite the reported declining stocks, both in the native and 

introduced ranges of Nile perch provides the requisite evolutionary flexibility that may support 

efforts toward the effective management and sustainable exploitation of the Nile perch resource 

| in the region. There should be no need for new translocations of Nile perch from the native to the 

introduced environs for the sake of augmenting the species diversity. We advocate for effective 

management that allows controlled fishing effort and for improvement of water quality in the 

region. These factors may allow for the sustainable exploitation of the Nile perch and the 

possible resurgence of the native species in the introduced ranges that form the Nile perch prey 

as evidenced by recent revelations (Balirwa et al. 2003). There is urgent need to map out and 

further study the life histories and other attributes of the two underlying populations of Nile 

perch in both native and introduced ranges that were revealed in this study. The two populations 

also supported by works of earlier scientist (Harrison, 1991) may require different management 

approaches. From the demographic history the Nile perch has shown that it has high prospects 

for recovery after bottleneck episodes, it is pertinent to enhance the scientific knowledge of the 

nechanisms of this fishery’s recovery in order to formulate recommendations for the species 

ong term management plans and their implementation. Lastly, there is urgent need to initiate

110

dominate their fisheries (Ogutu-ohwayo, 1994) fits the above recent expansion model. For the 

native ranges, the possible explanation for recent population expansion, is most probably 

attributed to oscillation of water levels from the time when these lakes — Albert and Turkana 

were still small lakes (20,000 years to 3000 years ago) and are thought to have stabilized at their 

current levels (Beuning, Talbot, and Kelts, 1997). The reduction in population size and recent 

population expansion of the population model of the Nile perch of East Africa as described 

above is further supported by the findings of the bottleneck analysis and the low M values. 

According to Garza and Williamson (2001) M values < 0.68 support occurrence of a past 

reduction in population size. Both the BOTTLENECK software analysis and the Garza- 

Williamson indices indicate that the Nile perch of East Africa had undergone reduction in 

genetic diversity and population expansion thereafter. The possible explanations for this scenario 

for the introduced environs are the recent Nile perch translocations and the palaeo-environmental 

changes in water levels in the lake basins of lakes Albert and Turkana.
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routine genetic monitoring of both the Nile perch and the native fish species that form the 
species’ prey in all Nile perch ranges in this region. The outcome will aid in designing 
appropriate and contemporary management regimes for creating a healthy sustainable fishery in 
the region using our current findings as a benchmark.
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Figure 2. Evolutionary and phylogenetics relationships of taxa - was inferred using the

Neighbor-Joining method (Saitau and Nei 1987). The optimal tree with the sum of branch length

-0.12482215 is shown. The tree is drawn to scale, with branch lengths in the same units as those

of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were

'omputed using the Maximum Composite Likelihood method (Tamura et al. 2004) and are in the

mils of the number of base substitutions per site. The analysis involved 104 nucleotide

■equences. All positions containing gaps and missing data were eliminated. There were a total of

163 positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et

J. 2011)
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Evolutionary History of Nile Perch Lates sp. Inferred from Mitochondrial DNA Variation 
Analyses

Matthew Tenywa Mwanja, Vincent Muwanika, Charles Masembe, Sylvester Nyakaana and 
Wilson Waiswa Mwanja

6.0 Abstract
Evolutionary histories of aquatic species are often characterized by distinct patterns of genetic 

variation, which in part, reflect drainage evolution. In the present study, the consequences of 

paleo-environmental changes on patterns of genetic variation of the mitochondrial DNA control 

region in Nile perch Lates sp. sampled from 7 water bodies across the African continent were 

investigated. In a total sample of 124 individual sequences, 37 distinct haplotypes were 

observed, and 78.4% of these haplotypes were location specific. Haplotypes were found to 

cluster into 2 major groups, one composed of individuals sampled from East Africa and another 

from.West Africa, with no haplotypes shared in between. These lineages may have developed in 

geographical isolation during the Pleistocene and have remained largely allopatric without gene 

flow (Nm = 0.0) since that time. There was also evidence that both of these genetic lineages 

have undergone recent population expansions. We interpret these results in light of the recent 

evolution of Africa’s modem drainage network.
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Nile perch occurs naturally in the Afro-tropical region of the African continent, in the major river 

basins of the Nile, Congo, Volta, Niger, and Senegal Rivers (Fishbase, 2010). It also occurs 

naturally in Albert Lake in Uganda, Turkana Lake in Kenya (Harrison, 1991), Chamo, Abaya, 

and Gambella Lakes and the Baro River in Ethiopia (Golubtsov & Hebteselassie, 2010), Lake 

Chad in Central Africa, Marriott Lake in the Nile Delta in Egypt, and in scores of small rivers in 

tropical West Africa (Moritz & Linsenmair, 2005). Several introductions of Nile perch into non­

native waters resulted in successful establishment as reported in East Africa in Victoria, Kyoga,

6.1 Introduction
Construction of spatiotemporal details of the evolutionary histories of fishes can reveal key 

events of drainage evolution (Cotterill & de Wit, 2011; Goodier, Cotterill, O’Ryan, Skelton, and 

de Wit, 2011). This is because the biogeography of extant freshwater fishes represents responses 

to landscape evolution. Since the ecology of these fishes incorporates responses to habitat 

change, these responses leave corresponding signatures in the genetics of these fishes (Balon 

1974; Leveque, 1997; Zengeya, Decru, and Vreven, 2011). Therefore, the evolutionary history 

of each aquatic species is characterized by a distinct pattern of genetic variation, which includes 

persisting relics of drainage evolution (Craw, Burridge, Anderson, and Waters, 2007).

Goodier et al. (2011) studied the phylogeography of the African tigerfish of the genus 

Hydrocynus and found that the diversity and distribution of Hydrocynus reflects a complex 

history of vicariance and dispersal. Moreover, range expansions in this particular species testify 

to changes in drainage basins, and the principal divergence events in Hydrocynus have closely 

interfaced with evolving drainage systems across tropical Africa. Agnese et al. (1997) using 

molecular marker polymorphisms found that the Nile tilapia Oreochromis niloticus with an 

almost similar natural distribution on the African continent as the Nile perch, Lates sp. can be 

divided into 2 groups: one in East Africa and the other comprising the Nile and West African 

populations. They attributed the subdivisions to tectonic movements and volcanic activity in 

East Africa that played a major role in the formation of the different basins on the continent, 

although they also postulated that the alternating dry and humid phases across the continent in 

the Pleistocene may have had large influences on the expansion and contraction of populations 

and their speciation.



124

The rate of change in genetic markers allows investigations of diversity on temporal scales 

resulting from recent history to deep evolutionary time (Nielsen, 1998). For conservation efforts, 

the evolutionary history of the Nile perch will assist in deciphering historical congruencies 

responsible for the genetic subdivision throughout its extant range, in both endemic and 

introduced environs. The evolutionary history can also be used to test congruence between 

distributional histories and paleo-environmental changes that may have led to biological 

evolutionary diversification (van Tuinen, Ramakrishnan, and Hadly 2004; Dominguez- 

Dominguez, Alda, Perez-Ponce de Leon, Garcia-Garitagoitia, and Doadrio, 2008), and address 

broader ecological and evolutionary processes like changes in populations, demographics, and 

genetics over time (Ramakrishnan & Hadly, 2009). In addition, it can also describe how fish 

populations expanded or contracted in environments they occupy and provide possible successful 

establishment mechanisms in environs into which they were introduced (Tzeng, 2006). 

Influences of patterns of post paleo-environmental changes on species distributions and historical 

demographics of the Nile perch have not yet been studied. For effective management of an 

exploitable species such as the Nile perch, it is important to define its taxonomic status and 

historical distributions throughout its extant range and delineate its different evolutionary 

lineages that may warrant separate management strategies and should be considered different 

evolutionarily significant units (ESUs) (Soltis & Gitzendanner, 1999).

In this study, we analyzed the genetic diversity of mitochondrial (mt)DNA and combined 

phylogeographic, phylogenetic, and mismatch analyses to infer spatial dynamics of the 

distributional and demographic history of the Nile perch throughout its native and introduced 

ranges on the African continent. Based on the results, we provide proposals for effective 

management to ensure its continued and sustainable exploitation in the future.

and Nabugabo Lakes (Ogutu-Ohwayo, 1993, 1990). For effective management and 

conservation of this fishery, it is prudent to understand its evolutionary history throughout its 

extant range and also in environs into which it was introduced.
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6.2 Materials and Methods
6.2.1 Sample collection and DNA extraction
Nile perch samples were collected from Albert, Turkana, Kyoga, Nabugabo, and Victoria Lakes 

in East Africa, Chamo Lake in Ethiopia, and the Senegal River of West Africa (Fig. 1). In the 

field, fin clips (about 2x4 cm each) were taken from fish samples, and these were stored in 

separate 5-ml vials filled with absolute ethanol. The ethanol in the vials was drained off 1 h 

later, and the vials were refilled with absolute ethanol; in the field, samples were kept at room 

temperature and in the laboratory at -80 °C before DNA extraction.

6.2.2 DNA amplification and Sequencing
The mtDNA D-loop region of Nile perch was amplified using primers LN20 

(ACCACTAGCACCCAAAGCTA) and HN20 (GTGTTATGCTTTAGTTAAGC) respectively 

located in the proline and phenylalanine transfer RNA genes (Bematchez & Danzmann, 1993). 

Polymerase chain reactions (PCRs) consisted of 5 pL genomic DNA, 25 pL AmpliTaq Gold- 

Master Mix, 5 pL of a 10 pM solution of each of the 2 primers, and double-distilled H2O added 

to a final volume of 50 pL. Touchdown PCR conditions were used for amplification, which 

included an initial denaturation step of 10 min at 95 °C, followed by 1 cycle each of 94 °C for 1 

min, 67-51 °C for 1.5 min, and 72 °C for 2 min for each of the annealing temperatures starting at 

67 and stepping down by 2 °C from each preceding cycle to 51 °C. This was followed by 25 

cycles of 94 °C for 1 min, 61 °C for 1.5 min, and 72 °C for 2 min with a final extension at 72 °C 

for 7 min. Double-stranded PCR products were cleaned following the manufacturer’s protocol 

(QIAquick, Qiagen).

Total genomic DNA was extracted using the DneasyrM tissue kit (Qiagen, Germantown, 

Maryland, USA) according to the manufacturer’s instructions. This involved maceration of part 

of the fin tissue, cell lysis, digestion with proteinase K. at 55 °C for 2~3 h, followed by binding of 

the DNA, and then washing and eluting of the DNA. A negative control that contained no tissue 

was also prepared. DNA extracts were dissolved in 300 pl of elution buffer and stored at -20 °C. 

To test for success of DNA extraction, 4 pl of total genomic DNA was electrophoresed on a 2% 

agarose gel stained with ethidium bromide and then visualized under ultraviolet light for clear 

DNA bands.
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6.2.5 Genetic diversity and phylogenetics analyses
Levels of genetic diversity within and among the different geographical populations were 

compared using haplotype diversity and a maximum-likelihood (ML) estimation of the average 

number of nucleotide substitutions per site within and among groups (Nei, 1987) using MEGA 

5.0 (Tamura et al. 2011). A hierarchical analysis of molecular variance (AMOVA; Excoffier et 

al. 1992) was performed using ARLEQUIN 3.5 (Excoffier & Lischer, 2010) to compare the
127

6.2.3 D-loop Sequence Analyses
Sequencing reactions were carried out by Macrogen (Seoul, South Korea) using an Applied 

Biosystems 3730x1 DNA analyzer (Carlsbad, California, USA). Samples were sequenced in 

both the forward and reverse directions to guarantee the accuracy of nucleotide identification. 

Standard chromatographic curves of forward and reverse sequences were imported into the 

program ChromasPro 1.41 (Technelysium, Tewantin, Queensland, Australia) and manually 

aligned and edited. Consensus sequences were exported to the program BioEdit vers. 7.0.9 

(Hall, 1999), aligned with other sequences using the CLUSTALW algorithm (Thompson et al. 

1994), and adjusted by eye.

6.2.4 Nucleotide diversity, haplotype diversity and population differentiation
The number of haplotypes, haplotype diversity (7z), number of polymorphic sites based on 

methods of Nei (1987), an estimate of nucleotide diversity (n), the average number of nucleotide 

differences (A; Tajima, 1983), and the average number of nucleotide substitutions per site (dxy, 

Nei, 1987) were calculated using DnaSP 5.0 (Librado & Rozas, 2009). The MEGA 5.0 software 

(Tamura et al. 2011) was used to generate a table of variable sites. The number of haplotypes 

was counted for all polymorphic sites in all populations. Two measures of population 

differentiation, namely (a) F$t calculated using ARLEQUIN 3.5 (Excoffier & Lischer, 2010) and 

(b) Nsr calculated using Dnasp 5.0 (Librado & Rozas, 2009), were considered. Population 

subdivisions were further tested by calculating the nearest neighbor statistic (S^n, Hudson, 2000) 

for mtDNA control region sequences (104 permutations and gaps excluded in pairwise 

comparisons), using DnaSP 5.0 (Librado & Rozas, 2009). In addition, to visualize genetic 

heterogeneity, a minimum spanning haplotype network was estimated using the TCS program 

(Clement et al. 2000), which implements the statistical parsimony method of Templeton et al. 

(1992).
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6.2.6 Mismatch analysis and demographic history
Pie history of demographic changes in the Nile perch among the identified major lineages was 

investigated by a mismatch distribution analysis and neutrality tests. Since the population 

structure has a limited effect on the mismatch distribution (Harpending, 1994), different 

populations within the same lineage were pooled together. Tajima’s (1989) and Fu’s (1997) tests 

of selective neutrality were used to examine haplotypes for the effect of selection by checking 

deviations from neutrality on the total number of segregated sites as a means to assess evidence 

of population expansion. The population demographic history was examined by calculating 

mismatch distributions (Harpending 1994; Rogers 1995). Both the neutrality tests and mismatch 

distribution analysis were conducted using ARLEQUIN 3.5 (Excoffier & Lischer, 2010). The 

pairwise frequency distribution of individuals was used to determine species population 

expansion. Demographic expansion parameters, tau (r), theta at time 0 - (0q) and theta at time 1 - 

(0/), Harpending’s Raggedness Index, the simulated sum of squared deviation, and the observed

imputable component genetic diversity to the variance among major lineages of the Nile perch 

■with that observed among populations within each lineage. (Pst analyses were performed using a 

matrix of Tamura & Nei (1993) distances. The significance of the variance components 

associated with different levels of genetic structure was tested using 104 permutations.

Phylogenetic trees were constructed using Neighbor-joining (NJ) and ML methods in 

MEGA5.0 (Tamura et al. 2011), and the Bayesian inference (BI) method using MRBAYES 

(Huelsenbeck & Ronquist, 2001, Ronquist & Huelsenbeck, 2003). The tree topology was tested 

by a bootstrap analysis with 5 x 106 pseudo-replicates to evaluate support for the phylogenetic 

relationships (Felsenstein, 1985). These were further supported by construction of a minimum­

spanning haplotype network using TCS vers. 1.6 (Clement et al. 2000) as described in 

Templeton et al. (1992). MODELTEST 3.6 (Posada & Crandall, 1998) was used to determine 

the optimal substitution model for the mtDNA data. Parameter values estimated by 

MODELTEST were adopted for further analysis, including phylogenetic relationships of the 

haplotypes, analysis of molecular variance (AMOVA), and estimates of gene flow. The NJ and 

ML trees used the Nile perch’s putative most closely related sister species, barramundi L. 

calcarifer (GenBank DQ012415.1) as an outgroup. The robustness of the NJ and ML tree 

branches were estimated based on 2000 bootstraps, using the complete deletion of gaps.
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6.3.1 Nucleotide diversity, haplotype diversity and population differentiation
Sequencing of the mtDNA control region of 124 individuals of Nile perch (Table 2a) produced a 

PCR fragment from which 476 nucleotides could be analyzed, among which 260 sites were 

variable. Thirty-seven unique haplotypes were found. Observed nucleotide frequencies were A 

= 0.283, T = 0.336, C = 0.178, and G = 0.203. Overall, haplotype diversity (A) was 0.893 ± 

0.018, and nucleotide diversity (zr) was 0.12408. The most common haplotype, i.e., haplotype 5, 

was shared by 33 individuals and was found in most sampled water bodies except for Albert 

Lake, Chamo Lake, and the Senegal River (Table 1). In addition, 78.4% of the haplotypes were 

restricted to their sampling locality (sampled water bodies) (Table 1). Haplotype sequences 

were deposited in GenBank with accession numbers JQ778220-56.

Haplotype diversities (h) for the different collections were relatively high, ranging from 0.583 ± 

0.183 for the Albert Lake population to 0.933 ± 0.122 for the Nabugabo Lake population, 

whereas nucleotide diversities, it, ranged 0.00207-0.01570 (Table 2a). The level of genetic 

diversity varied among the different populations, but were comparable among the 2 major 

lineages: the East and West African lineages (Table 2a).

sum of squared deviations were calculated using ARLEQUIN 3.5. The raggedness index was 

included in the mismatch analysis to determine the goodness of fit to a unimodal distribution 

(Harpending, 1994). Following the method of Schneider & Excoffier (1999), the moment 

estimators of time to expansion t, and the mutational parameters before (Go = 2pNo) and after 

expansion (0i = 2pNi) were determined, and were expressed in units of mutational time, where 

No and N/ are respective female effective population sizes before and after an expansion that 

occurred r generations ago. An estimate of time since population expansion, t, was calculated as 

t = t/2u; t was determined as in Roger & Harpending's (1992) equation, u = 2pok, where k is the 

number of nucleotides, and go is the mutation rate per site per nucleotide. In this study, since the 

molecular clock for the control region of fishes seems to vary among different taxa of fishes, we 

used a sequence divergence rate of 3.6% per 106 yr (Kim & Raymond, 1999) estimated using the 

geminate species of snook from a sister family, the Centropomidae, to that of the Nile perch, the 

Latidae, for the Nile perch mtDNA control region analysis.
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6.3.2 Geographical distribution of Nile perch lineages, Hierarchical Genetic 
Diversity and Phylogenetics analyses
The optimal substitution model of GTR (Tavere, 1986) for Nile perch was obtained with 

MODELTEST 3.6 (Posada and Crandall 1998). The parameters for this model were as follows, 

(i = 1.46; base frequencies were A = 0.290, T = 0.329, C = 0.179, and G = 0.202. The NJ tree 

presented a brush-shaped topology (Fig. 2). Nile perch haplotypes clustered into 2 distinct 

groups (henceforth referred to as the East and West African lineages). The distribution of the 

major Nile perch lineages was exclusive to where samples were collected (East or West Africa) 

with no overlap in distribution. Haplotypes of Nile perch collected from lakes in East Africa 

were not found in West African collections and vice versa (Table 2). Most of the molecular 

variance observed in Nile perch was imputable to differences among lineages, <P$r = 0.9345 

(Table 3). The phylogenetic trees showing the 37 haplotypes observed in African Nile perch are 

shown in figs. 2 and 3. The 2 clusters were separated by an observed 98.06% nucleotide

Population differentiation assessed using the AMOVA showed highly significant heterogeneity 

0.99, Nst = 0.99) when the populations were grouped in 2 geographic regions: East and 

West Africa (Tables 3, 4). The grouping was undertaken following the bifurcation pattern 

created by the high elevation of sub-basins of the Nile River that determined its northerly flow 

course. Even when the populations were grouped according to the sample sources, the AMOVA 

revealed highly significant heterogeneity {(Psr~ 0.94) among the sampled water bodies (Table 

3), most probably caused by a lack of shared haplotypes between East and West African Nile 

perch populations, which may have led to an overestimation of genetic differentiation. To 

further test the samples’ homogeneity, the nearest neighbor statistic (Snn) was calculated for D- 

loop sequences. When samples were grouped into East and West African populations, the 

overall test statistic revealed a significant association between D-loop sequence similarity and 

the geographical location {Snn = 1.000,/? = 0.001) (Table 4).

The minimum spanning haplotype network obtained using TCS 1.21 revealed that both the East 

and West African Nile perch collections formed a star-shaped network as the general pattern, 

rooted in the central-most common haplotype which is possibly the ancestral haplotype (Fig. 4). 

This suggests the existence of relationships between populations from either region and recent 

population expansion in the Nile perch of both regions.
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divergence (Table 4) with 99% bootstrap value support for the NJ tree (Fig. 2) and a bootstrap 

value of 1.00 for the 50% majority-rule consensus tree based on the BI analysis (Fig. 3). 
Haplotypes of East and West Africa defined separate monophyletic clades (Figs. 2, 3). The 
genetic distance by the simple P method, P = ZdIZt (Avise 1994), where, Zd is the total number 
of mutations, deletions, and substitutions, and Z/ is the total number of bases compared, 
produced a genetic distance of P = 58.2% between the 2 lineages.
The relationship among haplotypes and the frequency of each haplotype of the African Nile 
pterch were further visualized by constructing a minimum spanning network (Fig. 4). In the 
network, 2 lineages of East and West Africa were recognized. There was substantial structuring 
of groups among lineages with an overall <I>st of 0.0648 (Table 3).
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based on the 476-bp segment located at the 5’ end of mtDNA control region
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Table 4: mtDNA sequence characteristics of the two lineages - m, number of sequences; S 

number of segregating sites; N, number of haplotypes; h, haplotype diversity; K, average 

proportion of nucleotide differences between the lineages; Kt, average number of nucleotide 

differences; n, nucleotide diversity; Snn, Hudson’s statistic; Nm, Gene flow (Hudson, 2000); 

D, Tajima’s neutrality test; FS, Fu’s neutrality test, P, probability values of the tests

-1.259
(P = 0.08)
-10.685
(P = 0.00)

109
35___
28___
0.864
3.91
0.0087

-1.489
(P = 0.06)
-4.319
(P = 0.01)

15___
11___
9____
0.848 
2.08 
0.0046

124
260
37______
0.893 
55.83 
0.1241 
1.00
0.9806
0.00
0.99
0.99 
-0.545 
(p=0.36) 
-1.589
(P = 0.32)

M
S
N
H
Kt 
n 
Snn

Nm 
dbsT 
Nst 
D

Statistic East Africa lineage West Africa lineage Overall
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6.3.3 Mismatch Analysis and Demographic history
The mismatch distribution was clearly bimodal with 1 mode corresponding to the number of 

differences between lineages (-240) and the other to differences among individuals within 

lineages (-2) (Fig. 5). The goodness of fit test showed that no mismatch distributions within 

the 2 lineages significantly deviated (%2 = 0.224, p > 0.05) from predicted values under the 

sudden expansion model (Table 5). Considering the 95% confidence interval generated by 

simulations, values of the observed numbers of polymorphic sites were consistent with 
simulated sites, meaning that the parameters estimated by the model were sufficiently 

accurate to account for the observed polymorphism within the 2 Nile perch lineages. 
Observed values for the age expansion parameter, t (Table 2B), did not substantially differ 

among populations of the different sampled water bodies, and respective values for the 2 

lineages were 1.691 and 1.563 for the East and West African lineages. The respective 
estimated times since expansion before the present, for the 2 Nile perch lineages were 49,603 

and 45,576 yr. The expansion model was further supported by the fact that its findings for all 
collections agreed with the expectations of a historically expanding population model 
(Roggers 1995), where PJsimulated sum of squared deviations (SSDsim)] > P[observed 
SSD(5’SZ)O4j)] (Table 2B), the low Harpending’s raggedness indices (Hri = 0.156, P = 0.570), 
and negative values of Tajima’s D and Fu’s F (D = -0.550, FS = -1.589) were consistent with 
population expansion.
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6.4 Discussion
Results of the phylogeographic, phylogenetic, and mismatch analyses revealed that Nile 

perch on the African continent could be divided into 2 lineages that most likely identify 
ancestral populations of Nile perch that evolved separately as a result of allopatric separation. 

This discussion focuses on the species’ evolutionary history as may have been dictated by 
various paleo-environmental changes on the African continent in the species’ extant range 

that is most compatible with differential patterns of genetic diversity observed within and 
among the major evolutionary lineages beginning with the Pliocene-Pleistocene epoch to 

modern times.

6.4.2 Phylogenetics relationships among Nile perch populations
Nucleotide variability of control region sequences showed geographical structuring in Nile 
perch. Two major haplotype groups were found on the African continent, and these were 
well supported. The 2 groups showed high bootstrap values, clearly resolving the Nile perch 
into East and West African groupings that were monophyletic in the MP, NJ, and ML 
analyses. The high sequence divergence between the 2 groups and high number of sequences 
analyzed explain the high bootstrap value on the node, separating the East and West African 
haplotypes. The genetic distance between the 2 lineages was high, and there were no

6.4.1 Nucleotide diversity, haplotype diversity and population differentiation
The overall haplotype diversity was relatively high compared to those of other freshwater 
fishes (Mccusker & Bentzen 2010). This high haplotype diversity can be explained by the 
presence of divergent lineages, the East and West African Nile perch lineages. In addition, 
the genetic signature of high haplotype diversity and low nucleotide diversity found in the 
African Nile perch can be attributed to rapid population expansion after a reduction in the 
effective population size (Ludt, Bernal, Bowen, and Rocha, 2012). The rapid population size 
increases immediately after the bottlenecks and a possibility that the populations may have 

had high pre-bottleneck genetic diversities, factors known to augment genetic variation 
(Avise, 1994), may have countered any negative bottleneck effects. The high genetic 
heterogeneity as exhibited by the high nucleotide divergences and the lack of shared 
haplotypes between the 2 major Nile perch lineages can be explained by the long separation 

of the 2 lineages (McCracken & Sorenson 2005) caused by formation of the novel Nile River 
basin through rifting, tilting, and climate changes on the African continent in the Late 
Pleistocene (Talbot, Williams, and Adamson, 2000).
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haplotypes shared between the 2 lineages, suggesting historical interruption of gene flow for 

a number of generations, a period long enough for the species to reach a stage of reciprocal 

monophyly (Avise et al. 1987, Kazirian & Donnelly 2004).

The parsimonious network of mtDNA haplotypes of the Nile perch D-loop for the 2 lineages, 
where the most common haplotypes were rooted in the center and shared with or connected 

to all of the other haplotypes, is an indicator of a recent population expansion in both 

lineages. Theoretical and empirical expectations suggest that mtDNA which shares a single 

recent ancestor shows a strong tendency for the ancestral haplotype (often most frequent) to 

be most interior followed in declining frequency by more-distantly related haplotypes (Avise, 
Ball, and Arnold, 1988).

i

6.4.3 Mismatch analysis and demographic history
In the current study, both Nile perch lineages, the East and West African lineages, fit the 
sudden expansion model, and when comparing the number of generations as revealed by r 

values, the expansions may have occurred around the same time. The population expansion 

model was further supported by the fact that both lineages had relatively high haplotype 
diversity (0.864 and 0.848, respectively) in contrast to having low nucleotide diversity 
(0.0087 and 0.0046, respectively), a scenario which suggests that the 2 lineages experienced 

population bottlenecks followed by population expansions (Avise, 2000). The mismatch 
distribution topologies were very similar, and expansion times were close, suggesting that the 
expansion events may have occurred in the same period, most probably during the late 

Pleistocene, when the African continent went through alternating dry and wet climatic phases 
that may have led to bottlenecks and expansions in fish populations and speciation (Agnese, 
Adepo-Gourene, Abban, and Fermon, 1997; Beuning et al. 1997). The negative values of 
Fu’s index and Tajima’s D further support the hypothesis of recent population expansion. 
The formation of the novel Nile basin from previous sub-basins through rifting, tilting, and 

climatic changes in the late Pleistocene may have cut off all outflows from the Nile to West 
African lakes and river basins, thereby stemming any possible genetic exchange between East 
and West African fish. This bifurcation was associated with the rifting and tilting of the 
African continent that led to the rise of the left escarpment of the river Nile basin separating 
the Nilo-Sudan ichthyofaunal province into West and East Africa (Adamson, 1982; 
Adamson, McEvedy, and Williams, 1993; Woodward, Macklin, Krom, and William, 2007). 
Our findings are similar to those of previous studies that worked on Nile tilapia
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6.4.4 Taxonomic status of the Nile perch
The amount of genetic variation as measured by Fsr, genetic distance, and phylogenetic nodal 
support (bootstrap scores) found among East African Nile perch populations was insufficient 

to support the earlier classification of Nile perch by ecological biologists into 4 different 

species, L. niloticus, L. macropthalamus, L. longispinis, and L. albertianus, in the East 

African region (Harrison, 1991). Our findings do suggest that there are 2 genetic groupings 

of Nile perch on the African continent, including 1 East African group with 2 genetically 
divergent lineages and 1 West African group. Speciation into separate East and West African 

groups may have been caused by long geographical separation with no genetic exchange. 
Apparently, phylogenetic relationships among East African Nile perch populations are still 

problematic and require further investigation.

phylogenetics, a species with a similar distribution to that of the Nile perch on the African 

continent (Agnese et al. 1997, Rognon & Guyomard, 1997). Those studies also indicated that 

populations of the Nile tilapia can be divided into East and West African lineages.

Since depletion of one species cannot easily be replenished by natural migration by the other, 
the ESUs should be conserved as 2 separate management units, and genetic exchange due to 

anthropologic activities between the two should be avoided. The status of fisheries of the 
Nile perch on the African continent, although listed as of‘least concern’ because of its wide 
distribution and there being no major threats, is vulnerable to overexploitation (Azeroual et 
al. 2010). The Nile perch fishery on the African continent has relatively high genetic 
diversity compared to other freshwater fish species, meaning the fishery is healthy and if 
effectively managed can ably support both the species’ sustainable exploitation and 
conservation efforts.

6.5 Conclusions
MtDNA control region data indicate that there are 2 genetically divergent lineages of Nile 
perch on the African continent, an eastern lineage defined by populations from East African 
and Ethiopian waters and a western lineage consisting of populations from the Senegal River. 
Genetic differences between these lineages are likely indicative of 2 different species and 2 

ESUs.
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Molecular and morphological characterisation of organisms always produces contrasting 

outcomes in biology (Germann et al. 2010), but for the Nile perch the 2 types of data are 
congruent. Analyses using morphological characters resulted into 2 morphotypes and 
similarly genetics analyses revealed 2 clusters in East African Nile perch. If future research 

confirms stability of the established genetic and morphological structures and their mappings 
occur in the same locales this would further confirm the congruence. The two groupings most 

probably represent two subspecies of the Nile perch in East Africa. Further studying of the 2 
subspecies should enable designing of appropriate regimes for their management and 
determining their attributes for that will aid selection of the best subspecies for use in the 
proposed domestication and culture of Nile perch.

7.0 General Discussion
The aim of this study was to establish the evolutionary and phylogeographical relationships 

of the Nile perch -Lates niloticus in its extant ranges using both molecular and morphological 

characterisation. The basic principle of all molecular genetic methods is to use inherited 

stable markers to identify genotypes that characterize populations, after which the resulting 

data are used to test whether samples were drawn from a large, randomly mating population 

with equilibrium genotype frequencies, or from an assemblage of genetically distinct units 

(Coyle, 1998). To justify the continued use of morphological characteristics, Weins (2004) 
pointed out that since we have not reached a stage where all molecular phylogenies are 

reconstructed without error, it is still pertinent to carry out rigorous morphology-based 

phylogenies as a check on the molecular analysis results.

In vast more or less open water bodies such as Lake Victoria, the lack of migration limits to 
dispersal and gene flow between populations especially of a migratory fish such as the Nile 
perch is expected to work against local genetic and morphological differentiation. But the 
findings of this study showed that the Nile perch of Lake Victoria is genetically differentiated 
though at a low level. This population structuring is most probably attributed to subtle or 
eriptic isolation mechanisms such as differential physic-chemical conditions and intense 
fishing pressure (Palumbi, 1994). There is need to determine what empirical factors 
causing the Nile perch population structuring tendency, which will aid in designing the 
species’ effective management.
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Genetic analysis of the East African Nile perch revealed surprisingly high levels genetic 

diversity in all the different lakes’ populations. The relatively high genetic diversity of the 

heavily exploited Nile perch of East African lakes as revealed by the study findings is 

contrary to the expectations where removal of biomass is expected to reduce the genetic 

diversity of the exploited species (Lee & Sarfina, 1995). The question is whether with the 

reported decline in Nile perch stocks (Balirwa et al. 2003; EfD, 2008) this high genetic 

diversity can be maintained for long before the predicted fishery crash (Lowe-McConnell, 
1994). Or it may be deceitful by painting a good situation of‘high genetic diversity’ as Nei, 

et al. (1975) population genetics theory suggests that genetic diversity is significantly reduced 
only in very small populations in that even crashed populations may consist of far too many 

fish to show declines in genetic diversity measurable with feasible sample sizes (Ryman, 

Utter, and Laikre, 1995).

The findings of this study indicated that there were 2 lineages of Nile perch on the continent 
that may have been geographically separated since Late Pleistocene and stayed without 
genetic exchange between the two since then. The geographical separation may have been 
caused by paleoclimatic and paleoenvironmental changes that caused merging of smaller 
basins to form the bigger Nile basin cutting off westward flow to the Altantic and Eastward 
flow to the Indian Ocean. This resulted into dividing and eventual separation of the Afro- 
tropical widely distributed Nile perch into East and West Africa lineages. The findings agree

The taxonomy of the Nile perch requires reappraisal, for according to this study’s findings 
the East African Nile perch belongs to one species with two subspecies. It is also the finding 

of this study that the African continent has two ESUs - one East African and the other West 
African that may probably be equated to species. Yet according to Otero (2004) fossil record 
studies revealed a number of extant species including: Lates niloticus, Lates 

macropthalamus, Lates longispinis with two species earlier thought to be independent, Lates 
albertianus and Lates maliensis, being found to be synonymous with L. niloticus within the 
East African region. Like Lates albertianus and Lates maliensis the other two species Lates 
macropthalamus and Lates longispinis may be synonymous with Lates niloticus or just 
subspecies of the later. Like the phylogenetic relationships between East African Nile tilapia 
(Qreochromis niloticus') populations are still problematic and deserve additional investigation 
(Rognon & Guyomard, 1997) the Nile perch of East Africa require fresh reappraisal.
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with earlier studies of genetical characterisation of the Nile tilapia a species with almost 

similar distribution on the African continent like Nile perch that found similar clustering into 

East and West African lineages (Rognond & Guyomard, 1997).

7.1 Conclusions and Recommendations
Both morphological and genetics characterization of the Nile perch revealed two groupings of 

Nile perch in all lakes where the Nile perch occurs in E. Africa. These two groupings most 

probably are representatives of 2 subspecies of the Nile perch. It is recommended that the 2 
be further studied and characterized to ascertain whether they may require different 

management approaches.

Nile perch of lakes of E. Africa is of relatively high genetic diversity compared to other 
freshwater fishes. I recommend that for non-connected water bodies the species should not be 
translocated to ensure continued integrity and high genetic diversity. For the proposed Nile 
perch culture the findings of this study will serve as a benchmark for assessing the impact of 
acitivity on the species genetics both on-farm and in the wild. Ecological and biological 
performance of two lineages within and stocks of the different water bodies need to be 
contrasted to establish if differences in ecological and biological performances have a genetic 
basis. Such a study will guide the choice of the appropriate sources of the parental stock in 

the domestication and aquaculture trials of the Nile perch. The Nile perch of the introduced 
environments had relatively higher genetic diversity than the putative native sources 

indicating that most probably there was higher propagule pressure resulting from multiple 
source and repeated introductions than the official record. It is therefore recommended that 
unofficial fish movements and translocations be strongly prohibited within the region.

There is genetic differentiation among the Nile perch of L. Victoria, which shows that the 

species is undergoing population structuring. Therefore it is recommended that further studies 
be undertaken in order to enable the the delineation of the different populations of Nile perch 

within L. Victoria to allow for effective management of this fishery. Such studies should first 
identify whether the various populations are conspecific prior to undertaking any 

assessment/confirmation of the population structure. Managing the Nile perch of Lake 
Victoria as one panimictic population may lead to overexploitation and eventual extinction of 

isolated locally adapted populations.
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Nile perch on the African continent belongs to 2 genetic groupings that have been separated 

for a very long time, which most probably represent 2 lineages.These 2 groupings should 

considered as 2 different ESUs and since depletion of individuals from one lineage cannot 

easily be replenished by natural migration by the other, the ESUs should be conserved as 

such and genetic exchange due to anthropologic activities between the two should never be 

allowed.
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Lakes and as a potential for sport fishing (Gee, 1969, 
Acere, 1985; Barlow and Lissle, 1987; Achieng, 1990).

After its introduction, the Nile perch slowly colonized its 
new environs and then exploded in the 1980s (Arunga, 
1981; Okaronon et al., 1985; Goudswaard and Ligtvoet, 
1988). This increase in Nile perch population coincided 
with the disappearance of close to 50% of the endemic 
fish species in the new environs and Nile perch has been 
labelled the villain (Barel et al., 1985). Nile perch has 
established itself in the new environs and currently 
dominates the fishery in these Lakes. Despite this
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Abstract

In this study an attempt was made to determine whether there are morphological variations associated 
with the different geographical populations of the Nile perch of East Africa. Analyses of the levels of 
morphological differentiation based on morphological characterisation and variation were carried out. 
The study was based on 864 Nile perch sampled from 25 different locations from different Lakes in the 
region and 10 morphological characters. Also determined were the length - weight relationships and 
condition factor of sampled Nile perch. The log transformed data of all sampled Nile perch were 
subjected to multivariate analysis, using ‘PAST’ statistical software. Findings showed that peduncle 
form and size, of all the variables used in this study, contributed most to the variance. The analysis 
clustered the Nile perch into two groups, which were found to be as characterised by earlier 
morphological description of this species and most probably are representatives of two distinct taxa of 
Nile perch in the East African waters. The LWRs and condition factor conformed to the fish isometric 
growth formula W = aLbwith the value for the pooled data being W = O.6664L0 3264. The existence of 2 
morphs agrees with earlier taxonomists (Harrison, 1991; Ribbink, 1987; Bwathondi, 1985; Holden, 1967) 
who proposed that Nile perch exists in two populations - a bigger shallow water dwelling morph and a 
smaller deep open water dwelling morph. This calls for identification and mapping of the 2 populations 
in the different waters of East Africa that may require application of different management regimes.

perch Lates niloticus (Linnaeus, 1782) is an 
jrtant commercial freshwater fish species in East 
a. It is endemic to Lakes Albert and Turkana and 
introduced into Lakes Victoria, Kyoga and Nabugabo 

• five decades ago (Hamblyn, 1961; Gee, 1964; 
FRO, 1967; Welcomme, 1988; Pringle, 2005) with 
ition of bolstering the then failing fishery of these
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statistical software are presented and discussed.

METHODOLOGY AND STUDY AREA

Samplecollection

Biometric measurements and data analysis

In Lakes Albert, Turkana, Kyoga and Nabugabo (Figure 1) fish were 
caught using seine nets. In these lakes, the sampling followed 
different eco-zones (shallow offshore waters and the deep open 
waters) because different Nile perch morphs are believed to inhabit 
different eco-zones. In Lake Victoria, samples were caught from 22 
different geographical locations (Figure 2) by bottom trawls. 
Sampling followed transects pre-determined by hydroacoustics 
experts after consideration of a number of factors including 
traditional fishing grounds, history as told by the local fisher folk, 
previous knowledge of Nile perch distribution, findings of tagging 
experiments, and the Lake topography. Trawls were done after the 
hydroacoustics experts on board detected signals indicating 
abundance of relatively big size fish on their computer screen. For 
the trawls the depth of sampled sites ranged from as low as 4.5m to 
a maximum 50.4m (Table 1). The seining of Nile perch from both 
deep open and shallow offshore waters and trawling from the deep 
open waters toward the shallow offshore waters ensured that if 
there are differences in habitat for different morphs as alleged, then 
all morphs would be sampled and included in the analyses. A total 
of 864 Nile perch fish were sampled from all lakes (Table 1).

Nile perch samples were taken from Lakes Albert in Uganda and 
Turkana in Kenya where the fish is endemic and the putative origins 
for the introduction of this species into Lakes Victoria, Kyoga and 
Nabugabo in Uganda. Lakes Albert and Turkana are rift valley 
lakes, with Lake Albert found on the western border of Uganda with 
Democratic Republic of Congo and Lake Turkana on the north 
western border of Kenya with Ethiopia. Lake Victoria is the second 
largest fresh water lake in the world, and is shared between three 
countries: Uganda (41%), Kenya (6%) and Tanzania (53%). Lake 
Kyoga is in Central Uganda connected to both Lake Victoria and 
Lake Albert by the Victoria Nile River. There are waterfalls on either 
side of Lake Kyoga - Owen Falls and Murchison Falls, which act as 
a buffer to the movement of adult Nile perch due to their size. Lake 
Nabugabo is a small (24 km2) satellite lake, formerly a bay on the 
western shore of Lake Victoria separated from the main lake by a 
sand bar more than 5,500 years ago (Chapman et al., 1996). It is 
alleged that before introduction of Nile perch from Lake Albert into 
Lake Victoria, the fish were first rested and tried out in Lake 
Nabugabo before eventually being introduced into Lake Victoria 
(Barlowand Lissle, 1987).

Morphological characters studied included - total length (TL), 
standard length (SL), body depth (BD), peduncle length (PL) and 
peduncle depth (PD) (Figure 3), so for every sampled fish 
measurements of these characteristics were taken immediately 
after capture/trawl. Ratios of TL to all other variables - SL, BD, PL 
and PD, and ratio of PL to PD for each sampled fish were 
calculated and also used in the analyses. The study also 
considered the length - weight relationships (LWRs) and the 
condition factor of the fish and establishes whether these are 
affected or affect the morphological variation of this fish. Condition 
factor refers to a mathematical formula for determining the 
physiological state of a fish, including its reproductive capacity. The 
heavier a fish is for a given length, the higher its condition factor 
(K), which is one factor that is considered when determining the

cgical wrath, due to the lucrative international and 
>nal markets, the Nile has boosted the economies of 
three riparian countries of Lake Victoria - Kenya, 

mda and Tanzania, where most Nile perch is 
rested, bringing in a hefty USD $250 million from the 
(national markets alone (Odongkara et al., 2009).
lie to its high demand in the market, this fish species 
I been put under increased fishing pressure in this 
pn, leading to a great decline in its stocks (Environment 
Development, 2008). The decline in Nile perch stocks 
wther compounded by habitat degradation, water 
;tion and changes in prey for Nile perch (Mkumbo 
Ligtvoet, 1992; Ogutu-Ohwayo, 1990). One way to 

gate this problem is to domesticate and culture this 
fees so as to supplement the supplies from the wild 
reduce the pressure on the natural stocks. This study

Ipart of a bigger project whose overall goal is to 
nesticate, breed and culture the Nile perch based at 
baculture Research and Development Center - 
(ansi, Uganda.
o culture any species from the wild it is prudent that 
species is characterized taxonomically, ecologically

i geographically as the first step. This enables one to 
:ne this species and to determine the performance of 
different taxa that are in the wild so as to aid selection 

(the best suited taxon for culturing (Liao and Haung, 
DO). Earlier efforts (Worthington, 1929, 1932; Harrison, 
81; Hauser et al., 1998) failed to unambiguously define 
) Nile perch in this region. For example what was being 
ten as one species - Lates niloticus, turned out to be 
nsidered as two different species - Lates albertiensis 
id Lates macropthalamus for the Lake Albert Nile perch 
forthington, 1929; Worthington, 1940), and interestingly 
; Lake Turkana Nile perch were taken to be two 
:erent subspecies - Lates niloticus rudolfianus and 
les niloticus longispinus of the riverine species Lates 
etfcus (Worthington, 1932; Greenwood, 1966). Later 
s grouping was revised to subspecies level and not 
ecies of Lates niloticus as the specimens from Lakes 
>ert and Turkana were seen as intermediates and also 
ught to interbreed (Worthington, 1940). The other 
lool of thought is that the observed differences in 
rphology of the Nile perch may be arising from the 
remities of a normal population curve. According to 
prison (1991) the Lake Victoria Nile perch has been 
i is wrongly referred to as Lates niloticus, yet its 
onomic status has never been resolved. This paper is 
t of a bigger study that is attempting to taxonomically 
iracterise the Nile perch using a combination of both 
■phological and molecular techniques. The paper 
imines the morphological variation among Nile perch 
East Africa and determines which morphological 

iracteristic contributes most to this variation as well as 
sphering its morphological phylogenetics. In this 
>er, results of the analysis of the Nile perch 
lulations and subdivisions based on measurement of 
morphological characteristics, done using the ‘PAST’
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analysis using the PAST software. Principal component analysis 
(PCA) was used to extract principal components from the four 
variables. The ‘PAST (PAIaeontology STatistical) software package 
was originally aimed at palaeontology but currently has become 
popular in ecology and other fields (Hammer et al., 2001). Using 
PAST, the measured morphological characters were subjected to 
multivariate analysis, a tool highly recommended for determining 
relationships between populations of a species (Thorpe, 1987) and 
for use in stock identification of freshwater fish and investigating 
taxonomical problems in sympatric populations (Cawdery and 
Ferguson, 1988). The most significant component that contributed 
most to the variance was then used in determining the 
morphological phylogenetic relationships of the Nile perch in the 
East African waters. Based on the outcome of the mixture analysis 
in 'PAST, all data were subjected to K-means clustering to 
determine non-hierarchical clustering of all the samples into the 
number of groups (2) specified under the mixture analysis. For all

<

lith of a fishery. The LWRs of pooled data for all fish were 
mated using the equation W = aLb (Pauly, 1983), where W = 
gTit of fish in grams, L = TL in cm, b = length exponent (slope) 
I a = proportionality constant (intercept). The 'a' and 'b' values 
e obtained from a linear regression of length and weight of fish, 
i correlation or degree of association between length and weight 
was calculated from linear regression analysis, R = r2. The 
dition factor 'K' was determined using the equation, K = 
W/L3. In order to standardize the data, all variables taken 
uding SL, BD, PL and PD were expressed as a percentage of 
Also since different strains of the Nile perch are thought to differ 
'L and PD, the ratios of these two variables were expressed as 
centage and the condition factor 'K' was determined for each 
iple. To ensure normality and homogenous variances, all values 
e logw - transformed before statistical analyses were 
'ormed. The outcomes (PUPD%, BD/TL%, BD/SL% and ‘K’) 
ethen used as the variables in the consequent multivariate data
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Figure 2. Map of Lake Victoria showing the sampled sites.

les the significance level considered was 0.05.
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DISCUSSION
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components were positive (Table 2) indicating all used 
variables have some effect on the morphological variation 
of the Nile perch with the most significant contribution 
from the variable percentage ratio PD/PL (Figure 5). 
When subjected to mixture analysis, the fish clustered 
into two groups (Figure 4). From the K-means clustering, 
the majority of the individuals (583) belonged to one 
group, that is, cluster 1 and the rest (281) belonged to the 
other group, that is, cluster 2. The mixture analysis curve 
(Figure 4) for all data pooled together showed two major 
groupings. The Neighbour-Joining clustering using 
Euclidean similarity measure generated by 'PAST' using 
the log10-transformed data from the principal component 
1 also revealed two clades.

jKIT

IT>
/r-

These findings indicate that Nile perch fish growth is 
isometric and obeys the cube law 'W = L3', that is, the

.KT

LWRs of Nile perch was found to be Log10W = 
!4 + 0.3264Log10TL, corresponding to W = 
ML03264, indicating an isometric growth pattern. The 
ision coefficient for the pooled data was r2 = 0.9832 
le 6). The relative condition factor ranged from 0.57 
!8 with average for pooled data at 1.16. Principal 
bnent analysis of the data from the four variables 
led that approximately 96.8% of the total variation 
jxplained along two components 1 and 2, that is 
.% and BD/TL% respectively. With most of the 
ice provided by the component 1 - PD/PL% 
I7%) followed by BD/TL% (23.300%) then BD/SL% 
I9%) and condition factor 'K' (0.017%) making the 
st contribution to morphological variation of the 
perch (Table 2). All the Eigen values for all
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e 1. Showing the Sampling sites, number (N) of fish sampled from each site, the eco-zone of the sample site, and for Lake Victoria 
fi at the start and end of each fishing trawl.

Figure 3. The morphological characteristics of the Nile perch fish that were measured 
during this study including total length (TL), standard length (SL), body depth (BD), 
peduncle length (PL) and peduncle depth (PD). In addition, the wet weight of each 
sampled fish was also taken. (Source of photo - FAO Fish Finder (1994).

Lake
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Victoria
Turkana
Albert
Kyoga 
Nabugabo

Country 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Tanzania 
Uganda 
Uganda 
Uganda 
Uganda 
Uganda 
Uganda 
Uganda 
Kenya 
Kenya 
Kenya 
Uganda 
Uganda 
Uganda

Eco - zone___________________
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/ open
Deep/open and shallow/offshore
Deep/open and shallow/offshore
Deep/open and shallow/offshore
Deep/open and shallow/offshore

Depth start - End of trawl
9.0- 9.0 m

25.0-24.0 m
45.0-48.0 m
50.0 - 50.4 m
30.0-30.0 m
33.0-29.0 m

9.4 - 9.4 m
30.2 - 30.2 m
40.0 - 37.5 m
32.5-32.0 m
40.0 - 40.0 m
13.2- 14.0 m
32.0-31.0 m

5.5 - 4.5 m
4.8 - 4.5 m
8.0 - 8.0 m

24.0-24.6 m
20.0 - 24.0 m
20.0- 18.0 m
30.0 - 25.0 m
43.0-43.0 m

pulation ID 
th Pasha /EPT 
fga point /RPT 
pnga /MT 
Be/KT 
do/IT 
lOka/KIT 
afu/RUT 
jba/LUT 
engere /UST 
ra/UKT 
j/WIT 
ustus /AUT 
ma /MWU 
ege/KGU 
ab-u/BBU 
langi Ssese/BSU 
ebery Channel/RCU 
dwe/KIU 
ilu /SGU 
a/SAK ■ 
ngo/ MIK 
iana /TLK 
ill Kaiso /AKU 
'ga - Bukungu /KYU 
wgabo /NAU

Number (N)
22
50
38
31
40
40
20
50
42
33
20
20
28
15
46
39
16
41
12
50
35
19
95
50
18
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Table 2. Eigen values and the distribution of variance among the different components.
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112 -
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48 -
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16 -
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PD/PL% (component 1)

9.6

a

D.4

54

Figure 4. A graph of Frequency Vs PD/TL% of all data from the 
principal component (component one) showing normal curves of the 
probable 2 major groupings of sampled Nile perch generated after 
PCA under 'PAST'. The unbroken line curve represents cluster one 
the most dominant and the broken line represents cluster 2.

I
I

96 - 
Frequency

80 -

Morphological character
PD/PL%
BD/TL%
BD/SL%
K

Eigen value
71.965
22.827
3.160
0.016

Variance (%)
73.457
23.300
3.226
0.017

Component ranking
1
2
3
4

Figure 5. Scores of the first two most significant 
principal components in this study. Component 1 
represents the PD/PL percentage ratio whereas 
Component 2 represents the BD/TL percentage ratio.
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Conclusion

The exhibited isometric growth implies that Nile perch 
does not increase in weight faster than the cube of their 
total lengths. The Nile perch of East Africa has two 
distinct morphotypes, the stout and lankier forms, an

y = 0.3264X+ 3 6664 
R2 - 0.9853

2 3
Log,„Wt

from easy capture by fishermen, whereas the stout 
morph with the short and thick peduncle is thought to be 
slower, and as such this morph forages in the shallower 
open offshore waters where it can hunt easily, a situation 
that leads to its easier capture by the fishermen and 
therefore its predominance in the catch. The two 
clusters/groups differentiated largely by variation in 
peduncle morphs, despite the spatial separation from the 
putative lakes of origin they are as clearly distinct in their 
new environments in which they were introduced over 
five decades ago. Therefore it is most likely that the two 
Nile perch groupings are most probably from two different 
populations of even taxa at subspecies level, thus calling 
for further work using a combination of both 
morphological and molecular markers to properly classify 
the Nile perch and provide the basic (taxonomic status) 
prerequisite tool for its effective management. Most of the 
Nile perch fish in the sampled lakes belonged to one of 
the taxa, with the stout morph as the most dominant in 
the East African waters of lakes - Albert, Turkana, 
Victoria, Kyoga and Nabugabo. The contribution to 
morphological variation of the Nile perch by the condition 
factor can be ignored as the value (0.017%) is 
insignificant. The differences in condition factor are 
mainly due to the wellbeing of the fishery in certain 
environments and how fish best exploit those particular 
environments rather than the morphology of the fish.

Figure 6. Regression graph for pooled data for LogwTL versus LogioWt showing regression 
coefficient 'R7' and regression equation.

ht of the Nile increases in proportion to the cube root 
5 length. Also from the regression coefficient r2 - 
>3 all the LWRs of Nile perch were strongly 
ficant. The results of the PCA indicate that of all the 
bles used in this study, the percentage ratio of 
’L (73.457%) contributed most to the variance in the 
iperch. This suggests that the different morphs of the 
iperch most probably may be largely be differentiated 
fieir characteristic difference in the form and size of 
i peduncle. The ratio BD/TL% also contributes 
ficantly'(23.3%) to the variation in morphology of the 
perch, this ratio is an indicator of the body form, 

•her the fish is lean and long or stout and short, 
efore the peduncle and body size and form are 
onsible for the variation in morphology of the Nile 
h, which agrees with what is known by the local 
r folk around the different lakes (personal 
nunication from the interviews conducted during the 
sling). The fisher folk recognize two general 
ihotypes of Nile perch, one stout (deeper body) with 
ort and thick peduncle, and the other lankier, with a 
and slender peduncle. From the mixture analysis 

I PAST software and the generated tree the fish 
ered into two groups/branches. This most probably 
ests that there are probably two major morphs of 
perch in East African waters. The local fisher folk 
jr attested that the stout form, with a short and thick 
ncle, is more common than the lankier form, which 
is with the mixture analysis and K-means analysis 
slaces the sampled fish in two groups with one (583 
lies) more prominent than the other (281 samples), 
lankier morph most probably uses its slender and 
r peduncle to swim faster and forages in the deep 
waters where rare availability of prey may not 

it formation of a deep body, but this keeps it away

o
o
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Nile perch establishment in novel ranges in East Africa is one of the most successful freshwater invasion stones in the recent history. It 
became ecologically dominant and well established in several lakes in the Lake Victoria Region in a period of less than 5 decades. Genetic 
diversity of both introduced and native populations were assessed and patterns compared in order to establish the genetic consequences of 
their introductions Genetic variation was surveyed at both the mitochondrial control region (CR) and al nine microsatellite loci. A total of 
527 Nile perch fish were sampled from 5 East African lakes: native source populations were examined from lakes Albert and Turkana while 
introduced populations were sampled from lakes Kyoga, Nabugabo and Victoria Both types of markers revealed higher average genetic 
diversity for invasive species (HE = 0.70, h = 0.81) than for native source populations (HE = 0.66. h = 0.69) Both populations scored 
relatively higher than the average for freshwater fishes (HE = 0.62). Both native and introduced populations had 2 underlying genetic 
groupings in similar proportions as revealed by the STRUCTURE program. The high genetic diversity was most probably a consequence of 
higher numbers of propagules than outlined by official records of introductions Use of high number of individuals at stocking is probably 
the reason for apparently minimized ‘founder effects’ of Nile perch in the introduced ranges. The two underling populations revealed through 
genetic analysis may be representatives of the two subspecies of Nile perch previously reported in other studies. Implications to the 
management of this fishery in the East African region is that with the relatively high genetic diversity, the species could be sustainably 
exploited if it were effectively managed. In addition, further studies of the life histories and other attributes of the two genetic groupings of 
Nile perch in the region are recommended, as they may require different management plans.

changing environment depends on the quantity of 
genetic variability of the species (Lavergne and 
Molofsky 2007). Yet introduced species are 
expected to undergo loss of genetic diversity 
during introduction and establishment due to the 
founder effect caused by genetic drift resulting 
from small number introductions, which greatly 
lowers the adaptability of the population in novel 
habitats (Dlugosch and Parker 2008). In East 
Africa Nile perch (Lates spp.) occurs naturally in 
Lake Albert and the White Nile River in Uganda, 
and in Lake Turkana in Kenya. It was introduced 
into lakes Kyoga and Nabugabo from Lake

^REABIC

Genetic characteristics of invasive species are 
important in their successful establishment and 
range expansion (Lee 2002). Explanation of the 
importance of evolutionary and genetic processes 
during establishment of invasive fish species has 
received little consideration with most research 
focused on the victims of translocations, i.e. the 
native fish species (Handing 2007). From the 
evolutionary and genetics perspectives, the 
potential for a species to adapt to a novel or
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Sample collection and DNA extraction

A total of 527 Nile perch fish were sampled 
randomly along representative transects in the 5 
lakes, using bottom trawls for Lake Victoria and

Study area

Nile perch samples were taken from five lakes - 
Victoria, Kyoga and Nabugabo in Uganda, the 
introduced environs; and from their native ranges 
of Lake Albert in Uganda and Lake Turkana in 
Kenya. Lakes Albert and Turkana are considered 
as the putative origins for the introduction of 
Nile perch into the novel ranges (Figure 1). 
Lakes Albert and Turkana are rift valley lakes, 
with Lake Albert found on the western border of 
Uganda with the Democratic Republic of Congo 
forming part of the Nile system while Lake 
Turkana is on the north western border of Kenya 
with Ethiopia (Figure 1). Lake Turkana is said to 
have had a connection with the River Nile for 
more than once during the wet periods of the 
Pleistocene, with the most recent connection 
occurring approx. 7,000 ago (Dgebuadze ct al. 
1994). Lake Kyoga is located in Central Uganda 
and connected to both Lake Victoria (the second 
largest fresh water lake in the world with varied 
habitat types and ranges) and Lake Albert by the 
Victoria Nile River. There are a number of areas 
with rapids which culminate into spectacular 
waterfalls on either side of Lake Kyoga along 
Victoria Nile River, the Owen Falls and 
Murchison Falls. The rapids and falls act as 
impediments to the free movement of fish such 
as Nile perch between two watersheds. Lake 
Nabugabo is a relatively smaller lake (24 km2) 
commonly classified as a satellite lake to Lake 
Victoria. Lake Nabugabo was formerly a bay on 
the western shore of Lake Victoria which was 
separated from the main lake by a sand bar more 
than 5,500 years ago (Chapman ct al. 1996). It is 
alleged that Nile perch from Lake Albert were 
first held and tried out in Lake Nabugabo before 
eventually being introduced into Lake Victoria 
(Barlow and Lissle 1987).

patterns of the species were also compared to 
other freshwater exploited species to determine 
how the species has been affected by the 
reported overfishing and to recommend how the 
species may be effectively managed to best 
conserve its genetic integrity in the region.

Albert and into Lake Victoria from lakes Albert 
and Turkana (Mwanja and Mwanja 2008).

Lake Albert was said to contain two perch 
species, namely Lates niloticus and Lates 
macrophthalamus (Holden 1967). Welcomme 
(1967), who considered the two as sub-species 
rather than species, presumed that the two sub­
species were introduced together into Lake 
Victoria cither accidentally or intentionally. In 
addition, some introductions are said to have 
been from the Lake Turkana and a sub-species of 
L. niloticus, i.e. Lates niloticus longispinus 
(Greenwood 1976). The putative origins of Nile 
perch were reported to be composed of two 
characteristic populations; one having a smaller 
body form and found dwelling in deep open 
waters while the other population have a deeper 
bodied morph and inhabit inshore and shallow 
waters (Harrison 1991; Holden 1967; 
Worthington and Ricardo 1936). This population 
structuring has also been suspected to be 
occurring in introduced ranges (Bwathondi 
1985); and is being questioned if it may signify 
different taxa of the Nile perch.

Official introductions were reported to be 
done using small numbers totalling to 382, 295 
and 585 individuals for introductions into lakes 
Victoria, Nabugabo and Kyoga respectively 
(Hauser et al. 1998). These introductions were 
intended to bolster the then failing fisheries in 
the non-native ranges of Nile perch, and for 
possible use as a sport fishery (Ogutu-Ohwayo 
1994). Nile perch slowly colonised its new 
habitat for the first 20 to 30 years and then its 
population exploded in the 1980s (Mwanja and 
Mwanja 2008). The cause of the population 
explosion of the Nile perch after staying for the 
lag time as a minor component in the fisheries of 
the introduced environments is unknown 
(Kaufman 1992). The successfully establishment 
of the Nile perch and extension of its 
geographical range to cover all the new 
introduced ranges, despite the expected loss of 
genetic variation due to founder effects, creates a 
genetic paradox (Mwanja and Mwanja 2008).

Both introduced and the putative source 
populations were examined for genetic variation 
in the mitochondrial control region (CR) and at 
nine microsatellite loci. Comparison of the 
patterns of genetic diversity of these populations 
was necessary to understand the mode and 
mechanism of the species’ successful establish­
ment. It also gave insight into the relationships 
of the different Nile perch taxa in both 
introduced and native ranges. Genetic diversity
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Figure 1. Map showing the 
East African lakes from which 
Nile perch was sampled for 
this study.
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This was followed by 25 cycles of 94°C for 1 
min, 61°C for 1 min 30s and 72°C for 2 mins 
with a final extension of 72°C for 7 mins. Double 
stranded PCR products were cleaned following 
the manufacturer’s protocol (QIAquick). The 
sequencing reactions were carried out by 
Macrogcn Inc. (South Korea) using Applied 
Biosystems 3730x1 DNA analyser. Samples were 
sequenced in both forward and reverse directions 
to guarantee accuracy of nucleotide identifi­
cation. Standard chromate-graphic curves of 
forward and reverse sequences were imported 
into the program ChromasPro 1.41 (Technely- 
sium Pty Ltd, Tewantin QLD, Australia) and 
were manually aligned and edited. Consensus 
sequences were exported to the program BioEdit 
version 7.0.9 (Hall 1999) and aligned with other 
sequences using the CLUSTALW algorithm 
(Thompson el al. 1994).

Mitochodrial DNA Sequence Analysis

D-loop region of mtDNA of Nile perch was 
amplified using primers LN20 (ACCACTAG 
CACCCAAAGCTA) and HN20 (GTGTTATGCT 
TTAGTTAAGC) (Bernatchcz and Danzmann 
1993). PCR reactions consisted of the following: 
5 pL genomic DNA; 25 pL AmpliTaq Gold® 
Master Mix, 5 pL of a 10 pM solution of each of 
two primers, and ddH2O added for a final volume 
of 50 pL. Touchdown PCR conditions used for 
amplification included an initial denaturing step 
of 10 min at 95°C, followed by one cycle each of 
94°C for 1 min, 67 - 51°C for 1 min 30s, and 
72°C for 2 mins for each of the annealing 
temperatures starting at 67°C and stepping down 
by 2°C from each preceding cycle up to 51°C.
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Microsatellite Marker Analyses

Microsatellite markers developed for sister 
species Lates calcarifer (Zhu et al. 2006a, 
2006b; Genhua Yue et al. 2001) were used for 
screening of Nile perch. Nine microsatellite

seining for lakes Albert, Kyoga, Nabugabo and 
Turkana. Transects were made in such a way as 
to cut across all key habitat types in each lake. 
Small (2 cm x 4 cm) fin clips were taken from 
each sampled fish and stored in absolute ethanol. 
Total genomic DNA was extracted using the 

tissue kit (QIAGEN) according 
manufacturer’s instructions.
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Size range ReferencesLocus Primers (5* - 3’) AMotif

Zhu ct al. 2006a288 -308Lca70 7(CAG),?

Zhu et al 2006b258 -290Lcal65 8(TG)12

Zhu et al 2006a186-242Lca98 10(TG)h

Zhu et al. 2006b164 -226Lca!47 16(TC)„

Zhu ct al 2006b175-21510Lcal85

Zhu et al. 2006b140- 176Lcal93 12(TCh,

Zhu et al. 2006b294-336Lcal71 14(TG)„

160- 170 Zhu ct al. 2006aLca74 4(CA)„

260 - 264LcaMOI 3(CGMCA),

Mitochondrial DNA Data Analyses

The software
was

Microsatellite Marker Data Analysis

80

Table 1. Primers used to amplify the 9 microsatellite loci in Nile perch {bales spp .). A is number of alleles per locus for the sister species 
Lates catcarifer.

CATCATrTACACTCTGTTTGCCTC
GACAGA CAG GTG TTT TAG CCT ATT TG 
TCCCCTGATGAGAGGAGGTCA 
GTTACAGCCGTGGATGGACAC
CAA AGG GGC CAC TGC ACA TAA T 
CTC CAG CTC ACC CAG GTT CAC T 
TGCCCCTAATGTATTCTTTCCACT 
GCTCCCACCTCTCATTCATTATTC 
TTCGCCTGTTTGCAAATACATTAG 
ACACCCAGCATGGCTTCCTAT 
CCTCTGCCTTTTCATCTATATTGC 
CACATCGCACAAATGGACTGA 
ATTGCGTTACCAAGAGGTGAA 
TGTCTTTGAAGGCTGAAAACTG
CAT CAT TTA CAC TCT GTT TGC CTC AT 
GAC AGA CAG GTG TTT TAG CCT ATT TG 
AT TCG CTC TTT ATT CTC CC
GTC GGC CTT TCA TAT GCA AT

Genhua Yue et al
2001

3.5 
to

(CA)g(GA)i9

markers that consistently gave scoreable results 
and exhibited polymorphism were used for 
genotyping of the Nile perch samples (Table 1). 
Samples were genotyped by BioScience (UK), on 
an ABI 3730 (Applied Biosystems) using GS- 
500 (Liz) in each capillary as a size standard. 
Allele sizes were estimated on GeneMapper 
version 3.7 (Applied Biosystems).

of 3.6% per million years estimated using 
geminate species of snook from a sister family, 
Centropomidae (Kim and Ronald 1999) was used 
in the calculations. The concordance of observed 
with the expected under the sudden expansion 
model of Rogers was tested using Harpending’s 
Raggedness Index (Hri), and Sum of Squared 
deviation (SSD). The mismatch distributions 
were all calculated using ARLEQUIN 3.5.

The software program MEGA 5.05 (Tamura ct 
al. 2011) was used to generate a table of variable 
sites and for constructing a neighbour-joining 
tree based on the Tamura and Nei (1993) 
distance. The T92 model, with invariable sites 
parameter (T92+I, I = 0.90) was selected as best 
fitting model using MEGA 5.05 (Tamura ct al. 
2011). A bootstrap analysis with 5000 replicates 
was used to evaluate support of phylogenetics 
relationships. In addition, a maximum parsimony 
network was constructed using TCS 1.6 
(Clement et al. 2000); a program that provides a 
95% plausible set for all haplotype linkages in an 
un-rooted tree.

The software MICRO-CHECKER 2.2.1 (van 
Oostcrhout et al. 2004) was used for identifying 
possible genotyping errors within the micro­
satellite data set by performing 1000 randomi­
zations. Microsatellite data were checked for

program ARLEQUIN 
(Excoffier and Lischcr 2010) was used 
perform intra- and inter-population analysis, 
calculating haplotype diversity (/i) and 
nucleotide diversity (tt) for the mtDNA sequence 
data, within sampling areas. Sequence based 
statistics {Fist, Kst*, Z* & Snri) together with 
gene flow (Nni), raggedness static, neutrality 
tests including Fu and Li’s D, Fu and Li’s F, 
Fu’s Fs and Tajima’s (1989) D were calculated 
using DnaSP 5.0 (Librado and Rozas 2009). The 
distribution of pairwise differences between 
sequences was also calculated to investigate 
demographic changes based on three parameters, 
tau (r), which is time since expansion expressed 
in units of mutational time, theta (0O) and also 
(0/), which is time before and after population 
expansion (Rogers and Harpending 1992). Due 
to lack of calibrated mutation rates for the Nile 
perch mtDNA control region, a divergence rate
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departures from Hardy-Weinberg (HW) and 
linkage disequilibrium (LD) using GENEPOP 
4.0 (Rousset 2008). Genetic variation in the 
population samples were quantified by the 
■expected heterozygosity" and number of alleles 
at the loci. ARLEQUIN 3.5 was used for 
calculations of observed (//0) and expected {He) 
heterozygosities, and to test for heterozygosity 
excess and deficiency (exact tests) for 
microsatellite data, and for estimating global 
single locus F/s. Furthermore, the software 
FSTAT 2.9.3.2 (Goudet 2001) was used on the 
microsatellite data set to estimate allele richness 
per locus and sample {AR), which represents the 
number of alleles independent of sample size 
(Mousadik and Petit 1996). FSp and Rsr were 
estimated using GENEPOP 4.0. The statistical 
significance of population pairwise Fsr was 
analysed using permutation with 10,000 
replicates. The genetic structure was assessed 
through the use of Bayesian based model­
clustering in the program STRUCTURE 2.3.1 
(Falush et al. 2003), by conducting genotypic 
population assignments (MCMC = 50,000 
generations; burnin = 50,000 and iterations = 
20). To infer the genetic groups sampled, 
STRUCTURE results were analysed using the 
AK method (Evanno et al. 2005). The admixture 
model with correlated allele frequencies, 20 
replicates and set the number of genetic groups 
from K = 1 to K = 10 for each level of analysis. 
The modal value of AK was taken as the 
indicator of ancestral population clusters or 
genetic groups (Evanno et al. 2005). After 
determining the number of genetic groups, each 
individual sampled Nile perch was assigned to 
one of the groups, according to the highest 
ancestry proportion assigned by STRUCTURE.

Microsatellite Marker A nalysis

MICRO-CHECKER software did not detect 
errors in the genotypic data matrix, indicating 
there were no scoring errors associated with null 
alleles, stuttering bands, or large allele drop outs 
in the 9 loci used in the genotyping; 
consequently all 9 were included in the analysis. 
A total of 499 alleles were detected at the 9 loci 
across the 19 data sets, Lea 165 was the most 
polymorphic microsatellite with 32 alleles, while 
Lca70 and LcaMOl were least variable with 13 
alleles each. Number of alleles per locus varied 
from 2 at alleles Lca70 and Lea 185 to 17 at 
Lcal65. The mean number of alleles varied from 
9.44 ± 1.47 for KYU samples from Lake Kyoga 
to 3.67 ± 0.44 for ANU samples from L. Albert, 
and the allelic richness varied from 4.30 ± 
0.41 for MT samples from Lake Victoria to 3.33 
± 0.39 for AKU samples from Lake Albert. 
Pooled samples according to lakes from which 
they were collected revealed allelic richness 
ranging from 7.25 ± 1.75 for Lake Kyoga to

Mitochondrial DNA Sequence Analysis

Out of the 104 Nile perch mtDNA sequences 
analysed, they were a total of 35 variable/ 
segregating sites (no indels) of which 24 were 
parsimony informative with a 2.2:1 transition to 
transversion ratio (Table 2). There were 27 
haplotypes detected with hap-5 found in four out 
of the five lakes in East Africa, and noted as the 
most dominant of the identified haplotypes of 
Nile perch (Table 2). They were eight shared 
haplotypes - hap-1, hap-5, hap-9, hap-, 10, hap- 
11, hap-15, hap-20 and hap-23, which were all

found in samples of L. Victoria. 2 haplotypes, 
hap-24 and hap-25, were unique to L. Albert; 2 
haplotypes, hap-26 and hap-27, were unique to 
L. Nabugabo; haplotypes 2, 3, 4, 6, 7, 8, 12, 13, 
14 ,16 ,17 , 19, 21 and 22 were unique to Lake 
Victoria; whereas Lakes Turkana and Kyoga did 
not have any unique haplotypes (Table 2). Over­
all haplotype diversity {Hd) was high (0.86 ± 
0.03), and ranged from 0.58 to 0.93. The overall 
nucleotide diversity (n) was 0.00855 ± 0.00139 
and ranged from 0.0020 to 0.0153 (Table 3). The 
Nile perch control region had a nucleotide 
composition of A=26.8%, C=18.3%, G=21.4%, 
and T=33.5% making it A/T rich with A+T con­
tent =0.603 and G+C content =0.397. Haplotype 
sequences were deposited in the GenBank, 
accession numbers JQ778220 - JQ778247.

Reconstructing of phylogenies by both 
Neighbour-Joining and parsimony methods 
revealed that Nile perch of East Africa belong to 
2 clades A and B (Figure 2). The minimum 
spanning haplotype network of genealogical 
relationships among haplotypes revealed a 
network for Nile perch of E. Africa that was 
characterised by a high number of unique 
haplotypes with a star-like general pattern, 
rooted in the central most common haplotype, 
hap-5 (VIC6), possibly suggesting a recent popu­
lation expansion (Figure 3). The geographical 
distribution of haplotypes was non-random with 
some of the samples having private haplotypes.
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Table 2. List of 35 polymorphic sites of 27 mtDNA D-loop Nile perch haplotypes Dots represent nucleotide variants identical to the first 
sequence. VIC, NAU, KYU, AKU, and TLK represent lake populations of lakes - Victoria, Nabugabo, Kyoga, Albert and Turkana 
respectively.
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5.20±2.21 for Lake Nabugabo (Table 4). Private 
allelic richness ranged from 0.05 for RUT 
samples for Lake Victoria to 0.41 for MT 
samples for Lake Victoria. The private allelic 
richness average over all loci for the pooled lake 
populations was 0.34, 0.25, 0.16, 0.13, and 0.35 
for lakes Kyoga, Nabugabo, Victoria, Albert and 
Turkana respectively. The allele frequency for 9 
loci varied significantly among the different 
populations but all loci had one most common 
allele for all populations. Observed hetero­
zygosity (Ho) ranged from 0.08 to 1.00, whereas 
the expected heterozygosity (HE) ranged from 
0.10 to 0.93. The HE average over all loci ranged 
from 0.60 for AKU population from Lake Albert 
to 0.76 for MT population from Lake Victoria, 
whereas the Hq overall loci ranged from 0.48 for 
WIT population from Lake Victoria to 0.76 of 
KGU population from L. Victoria. 16 popula­

tions exhibited heterozygosity deficiencies, 9 
exhibited heterozygosity excesses and 2 popula­
tions had same values for both HE and Hq- For 
the different pooled populations, 4 lake popula­
tions all had heterozygosity deficiencies (Kyoga 
- He 0.75 and Ho 0.64; Victoria - HE 0.68 and Ho 
0.65; Albert - HE 0.63 and Ho 0.54; Turkana - HE 
0.69 and Ho 0.61) for L. Nabugabo (HE 0.65 and 
T/oO.68) with excess heterozygosity (Table 4). 
Three out of 243 tests for conformance to Hardy- 
Weinberg expectations differed significantly (P 
< 0.001) after corrections for multiple tests (data 
not shown). The IT and LUT samples had 
genotypic distributions that differed significantly 
at locus Lea 147.

RPT samples had a genotypic distribution 
that differed at locus Leal71. For most samples 
(= 70%) the value of the inbreeding index was 
positive.
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Table 3: mtDNA sequence variability in the control region for the Nile perch of East Africa, sample size (AO, number of segregating sites 
(5). number of haplotypes (A), haplotype diversity (Hd), nucleotide diversity (zr), demographic expansion parameters, tau (r), theta at time 0 
- (ds) and at time 1 -(0,), Harpending's Raggedness index (//rr). Sum of Squared deviation (SSD)

Table 4: Summary descriptive statistics - microsatellite data for the samples from the different lakes of East Africa showing sample size 
(Af). mean number of alleles (A), expected heterozygosity (H£). observed heterozygosity (Ho). Theta (H) under stepwise mutation model, 
mean allelic size range (As).
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.Overall

Hd

0.86
0.58
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Figure 2. mtDNA haplotype networks A and B estimated with 
95% statistical limits of parsimony using the algorithm in 
Templeton et al. 1992. Haplotypes are represented as rectangle 
and circles. Each node represents an additional mutational event

Demographic Changes

ARLEQUIN analyses of mtDNA revealed large 
differences between 0, and 02 within all samples 
suggesting rapid population expansion (Table 3). 
Tajima’s D = (-1.26001, P>0.10), Fu and Li's D* 
test statistic (-1.26266, P < 0.02), Fu and Li's F* 
test statistic (-1.51239, P > 0.10), and Fu's F, 
statistic (-9.735) were all negative, all of which 
confirm the recent introduction and resultant 
population explosion for the Nile perch of East 
Africa, which is typical of recent natural 
population expansion (Fu 1997). The overall 
Harpending’s raggedness Index, Hri = 0.119 and 
overall sum of squares, SSD = 0.0543 (Table 3). 
Results for assessment of bottleneck effects from 
the BOTTLENECK software at 9 microsatellite 
loci in 27 Nile perch populations in 5 East 
African lakes - Albert, Victoria, Nabugabo, 
Kyoga and Turkana for all 3 tests, revealed some 
evidence in 25 out of the 27 populations (results 
not shown). Most evidence was revealed under 
the standardised test where 8 populations had
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Figure 3. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou and Nei 1987). The 
bootstrap consensus tree inferred from 2000 replicates 
(Felsenstein 1985) is taken to represent the evolutionary 
history of the taxa analyzed (Felsenstein 1985). Branches 
corresponding to partitions reproduced in less than 50% 
bootstrap replicates are collapsed. The percentage of 
replicate trees in which the associated taxa clustered 
together in the bootstrap test (2000 replicates) are shown 
next to the branches (Felsenstein 1985). The evolutionary 
distances were computed using the Maximum Composite 
Likelihood method (Tamura ct al. 2004) and are in the 
units of the number of base substitutions per site. The 
analysis involved 104 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There 
were a total of 463 positions in the final dataset.
Evolutionary analyses were conducted in MEGA5 
(Tamura et al. 2011).
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The overall genetic diversity of the introduced 
ranges was found to be higher than that of the 
putative origins. This scenario is most probably 
explained by the introductions from multiple 
sources that were repeatedly done for a period of 
close to a decade from the mid 1950s to early 
1960s (Pringle 2005). Repeated introductions are 
known to augment genetic diversity of invasive 
species (Dlugosch and Parker 2008; Lavergne 
and Molofsky 2007). In addition, even though 
Nile perch may have experienced bottlenecks 
these do not necessarily lead to population crash 
or stop evolution provided a population grows 
rapidly (Frankham 2005). Nile perch is known to 
have very high fecundity - said to be as high as 
17 millions eggs per female (Ogutu-Ohwayo 
1994). The high fecundity and prolific 
reproduction may have kept the species’ 
population growth rate positive and growing 
despite the expected bottlenecks during the

Figure 4. Description of the Evanno et al. (2005) 4 step 
graphical method used in detecting the true number of population 
groups K*. AK calculated as AK - m | L"(K) 11 s[L(K)J Modal 
value of this distribution was taken as the true K* or upper most 
level of structure, here two clusters.

significant heterozygosity excess under IAM 
model, 4 populations had heterozygosity excess 
under TPM model and 16 populations had 
heterozygosity excess under SMM model. The 
assessment of Garza-Williamson index, M, 
(results not shown) for the different lakes, values 
ranged from 0.47 for L. Kyoga to 0.62 for Lake 
Albert. For the individual populations the M 
values ranged from 0.37 for RPT population to 
0.62 for KT population.

colonisation period in the introduced ranges. The 
unsuspecting and then most abundant prey, the 
haplochromines (cichlids), in the introduced 
ranges helped to easily provide the required 
energy bolstering of the population of the 
colonisers, as evidenced in the differences in the 
bigger and deeper bodied introduced Nile perch 
when compared to the source populations 
(EAFRO 1969).

Both markers, the mtDNA CR and the micro­
satellite loci, revealed relatively high levels of 
genetic polymorphisms among native and 
introduced Nile perch of East African lakes. The 
availability of the high genetic variation in Nile 
perch offers a good reprieve in the management 
efforts of the fishery given the recent reports of 
fast dwindling yields and natural stocks of this 
species in the region. Both markers, the mtDNA 
CR and the microsatellite loci, showed Lake 
Albert as having the least genetic diversity in 
spite of being the putative origin and the alleged 
biggest contributor to the introduced environs - 
lakes Victoria, Kyoga and Nabugabo during the 
translocations. This may be partly explained by 
the nature of Lake Albert whose major inflows 
either do not have Nile perch - Semiliki River, or 
have rapids or falls - Murchison falls arc 
effective barriers to faunal interchange, thereby 
preventing any gene flow from outside Lake 
Albert.

The putative origins, lakes Albert and 
Turkana, though they had relatively lower 
genetic diversity than the introduced ranges had 
genetic diversities which were way above the 
average for freshwater fish species, suggesting 
that the Nile perch fisheries of these two lakes 
are still healthy and stable enough to support 
management and conservation efforts for the 
species.

According to structure analysis, there were 
two genetic groupings of the East African Nile 
perch and all lakes had both groupings but in 
differing proportions. There was no trend in the 
different proportions of the genetic clusters in 
different lakes, which may be attributed to 
geographical location. These findings indicate 
that Nile perch in East Africa is structured into 
two distinct genetic groupings found in all the 
lakes where Nile perch is found. These findings 
agree with our earlier morphology findings 
(Mwanja ct al. 2011) and earlier studies by other 
ecological biologists who suggested the 
existence of two sub-species in the region 
(Harrison 1991; Welcomme 1967; Gee 1964; 
Worthington 1940). Therefore there are most
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Demographic changes

probably two Nile perch sub-species in East 
African lakes.

Phylogenetic reconstruction did not support 
the existence of more than one species of the 
Nile perch in East Africa as proclaimed by 
earlier fish ecologists based on morphological 
description (Harrison 1991), instead it revealed 2 
underlying clades found in all 5 lakes. What may 
have been considered as separate species arc 
most likely synonyms of the same species. Most 
probably Nile perch of East African lakes 
belongs to one species having two subspecies.

Grant and Bowen (1998) proposed that fish with 
high h and low n probably might have undergone 
population expansion after a period of low 
effective population size. Our findings on the 
genetic variation of the Nile perch are in 
agreement with this scenario, with high 
haplotype diversity and low nucleotide diversity 
(h, 0.62 - 0.71; n, 0.002 - 0.009). Similarly the 
star-like TCS parsimonious haplotype network is 
an indicator of recent population expansion with 
the central common haplotype being the 
hypothetical ancestral haplotype (Sophie et al. 
2007) and the large negative neutrality tests 
further support the phenomenon of recent 
population expansion (Fu 1997). The haplotype 
network for Nile perch of East Africa formed a 
star-like network suggesting recent population 
expansion. This was further supported by the 
small SSD and Hri values, which are indicators 
of a historically expanding population model 
(Roggers 1995). In the introduced ranges, the 
Nile perch, which was translocated using small 
numbers (Hauser et al. 1998), and said to have 
slowly colonised its novel habitats and later 
exploded in the 1980s to dominate their fisheries 
(Ogutu-ohwayo 1994) fits the above recent 
expansion model. For the native ranges, the 
possible explanation for recent population 
expansion, is most probably attributed to
oscillation of water levels from the time when 
these lakes - Albert and Turkana were still small 
lakes (20,000 years to 3000 years ago) and are 
thought to have stabilized at their current levels 
(Beuning et al. 1997). The reduction in 
population size and recent population expansion 
of the population model of the Nile perch of East 
Africa as described above is further supported by 
the findings of the bottleneck analysis and the 
low M values. According to Garza and

Williamson (2001) A/ values < 0.68 support 
occurrence of a past reduction in population size. 
Both the BOTTLENECK software analysis and 
the Garza-Williamson indices indicate that the 
Nile perch of East Africa had undergone 
reduction in genetic diversity and population 
expansion thereafter. The possible explanations 
for this scenario for the introduced environs are 
the recent Nile perch translocations and the 
palaeo-environmental changes in water levels in 
the lake basins of lakes Albert and Turkana.

The relatively high genetic diversity, despite the 
reported declining stocks, both in the native and 
introduced ranges of Nile perch provides the 
requisite evolutionary flexibility that may 
support efforts toward the effective management 
and sustainable exploitation of the Nile perch 
resource in the region. There should be no need 
for new translocations of Nile perch from the 
native to the introduced environs for the sake of 
augmenting the species diversity. We advocate 
for effective management that allows controlled 
fishing effort and for improvement of water 
quality in the region. These factors may allow 
for the sustainable exploitation of the Nile perch 
and the possible resurgence of the native species 
in the introduced ranges that form the Nile perch 
prey as evidenced by recent revelations (Balirwa 
2003). There is urgent need to map out and 
further study the life histories and other 
attributes of the two underlying populations of 
Nile perch in both native and introduced ranges 
that were revealed in this study. The two 
populations also supported by works of earlier 
scientist (Harrison 1991) may require different 
management approaches. From the demographic 
history the Nile perch has shown that it has high 
prospects for recovery after bottleneck episodes, 
it is pertinent to enhance the scientific 
knowledge of the mechanisms of this fishery’s 
recovery in order to formulate recommendations 
for the species long term management plans and 
their implementation. Lastly, there is urgent need 
to initiate routine genetic monitoring of both the 
Nile perch and the native fish species that form 
the species' prey in all Nile perch ranges in this 
region. The outcome will aid in designing 
appropriate and contemporary management 
regimes for creating a healthy sustainable fishery 
in the region using our current findings as a 
benchmark.
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