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Abstract

Species introductions can provide unplanned and occasionally replicated experiments
that can be studied to understand fundamental ecological and evolutionary processes
associated with range expansions in the natural world. The cichlid species flock of Lake
Malawi consists of an estimated 451-800 species and is atextbook example of explosive
speciation that has been studied as a model system of evolution in the past three decades. In
addition, fish are of major socio-economic importance to Maawian people, and they form an
important source (circa 70%) of animal protein in their diet. Furthermore, fisheries activity
employs 3% of the country’s population and contributes to 4% of the country’s Gross
Domestic Product (GDP).

Thisthesis studies awell documented, human mediated introduction of arocky-shore,
plankton-feeding cichlid fish Cynotilapia afra into Lake Malawi National Park. This
introduction has important evolutionary and ecological consequences on the native
populations of Pseudotropheus zebra, and here | investigate its population genetic impacts
using contemporary molecular genetic tools and analyses. Three hypotheses were tested:

1. Introduction events are usually associated with a small founder population size, and
the resulting genetic bottleneck is expected to reduce genetic variation of C. afrain
the introduced range.

2. Theinvasive scenario during the introduction followed a stepping stone pattern, or
alternatively, it occurred as several independent introductions of C. afra in Lake
Malawi National Park.

3. Introgressive hybridisation between C. afra and P. zebra may have facilitated the
introduction of the invading C. afra population and restored its depleted genetic
variation associated with the founder event. Furthermore, the gene pool of C. afra has
more non-native genetic material as compared to P. zebra.

Samples were collected from six native and four introduced populations of C. afra, as
well as three native populations of P. zebra. The latter speciesisfrom adifferent genus,
although laboratory experiments indicate that both species hybridise in laboratory conditions.
Sequence variation in the mitochondrial DNA (mtDNA) control region was analysed using
15 individuals per sample population and 60 individuals per sample population were




genotyped at six microsatellite loci. These data were anal ysed to test the three hypotheses and
identify potential source populations, infer introduction patterns (stepping stone or
independent), and deduct whether introgressive hybridisation may have facilitated the
founder event and subsequent establishment of C. afra in theinvasive range in Lake Malawi
Natural Park. The three data chaptersin this thesis discuss the findings of the mtDNA
sequence study (Chapter 2) and the microsatellite study (Chapter 3). In Chapter 4, | analyse
the microsatellite datain further detail and consider the role of introgression by using
Bayesian analysistools.

The mtDNA study presented in Chapter 2 reveals that C. afra and P. zebra mtDNA
sequences show high levels of lineage sorting (i.e. the DNA sequences of both species are
remarkably distinct). Thisfinding isin sharp contrast to previous studies on Lake Malawi
rock-dwelling cichlids which have shown that cichlid species share the same or very similar
mtDNA haplotypes. Furthermore, the introduced populations showed a higher sequence and
haplotype diversity than their native counterparts. This analysis suggests that elevated gene
diversity was largely due to C. afra populations being founded by individuals from several
genetically distinct and geographically separate populations. In Chapter 4, | discusstherole
of introgressive hybridisation with native P. zebra, and itsimpact on mtDNA variation in the
introduced C. afra gene pool.

In Chapter 3, | show that in contrast to the signal obtained from the mtDNA, the
genetic variation at the microsatellite loci exhibited a significant reduction in the introduced
range. Introduced C. afra populations have alower mean effective number of alleles (ne) than
C. afra populationsin their native range. | use an approximate Bayesian analysis and show
compelling evidence that at least two independent introductions have contributed to the
introduced C. afra gene pool, a conclusion that is supported by high probability values. This
conclusion differs from that of previous studies which suggested a stepping stone
introduction pattern around Thumbi West I1sland. Surprisingly, a population of C. afra at
Domwe Island was founded by a source population from Thumbi West Island, and this
stepping stone introduction pattern is supported with a high probability (95%).

Microsatellite analysis furthermore suggests that the founder event of C. afrain Lake
Malawi National Park was associated with strong genetic drift associated with a genetic
bottleneck. | was not able to detect this signal from the mtDNA genetic marker alone, which

showed an increase in genetic variation at the mtDNA due to different source populations




contributing to the founder event (see Chapter 2). These combined studies reported in
Chapter 2 and 3 thus demonstrate that microsatellites may be well-suited to investigate
guestions related to conservation issues such as bottlenecks associated with founder events,
while mtDNA is more suited to reveal the evolutionary processes and establish different
source populations that have contributed to the introduction.

In Chapter 4, | analyse the level of genetic differentiation at microsatellite loci, and
show that the introduced C. afra and native P. zebra populations at Thumbi West Island are
genetically more similar (G’ st=0.36+0.05) than the species-pair at Otter point
(G s7=0.94+0.18) and Domwe Island (G’ st=0.55+0.09). In addition, C. afra and P. zebra at
Thumbi West Island showed alower genetic distance than allopatric C. afra or P. zebra
populations from Otter point and Domwe Island. Further analysis using a Bayesian
assignment approach supports previous findings and demonstrates the likelihood of
introgressive hybridisation between an introduced C. afra and a native P. zebra population at
Thumbi West Island. No evidence of introgression is found at Otter point and Domwe Island,
where the C. afra and P. zebra populations show distinct genetic structure. The occurrence of
introgressive hybridisation at Thumbi West between species from distinct genera shows that
trangl ocations can have a dramatic impact even on the gene pools of heterospecific recipient
populations. The results from this work have crucial implicationsin evolution of cichlid
fishes and in invasion biology when predicting the evolution of invasiveness.

In summary, the thesis shows that hybridisation, as well as the introduction of
multiple genetically differentiated source populations has increased the genetic diversity of
introduced C. afra populations, and this may have facilitated their establishment in Lake
Malawi National Park. Translocation of cichlid speciesin Lake Malawi can have adramatic

impact even on heterospecific gene pools.




Acknowledgements

| wish to express my sincere gratitude to my supervisors. Dr Cock van Oosterhout, Dr Bernd
Hanfling and Prof George Turner, who have contributed tirelessly towards the design and
implementation of the work of thisthesis. They provided comments on each and every
chapter of thisthesistime and again. Their patience and trust | will always remember and

make use of in yearsto come.

| am thankful to financial support from: Commonwealth Scholarship Fund, Department of
Fisheries Maawi, Department of Biological Sciencesin the University of Hull, Biology
Department at Chancellor Collegein Maawi, and Department of Parks and Wildlifein

Malawi. Without their support this work could have not been possible.

| would aso like to thank Dr Martin Genner and Dr Domino Joyce for their support with
sample collection and comments on the draft manuscripts of the main chapters of thisthesis.
Ad Konings for fruitful discussions on introduced species and permission to use any of the
picturesin his authoritative book on Lake Malawi rock dwelling cichlids. The comments and
personal communications that we exchanged helped to improve the work of thisthesis.The
fisherman in Malawi who helped during sample collection; we braved the high waves from
the south-easterly wind (mwera) along Ntekete and Makanjira collecting Cynotilapia afra
samples after a sleepless night at Chiofu Bay camp, | am thankful for that.

All members of the Molecular Ecology group at the University of Hull, who provided support
and comments during lab talk presentations on the main chapters and practical help during
lab work. Their efforts made a difference towards reorgani zation and technical work of this

thesis.

Last but not least, | would like to thank my family both in the United Kingdom (UK) and
Malawi for their continuing support and encouragements. Their effort and financial assistance

during sampling in Malawi and studying in the UK is greatly appreciated.




Contents

CHAPTER L. e

1. General INtrodUCLION. .. ...t e e e e e e,

11

1.2  Genera biology of rock-dwelling cichlids “mbuna’ group in Lake

IMBIAIWI ... e e e e
1.3  Study species. Cynotilapia afra and Pseudotropheus zebra in Lake

IMTBEIVI . et
14 Fishintroductionsin African Lakes and “mbuna’ translocationsin Lake

MBIAIWT . e e e
15  Establishment of Lake Malawi National Park ................cccvviviiniiniinn
1.6 Evolutionary and ecological genetics of introduced populations...............
1.7 Establishment success and spread of introduced populations ..................
1.8  Useof population geneticsin management and control of introduced

0107 01U = (o] P
19  Microsatellite and mitochondrial DNA (mtDNA) genetic markers............

1.2 Objectivesand OULIINE. ..ot e,

121 mtDNA anaysisin introduced and native ranges-investigation in Chapter
1.2.2  Suitability of microsatellite and mtDNA genetic markers when

investigating founder events with complex demographic history-

INvestigation iN Chapter 3. e e
1.2.3 Introgressive hybridisation between distantly related species C. afra and P.

Cichlid fish as model system of rapid speciation in evolutionary studies
and geological history of LakeMalawi...........ccooveeiii i,

zebra-investigation iN Chapter 4........ooi i e,

12

15
16

22

23

23




APt Er 2. .
2. Analysis of michondrial DNA (mtDNA) in introduced and native

populations of Cynotilapiaafrain LakeMalawi.................cooooiiiinnen.

2.1 INtrodUCtION. .. ..o e e

2.2 Materialsand methods...........c.ccooiiiiiiii

221  Study SPECIES AN @A .. ... vvereeee it e ae e e

222 SAMPIING oottt

223 Molecular analySIS.......ocoieiiiie e

224  DataanalYSiS. .. ..oui it

2.3 RESUIS. ..o

231  Within-population genetic diversity..........oooovveiiiviiiiiiiiiiis

2.3.2  Among-population genetic diversity...........coovvviiiiiiininenanns

24 DISCUSSION. .. ettt et et et e e e e e e e ae e

24.1 Population structure of native C. afra.............cccoeveiveievnennn.

24.2 Colonisation history of introduced populations.........................

24.3 Genetic variation and establishment success.............ccceevvvennn.

2.5 SUMMAIY ... e e

GRS 3.
3. Comparison of microsatellite and mtDNA genetic diversity in

introduced and native populations of Cynotilapiaafra......................

3.1 INtrodUCHION. .. ..o

3.2 Materialsand methods...............cooiiii i,

321 SAMPIING « ottt

3.22 DNA extraction and molecular dataanaysis.............c.ccvvvennene.

3.2.3 Genetic variation within and among C. afra populations..............

25

25

27
27
28
30
30
31

31

38
38
39
41

41
43

43

43

46
46
46
47

Vi



3.3

34

35

Chapter 4

RESUILS. ..o 50
3.3.1 Microsatelite diversity within populations..............c.ccevvenn. 50
3.3.2 Microsatelite diversity among populations.............cccooevvveene. 52
3.3.3 Identification of source of introduced C. afra populations............ 54
DISCUSSION. .. et ettt e e e e e e e 60
3.4.1 Within population genetic diversity..........coocoveviiiiiiiiiieinnennn 60
3.4.2 Among population genetic diversity..........coovvveveiieiieeeennnnn. 61
3.4.3  Population genetic structure and introduction history of C. afra

into Lake Malawi National Park............cccoeevieiiiiiiniine e, 62
SUMIMAIY .. e e e e e e e e e ee e 63
.............................................................................. 65

4. Introgressive hybridisation between distantly related species

Cynatilapia afra and Pseudotropheus zebra in Lake Malawi National

4.3

............................................................................... 65
INErOdUCTION. .. .. e e 65
Materialsand methods.............cooo i 68
421 Samplespeciesandstudy ar€a...........c.cooviiiiiii i, 68
422  SAMPIING .ttt 69
423 DNA extraction and molecular dataanalysis............cccccevveennen. 70
424 Genetic variation within C. afra and P. zebra populations........... 71
425 Genetic variation among C. afra and P. zebra populations.......... 71
4.2.6  Introgression analysis and admixture estimation between C. afra

ANA P. ZEDra. ..o 71
RESUITS. ..o 72
43.1 Genetic variation within C. afra and P. zebra populations........... 72

432 Genetic differentiation among C. afra and P. zebra populations.... 73

Vil



4.3.3 Introgression analysis and admixture proportions between C. afra

ANA P. ZEDra ... 74

4.4 DISCUSSION. .. ..uiit ittt e e e et ettt 79

441 Genetic variation within populations............cccceevve e i i iennn, 80

442 Genetic differentiation among populations................cccvvvennnne. 80

4.4.3 Introgression and admixture proportions.............covevveeneieinnn 80

4.4.4  Conservation management and ecological implications.............. 82

45  CONCIUSION.....oiii e e 83

4.6 SUMMAIY ..ot ettt e e e e e et e e ae e e aens 83

(@4 =T o = G T 85

51 Summary of fiNdiNgS.........cooiiiii 85

5.1.1 Mitochondrial DNA @nalysSiS........cccuiiiiiiiiiiii e e e 85

5.1.2 Microsatellite analysisin comparison to mtDNA genetic variation........... 85

5.1.3 Introgressive hybridisation and admixture proportions analysis............... 86

5.2 General DISCUSSION.......uuiieiie it et e et 87

5.2.1 Implications on evolutionary and conservation genetics...............cceveevevnnnen. 87

5.2.2 Implications on conservation management............covverieeeieeseeseeessee s 92

5.2.3 FUUre reSEarCh WOTK.........oeeiiiiiiiie ettt arae e 03

RE N BNCES. .. e 95
APPENAICES. .. et e e 124

Appendix | : Simulation Model of founder eVents .........cc.vveevvveecivececiineeen 124

Appendix I1: The observed and simulated microsatellite effective number of
alleles (ng) from native and introduced C. afra populationsin Lake Maawi......... 126

viii



Appendix I11: The modal value of this distribution is the true K (*) or the
uppermost level of genetic structure among C. afra populations, here four

ClUS B S, . et et e e e e e e
Appendix | V: The map of Malawi with its neighbouring boundaries showing
Lake Malawi and the natural distribution range for C. afra (purple line) and
introduced range for P. zebra (red line) and dotted points for Island distribution....
Appendix V: The sample species collected from Thumbi west Island (A) C.
afraand (B) P. zebrain Lake Malawi.............cccooiiiiiiciiece e

Appendix VI: The microsatellite mean number of alleles (A), observed
heterozygosity (Ho), expected heterozygosity (Hg) and standardised (G’ st) from
sympatric populations of C. afra and P. zebra populations in Lake Malawi
NELHONA Park... ... ..o e e e e e e e e
Appendix VII: The genetic differentiation (Fst) among C. afra and P. zebra
populationsin three localities of Lake Maawi National Park............ccccccceevecvereennene

Appendix VII1: The microsatellite genetic differentiation (Fst) among C. afra
and P. zebra populations in all sampled localities of Lake Malawi...........c.cccccuuee.ee.
Appendix | X: Within population genetic diversity mean number of
microsatellite alleles (A) in C. afra and P. zebra populations sampled in localities
OF LBKE MBIBWI ...ttt st
Appendix X: Within population genetic diversity expected heterozygosity (Hg)
at six microsatellite allelesin C. afra and P. zebra populations sampled in
[ocalitieS Of LaKE Mal@Wi.......ccovueeiiiiiiieieee e

128

129

132




CHAPTER 1

1. GENERAL INTRODUCTION

1.1 Cichlid fish as model system of rapid speciation in evolutionary studies and geological
history of Lake Malawi

Lake Maawi is situated in the southern most part of the African rift valley system. It
isthe ninth largest lake in the world, third largest in Africawith a surface area of 30,800 km?
and a maximum depth of over 700m (Delvaux 1995). The Lake Malawi rift basin started to
develop about 8.6 million years ago (MY A), but deepwater conditions were acquired only 4.5
MY A (Sturmbauer et al. 2001). Geological inferences suggests that Lake Malawi was
severely affected by achange to adrier climate in the late Pliocene/early Pleistocene,
resulting in adrop of the lake level by approximately 250-500m compared to its present level
from 0.57 t0 1.6 MY A (Delvaux 1995; Cohen et al. 2007) and even as recent as 25,000 to
135,000 years ago (Scholz & Rosendahl 1988). Most of the southernside of Lake Malawi was
completely dry. The lake is fresh water with pH ranges of 7.8 to 8.5 and surface water
temperature varies between 23-28°C (Konings 2008). Population genetic studies have shown
that dynamics of diversification eventsin African cichlid fishes are likely to be connected to
these lake level fluctuations (Sturmbauer & Meyer 1992; Johnson et al. 1996; Sturmbauer et
al. 2001).

The cichlid fishes are atext book example of explosive radiation. In the past three
decades they have been used as amodel system of rapid speciation in evolution studies (see
reviews by Kornfield & Smith 2000; Kocher 2004; Seehausen 2006). The African Great
Lakes Victoria, Tanganyikaand Malawi contain the richest lacustrine fish faunasin the
world. In terms of cichlids alone there have been estimates of 451-800 speciesin Lake
Malawi, 447-535 in Lake Victoria (and many more in neighbouring lakes) and 162-184 in
Lake Tanganyika (Genner et al. 2004; Konings 2008).

The lakes vary in size, shape, age and water parameters and the high diversity of
cichlid fishes inhabiting them have been derived from different riverine ancestors (Salzburger

et al. 2005). The cichlid fishes of Lake Tanganyika show awide range of reproductive
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strategies not found in the younger and less genetically diverse cichlid faunas of the other two
lakes. However, all three lakes are dominated by cichlid fish, which exhibit striking parallels
in morphology (Young et al. 2009), behaviour (Blais et al. 2009), life histories (Duponchelle
et al. 2008) and even opsin amino acid sequences (Sugawara et al. 2005).

Several hypotheses have been suggested to explain the mechanisms behind explosive
cichlid speciation: morphology, particularly of pharyngeal jaw apparatus (Fryer 1959; Liem
1980), sexually-selected colour variation (Kosswig 1947; Dominey 1984; van Oppen €t al.
1998), habitat specialisation and fragmentation (Fryer 1959; Ribbink et al. 1983),
hybridisation (Salzburger et al. 2002, Seehausen 2004) and visually-based mate choicein
clear water habitats (Seehausen et al. 1997; Terai et al. 2006). Roles for both allopatric (Fryer
1959; Ribbink et al. 1983; van Oppen et al. 1997) and sympatric (Seehausen & van Alphen
1997; Shaw et al. 2000) speciation modes have been proposed.

Thereisahigh level of geographic colour variation among the rock-dwelling cichlids
(Fryer 1959; Ribbink et al. 1983) which is associated with strong genetic structuring (van
Oppen et al. 1997; Rico et al. 2003) and partial reproductive isolation (Knight & Turner
2004). This suggests amajor role for geographic isolation in diversification and evolution
(Ribbink et al. 1983; Reinthal 1993; Genner et al. 2004a & b). Differences in parasite fauna
are also known among species and habitats (Blais et al. 2007; Amin et al. 2008; Bray et al.
2006).

1.2 General biology of rock-dwelling cichlids “ mbuna” group in Lake Malawi

The name “mbuna” comes from a* Chitumbuka” language spoken in northern
Malawi, and the term has no formal taxonomic validity (Genner & Turner 2005). The group
exhibit high levels of endemism to individual islands and stretches of rocky habitat along the
lake shoreline. Sandy shorelines and deep water act as boundaries to dispersal (Ribbink et al.
1983; Reinthal 1993; Genner et al. 2004a & b).

Females are mouth brooders: they keep their offspring in their mouths for an
estimated period of 20-30 days before they are released as free-swimming juveniles (Kellog
et al. 1995; Genner & Turner 2005). Mostly, males are territorial and femal es are suggested
to breed throughout the year, often brooding young in a secluded cave under the rocks, which
acts as arefuge from predators (Hert 1992; Kellog et al. 1995; Robinson & Ribbink 1998;
Konnings 2008). Molecular genetic data has revealed existence of multiple paternity in
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several species (Kellogg et al. 1995; Blais et al. 2009). Mortality is high amongst the free-
swimming juvenile stage, estimated to be more than 95% within the first 40 days after being
released from females mouth (Trendall 1988).

Most mbuna are sexually dimorphic with males attaining larger sizes, longer pelvic,
dorsal and anal fins, and exhibiting brighter colours (Seehausen & Schluter 2004; Genner &
Turner 2005). Several factors have been suggested to be involved in mate recognition and
female choice including colour, territory quality, male size, pattern symmetry, courtship
vigour, length and condition of fins, courtship sounds and pheromones (Genner & Turner
2005; Genner et al. 2008; Y oung et al. 2009c).

Diet is suggested to be broad for most species. They feed on primarily agae,
plankton, benthic invertebrates or fish fry (Trewavas 1935; Fryer 1959; Konnings 2008). The
anatomical features associated with feeding habits are pharyngeal jaws for prey processing,
and teeth and outer jaw structures that are used for prey handling. Some species appear
primarily adapted for combing algae to collect loose strands and periphyton from rock
substrates, while others appear better adapted for collecting zooplankton from open waters
(Reinthal 1990). Morphological trophic structures are used in taxonomy studies asamain
characteristic to distinguish among several of the mbuna genera, for example Cynotilapia has
unicuspid teeth in outer rows, while Pseudotropheus typically has bicuspid teeth (Trewavas
1935; Fryer 1959; Konnings 2008) (Fig. 1.1).

Many mbuna have small fragmented geographic ranges and narrow habitat
preferences and al lack a pelagic dispersal phase (Genner & Turner 2005). Despite that,
mbuna are widely distributed across Lake Malawi’ s rocky shores. For example, Cynotilapia
afra and Pseudotropheus zebra are distributed from Ikombe in the northernmost part of the
lake, to Mbenji 1sland and Makanjira point in the south (Kassam et al. 2005; Konings 2008).
(Appendix 1V.1).

1.3 Sudy species: Cynotilapia afra and Pseudotropheus zebrain Lake Mal awi

The genus Cynotilapia is among one of the eleven described mbuna cichlid genera
(Cyathochromis; Genyochromis; Gephyrochromis; lodotropheus; Labeotropheus;
Labidochromis; Maylandia; Melanochromis; Petrotilapia and Pseudotropheus) in Lake
Malawi. Cynotilapia means dog-tilapia because of its possession of unicuspid canine teeth on
the outer lower jaw (Konings 2008) (Fig.1.1).
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Cyngtiapia afra upper ja\v Pseudabopheus :-;:ebra upper jaw

Cynotiapia afra lower jaw Pseudotropheus zebra lower jaw

Fig.1.1. Showing differences in the tooth morphology of the outer upper and lower jaws
between C. afra (uncispid) and P. zebra (bicuspid). Thisisthe main physical difference

which differentiates the two species.

Cynotilapia afra is endemic to Lake Maawi and indigenous to northern and central
parts (Fig. 1.2 & Appendix Fig. 1V.1). It prefers deeper regions (>50m) with sediment free
rocky habitats and feeds on zooplankton in the water column (Genner et al. 1999; Konings
2008). Most adult “mbuna’ cichlids are restricted to rocky habitats (Ribbink et al. 1983; Hert
1992), but C. afraisfound in open waters (Konings 2008). It has a wide but fragmented
distribution range: on the eastern side of the lake it is found from Ikombe to Lumbaulo,
Cobwe to Mbweca, Tumbi Point to Makanjiraand on the Islands of Likoma and Chizumulu
(Konings 2008). On the western shore line it is found on the rocky shores of the Island of
Mbenji and Jalo reef and from Kande Island to Ngara (Konings 2008) (Fig. 1.2 & Appendix
Fig. IV.1).

The breeding males show a great variability in colouration exhibiting blue barred,
yellow, orange, white, or black dorsal fin and forehead (Konings 2008, H. Zidana personal
observation at Nkhata Bay) (Fig. 1.2). Females have alight blue-brown colour and do not
have avertical blue black barring (Konings 2008).

There are two species which have been described under the genus Cynotilapia: C.
afra (Gunther 1894) and C. axelrodi (Burgess 1976), and phylogenetic studies suggest that
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the genus Cynotilapia is closer to Pseudotropheus among the rock dwelling cichlid group
(Kassam et al. 2005).

Tanzania

Zambia

Ngara

Nkhata Bay

Kande Island

e P zebra distribution o C. afia

w (. afra distribution

s [ake boundary P, zebra

== [nternational boundary
Nankumba peninsula Islands
P, zebra range only

Mozambique

Fig. 1.2. Map of Malawi with neighbouring country boundaries, showing the natural
distribution ranges of C. afra (purpleline) and P. zebra (red line) in Lake Maawi. All
pictures are of malesin their breeding colours (pictures taken from Ad Konings 2008, with

permission).

The type species Psuedotropheus williamsi was the first to be described in the genus
Psuedotropheus (Regan 1922). The genus contains twenty five described species and some
are suggested to be dissimilar to the type species P. williams (Trewavas 1984). Two other
subgenera Maylandia (Meyer & Foerster 1984) and Metriaclima (Stauffer et al. 1997) have
been suggested but they are still contested (Konings & Stauffer 2006). All three generaare
used in the literature, but in this thesis | have followed the genus name of the type species,

Pseudotropheus.
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The species studied in thisthesisis P. zebra (Konings 2008). P. zebra habitat
preferenceis clear, sediment free rocky coast and the species does not have a continuous
distribution (Ribbing et al. 1983; Konings 2008). On the eastern shoreline natural distribution
isfrom Ikombe to Lumbila, Lundu to Mbamba Bay, the Islands of Likoma and Chizumulu,
Mara Point to Makanjira, the Nankumba peninsula Islands and further south at Boadzulu
Island (Ribbink et al. 1983; Konings 2008). On the eastern shore line the distribution ranges
from Cape Manulo to Kande Island and Namalenje Island (Ribbink et al. 1983; Konings
2008) (Fig. 1.2 & Appendix Fig. 1V.1). In the natural distribution range P. zebra occurs
sympatrically with C. afra (Ribbink et al. 1983; Kassamu et al. 2005). The breeding males
show agreat variability in colouration, with avertical blue barred body, and awhite and
black banded dorsal fin (Fig. 1.2). Similar colourations are also exhibited in C. afra
populations, for example C. afra at Ntekete and P. zebra at Zimbabwe Rock (Nankumba
Peninsula area) all show ablack banded dorsal fin (Fig.1.2). Nevertheless, al P. zebra
populations that were used in this thesis possessed a white dorsal fin and all but Nkhata Bay
C. afra populations had a black banded dorsal fin.

1.4 Fish introductions in African Lakes and “ mbuna” translocations in Lake Malawi

There are three conservation issues concerning the management of fish resourcesin
African lakes: introduction of fish species, impoundment and heavy exploitation (Pitcher &
Hart 1995). All three factors have contributed to large sustained changesin species
composition of African lakes, but in thisthesis my interest is the impact of introduced fish
Species.

The introduction of fish from their endemic localities to new environments has been
an ongoing activity in the world (Welcome 1988). A synopsis of worldwide fish introductions
documents atotal of 1354 introductions of 237 speciesinto 140 countries dating from middle
of the 19™ century (Welcome 1988; Pitcher & Hart 1995). African lakes have experienced
147 (11%) of the total world introductions (Pitcher & Hart 1995), but have received a high
profile due the well documented predation characteristics of the introduced Nile perch (Lates
niloticus) in Lake Victoria (Witte & Goudswaard 1985; Ohwayo 1990). There are several
reasons why fish are introduced to new environements and introduction for aquaculture

purposes ranks highly in African Lakes (Table 1.1).
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Table 1.1 Reasons given for fish introductions to African lakes.

Reason for introduction ~ Number Percentage (%)
Aquaculture 72 49
Sport fishing 26 18
Create fishery 23 16
Control other fish 9 6
Control weed 6 4
Control mosquito 6 4
Control snall 2 1
Ornamental 1 1
Accidental 1 1
No reason given 1 1

The percentage is out of 147 introductions (Table taken from Pitcher & Hart 1995)

Fish introductions to African Lakes can be beneficial, for example, with reports of
increased fish food production due to introduction of Oreochromis niloticus and Limnothrissa
miodon (Pitcher & Hart 1995). But there are also detrimental impacts, for example, predation
on native haplochromines and tilapia fish species in Lake Victoria by Lates niloticus (Witte
& Goudswaard 1985; Ohwayo 1990). The cichlids of Lake Victoria have not co-evolved with
L. niloticus and this explains their vunerability to predation (Pitcher & Hart 1995). Another
conservation concern of species introductions is hybridisation with natives, which may
compromise the native gene pool and increase competition for available resources (Ohwayo
1990; Canonico 2005).

Lake Maawi has not experienced introduction of fish species from outside the Lake.
Here the main concern is intralacustrine introductions, mainly of the mbuna cichlids which
are targeted by aguarium traders (Pitcher & Hart 1995; Turner 1995; Turner 1996; Genner et
al. 2006). During the past three decades, over 20 species of mbuna have been introduced to
Thumbi West Island which islocated in Lake Malawi National Park, while 12 species have
been introduced to Nkhata Bay in northern part of the Lake (Ribbink et al. 1983; Munthali
1998; Genner et al. 2006). The introduced mbuna cichlid species compositions were well
documented in asurvey of Lake Maawi rock dwelling cichlids (Ribbink et al. 1983), but not
much work has been done to assess the genetic diversity (Streelman et al. 2004; Zidana et al.
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2009) and ecological interactions with natives (Munthali 1998; Stauffer et al. 1996;Y oung et
al. 2009). Theintroduced populations have shown increased condition factor and fecundity
compared to their native range (Munthali 1998) and their genetic variation is not
depauperated (Streelman et al. 2004; Zidana et al. 2009).

1.5 Establishment of Lake Malawi National Park

The Lake Malawi National Park was established in 1980 as the World' s first National
Park targeted principally to conserve the freshwater fish, which are mainly of the “mbuna’
group (Hough 1989). The park was designated a UNESCO World Heritage sitein 1984 and it
covers 9,400ha mostly in the southern part of the Lake Malawi (Hough 1989). Lake Malawi
National Park is situated around Nankumba peninsula and other digunct mainland areas
(Fig.1.2). Habitat types vary from rocky shorelines to sandy beaches and from wooded
hillsides to swamps and lagoons.

The management plan details 4 conservation zones within the park: special zone,
wilderness zone, natural zone and general zone (Glenfell 1993). Islands and lacustrine areas
are designated wilderness zones where no fishing is permitted, while terrestrial areas are
designated natural zones. There is a management fishing zone of 2 km off the mainland
shoreline where fishing is prohibited. There are two conservation concerns. the possible
impact of introduced fish species on natives and illegal fishing by local people around the
park area (Croft 1981). The waters of Lake Malawi National Park are among the most
impacted with fish introductions (Genner et al. 2006), suggesting the need for biological
studies to monitor the situation. The results from this thesis will provide crucial information
that may be utilized during policy design and conservation management of fish stocks within

the park.

1.6 Evolutionary and ecological genetics of introduced populations

The rate of human-mediated species introductions has been increasing worldwide
(Mack et al. 2000; Allendorf & Luikart 2007). Identifying the source of introduced
populations is an important prerequisite for development of effective prevention and
management strategies (Kolar & Lodge 2002; Rollins et al. 2006). Knowledge of the origins

of introduced species can also provide insight into their biological history and genetic
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evolution (Collins et al. 2002; Downie 2002; Kolbe et al. 2004; Goolsby et al. 2006).
Comparions can be made between introduced species and natives on phenotypic traits, allele
frequencies and genetic diversity among introduced and native populations (Kolbe et al.
2004; Wares et al. 2005). Ecologica studies designed to explore determinants of invasion
success often require information on the source of introduced individuals to facilitate the
selection of appropriate contrast groups (Colautti et al. 2004; Hierro et al. 2005).

The impact of introduced species on native species, communities and ecosystems has
been widely recognized for decades (Elton 1958, Vitousek & Walker 1989; Rhymer &
Simberloff 1996; Sakai et al. 2001). To date, the literature on introduced species has
overwhelmingly emphasized their negative effects on biodiversity (Levin et al. 1996; Rhymer
& Simberloff 1996; Frankham & Ralls 1998; Huxel 1999; reviewed in Vellend et al. 2007)
and the economy (Pimentel 2000).

An introduction event may be followed by arapid evolutionary change within a
founder population, resulting in a population that is genetically diverse over space and time
(Reznick et al. 2000; Mooney & Cleland 2001; Lee 2002; Cowx 2004; Lambrinos 2004,
Strauss et al. 2006). Genetic characteristics of founder populations can be an important
determinant of establishment success and range expansion after an introduction event
(Tsutsui et al. 2000; Ellstrand & Schierenbeck 2000; Filchak et al. 2000; Carroll et al. 2001).

Evolutionary genetics studies play an important role in understanding the genetic
changes and characteristics that determine establishment success and range expansion of
introduced species. The classic symposium on “Genetics of colonizing species’ (Baker &
Stebbins 1965) has inspired many studies to investigate genetic mechanisms responsible for
evolution of introduced populations. Studies have shown that sufficient additive genetic
variance is needed for evolutionary adaptation in response to new environments (Pappert et
al. 2000; Carroll et al. 2001). The underlying mechanism is that dominance and epistatic
variance within small populations could be converted into additive genetic variance through
genetic drift, and this may provide novel genetic substrate for selection to work on (Bryant &
Meffert 1996; Cheverud et al. 1999; Soltis & Soltis 2000). Thisimpliesthat a genetic
bottleneck in afounder population might expose nonadditive genetic variance to selection
and contribute to rapid rates of evolution observed during range expansion in introduced
populations (Rieseberg et al. 1999; Soltis & Soltis 2000).

The differences in environment between native and introduced ranges can lead to

diversifying selection through interaction of genotypic and environmental tradeoffs which
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may sometimes |lead to divergence of phenotypes (Filchak et al. 2000; Weinig 2000). Thus,
small numbers of genes could have crucial impact on establishment and range expansion of
introduced populations (Paterson et al. 1995; Krieger & Ross 2002). Another factor
suggested to provide important genetic substrate for selection to work on in introduced
populations is genomic rearrangements, such as chromosome inversions through transposable
elements (Prevosti et al. 1988; Biemont et al. 1999). In an extreme case genetic drift alone
has promoted success of an introduced population of Argentine ant Linepithema humile
(Tsutsui et al. 2000). A loss of genetic diversity in L. humile at microsatellite loci was
associated with reduced intraspecific aggression among spatially separate nests, which led to
the formation of interspecifically dominant supercolonies (Tsutsui et al. 2000).
Hybridisation, either interspecific or among well-differentiated populations of the
same species and through multiple introductions may be an important stimulus for the
evolution of introduced species (Soltis & Soltis 2000; Ellstrand & Schierenbeck 2000; Kolbe
2004). Hybridisation can lead to adaptive evolution in a number of ways such as:
evolutionary novelty whereby hybridisation between parental species and their first or second
generation offspring may result in gene admixture, a phenomenon called introgression
(Rieseberg & Wendel 1993; Arnold 1997). Through introgression extreme phenotypes from
hybrid populations may be produced, a mechanism called transgressive segregation (Abbott
1992; Rieseberg 1999). Transgressive segregation gives rise to extreme phenotypes that may
be better adapted to a new environment than any of the parental species (Abbott 1992; Arnold
1997; Neuffer et al. 1999; Ellstrand & Schierenbeck 2000). Previous studies have suggested
several genetic factors that could be responsible for creation of transgressive phenotypes but
the following stands out: expression of rare recessive aleles (Rick & Smith 1953) and
complementary gene action (Vega & Frey 1980; de Vicente & Tanksley 1993). The
mechanism is that recombination through hybridisation may generate increased genetic
variation in hybrid lineages and this may be responsible for the evolutionary success of
introduced populations (Neuffer et al. 1999; Kolbe et al. 2004). Recombination enables
selection to purge some of the mutations that were fixed in the parental species, which
reduces the frequency of detrimental alleles (Lande 1995; Richards 2000; Charlesworth &
Willis 2009). Other mechanisms which have been suggested to stimulate evolutionary
potential through hybridisation are fixed heterosis (hybrid vigour) which is usually expressed
among polyploids and may provide a fitness boost (Thompson 1991; Abbott 1992; Ellstrand
& Schierenbeck 2000). The polyploids may have characteristics that enable them to occupy a
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niche that was not available to the parents (Mooney & Cleland 2001; Ellstrand &
Schierenbeck 2000). Hybridisation that has resulted in creation of polyploid crops with
different phenotypes to either of the parentsis common among agricultural crops, for
example: wheat, after millennia of hybridisation and modification by humans, has strains that
are tetraploid (four sets of chromosomes) with the common name of durum or macaroni
wheat, and hexaploid (six sets of chromosomes) with the common name of bread wheat
(Lagudah et al. 1991; reviewed by Jules 2009).

Founder populations usually have small effective population sizes so are susceptible
to inbreeding, because they accumulate detrimental mutations through a phenomenon called
genetic load (Ellstrand & Schierenbeck 2000; Lopez et al. 2009). Hybridisation can afford
them an opportunity to reduce this mutational 1oad because different mutations are fixed in
the two hybridizing species. Hybridisation among differentiated populations of the same
species may act to promote evolution of introduced species in the same way as hybridisation
among distantly related species (Ellstrand & Schierenbeck 2000). The potential for
hybridisation between two distantly related taxa may last for many millions of years after
they have diverged suggesting that post-zygotic isolation evolves slowly. A previous study on
birds has suggested that bird species can produce fertile hybridsif they diverged up to 7-17
MY A, with complete hybrid sterility setting in if the species diverged more than around 11-
55 MYA (Price & Bouvier 2002). Thisis because differences that evolve in alopatric
populations are reinforced by divergent selection arising from ecological pressures and not
from reproductive (genetic) incompatibility (Noor 1995; Kelly & Noor 1996). Ecol ogical
studies have suggested factors like broad environmental tolerance, plasticity and alack of
competition also contribute to the establishment success of introduced populations (Strayer
1999; Lee & Bell 1999; Weinig 2000; Hendry 2000; Colauitti et al. 2004).

In invasion biology and evolution, a genetic paradox exists: how do introduced
popul ations, whose genetic variation is expected to be impacted by population bottlenecks,
persist and adapt in a new environments (Sakai et al. 2001; Allendorf & Lundquist 2003;
Roman & Darling 2007). The classical studies of Wright (1931) and Mayr (1954) suggest
that when a popul ation goes through a small bottleneck, genetic variability of the population
is expected to decline rapidly. Thereafter, when population sizesincrease, variability starts to
increase due to new mutations. Rapid evolution associated with an introduction event
provides the necessary substrate for natural selection (Ellstrand & Schierenbeck 2000;
Mooney & Cleland 2001; Lee 2002).
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1.7 Establishment success and spread of introduced populations

The colonisation of new habitats requires that the first arrivalsinitiate new
populations. Hermaphroditic species and selfing species such as many plants are good
colonizers because they have no problem finding a mate to reproduce with (Whittier &
Limpus 1996; Simberloff et al. 2000; Sakai et al. 2001). For example, most strains of marine
algae Caulerpa taxifolia are not invasive, but one introduced population of this species from
an aquarium in 1984 established itself in the wild and spread to more than 6,000 hectares,
outcompeting native species and reducing biological diversity in the northwestern
Mediterranean (Jousson et al. 2004). It was found that this introduced population was able to
reproduce asexually, whereas the natives reproduce sexually (Jousson et al. 2004).

One common feature of introduced populations is alag time between arrival and
initial spread or the onset of rapid population growth (Sakal et al. 2001). Thelagtimeis
expected if evolutionary change such as adaptation to new environment, evolution of invasive
life history characteristics and purging of genetic load responsible for inbreeding depression
isan important part of establishment process (Mack et al. 2000; Parker et al. 2003; Allendorf
& Luikart 2007) (Fig. 1.3).
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Fig. 1.3. The factors which influence the process by which an introduced species moves from
initial establishment in a new range to wide spread invasion of multiple habitats. Two
altenative, but not mutually exclusive, mechanisms are presented: rapid adaptation and
genera purpose genotype. Characteristics that influence the invading species are breeding
system and number of introductions (from Parker et al. 2003).

Propagul e pressure can be defined as the quality, quantity and frequency of invading
organisms (Richardson et al. 2000; Kolar & Lodge 2001). It is suggested to be the most
important factor predicting whether the introduced populations will become established in a
new environment or will go extinct (Kolar & Lodge 2001; Parker et al. 2003). Species
introduced in large quantities and consistent quantitites prove more likely to survive, whereas
species introduced in small numbers with only afew release events are more likely to go
extinct (Leung et al. 2004; Lockwood 2005). The genetics of an introduced population will
be affected by propagule pressure, in that a great number of founders would be expected to
reduce the effect of a population genetic bottleneck and different releases may have different
source popul ations which may hybridize (Wright 1931; Mayr 1954; Allendorf & Luikart
2007). Hybridisation between individuals from genetically divergent source populations will
result in increased genetic variation (Ellstrand & Schierenbeck 2000; Mooney & Cleland
2001; Lee 2002) (Fig. 1.4).
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Fig. 1.4. The two stages of invasion that generally coincide with different management
responses (see next section in this chapter). Propagule pressure is a continuum with greater
pressure leading to an increased chance of establishment and spread with shorter lag times. If
spread involves small groups of dispersing individuals, each group must be able to establish
in adifferent area. Establishment or subsequent spread may be inhibited where groups reach
the limits of particular environment conditions (from Allendorf and Lundiquist 2003).

After an introduced population has managed to establish in anew range, the next
stageis spread (Figl.4), and the time taken at this stage may vary, it may depend on genetic
variation in the founder population or environmental factorsin invasive range (Kolar &
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Lodge 2001; Sakai et al. 2001). During the spread stage, if an introduced species becomes
abundant resulting in negative effects upon natives it is then referred to asinvasive
(Richardson et al. 2000).

1.8 Use of population genetics in management and control of introduced populations

Currently, most introductions of non-native populations are human-mediated. The
underlying social and economic factors are often as critical as biological and genetic factors
(Sakai et al. 2001). Plants and animals have been introduced as forage, fibre, medicine, for
ornamental purposes, game hunting, etc (Simberloff 1996; Pimentel et al. 2000). The best
way to reduce the probability that an introduced population becomes established and spreads
isto eradicate it (stage 1, Fig. 1.4) before it has sufficient time to evolve any adaptations that
may allow successful competition with natives (Simberloff 1996; Myers et al. 2000;
Allendorf and Lundiquist 2003; Allendorf & Luikart 2007). The potential ecological and
socia implications of an eradication project make them controversial and making adecision
to attempt eradication is not simple so alternative approaches should be considered in some
situations (Myers et al. 2000). Population genetics can be used to identify isolated
reproductive units that are appropriate groups for eradication on the basis of patterns of
genetic divergence (Camet et al. 2001; Robertson & Gemmell 2004). Little genetic
differentiation between spatially isolated popul ations may indicate significant gene flow,
while significant differentiation between adjacent populations indicates limited dispersal
(Lowe et al. 2004; Allendorf & Luikart 2007).

Population genetics studies of the introduced species could help our understanding of
the evolutionary potential which may exist within a popultion and predictions can be made on
the establishment success and range expansion of the introduced population in new
environment (Paterson et al. 1995; Parker et al. 2003; Rollins et al. 2006; Rollins et al.
2009). The reduced genetic variation due to the genetic bottleneck experienced by afounder
population will be agood indicator of asmall effective population size. Thisis expected to
reduce the amount of variation at adaptive loci, implying increased lag time before the
expected population boom (Allendorf & Luikart 2007; Mack et al. 2000). An elevated
genetic variation in the introduced population as compared to nativesis an indicator of
multiple sources of introductions (Kolbe et al. 2004; Zidana et al. 2009). Increased genetic

variation would indicate substantial anounts of adaptive genetic variation so that the
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populations would easily escape the effects of control agents (Allendorft & Lundquist 2003;
Mller-Schérer et al. 2004; Messing et al. 2006). The evolution of resistance to insecticides
and herbicides has increased rapidly in many species and reducing this may require an
understanding of the origin, selection and spread of resistant genes (Denholm et al. 2002;
Muller-Schérer et al. 2004).

Another option when introduced popul ations become established is to control them
(Stage 2, Fig 1.4), (Allendorf and Lundiquist 2003). Genetics should play a central role as an
explicit analysis of the genetic structure of introduced populations may allow development of
more effective management policies and control of introduced populations (Sakai et al. 2001,
Muller-Schérer et al. 2004; Allendorf & Luikart 2007). The conservation managers may
recommend increasing fishing effort towards introduced popul ations to reduce their census
population sizes.

Attempts have been made to control introduced populations using genotypes that
could subsequently render the pest innocuous. Another approach has been to release
genotypes with chromosomal aberrations whose subsequent segregation would result in
reduced fertility (Foster et al. 1972). Other efforts include using transgenic sterile insects
which are homozygous for repressible femal e specific lethal effects (Thomas et al. 2000).

1.9 Microsatellite and mitochondrial DNA (mtDNA) genetic markers

Genetic markers approache began to be used in fisheries in the 1950s. Initial studies
were based on blood group variants, primarily in tunas, salmonids and cod that successfully
demonstrated the existence of genetic variation which could be used in analyses of popul ation
structure (Ward & Grewe 1994). Further advances in protein technology in 1960s made it
possible to study variation in amino acid sequences of homologous proteins and in 1980s
discovery of in vitro DNA fragment amplification using the polymerase chain reaction (PCR)
procedure, made it possible to acquire enough amounts of DNA to study variation in
homologous DNA sequences (Mullis & Faloona 1987; Saiki et al. 1988; Sambrook et al.
1989; Ferguson 1994). Over the years, several molecular tools and methods have been
designed and studies of population genetics have increasingly depended on these advances to
investigate protein and DNA variation within and among populations (Sambrook et al. 1989;
Lowe et al. 2004). Among the most widely used tools are molecular genetic markers isolated
from microsatellite DNA and mitochondrial DNA (mtDNA) regions.
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Microsatellites, or simple sequence repeats, are short stretches of repeat regions of
tens to hundreds of base pairs of DNA composed of mononucleotide, dinucleotide,
trinucleotide, or tetranucleotide repeats arranged in tandem (Tautz 1989; Park & Moran 1994;
Jarne & Lagoda 1996). They are randomly distributed along the chromosome, but are
underrepresented in centromeric and telomeric regions (Wong et al. 1990; Wintero et al.
1992). Each microsatellite locusis an array of tandem repeats that is flanked by a unique
sequence (Britten & Khone 1968; Estoup 1993). A primer can be designed to complement the
flanking region and hence microsatellite loci can be amplified by use of PCR (Jarne &
Lagoda 1996; Glenn & Schable 2005).The designed microsatellite primers can also
sometimes amplify across a number of closely or distantly related species (van Oppen et al.
1997b; Kellogg et al. 1995; Primmer et al. 1996; Taylor et al. 2002).

Microsatellites are highly susceptible to length mutation due to slippage during DNA
replication, a characteristic which enables loci to be highly polymorphic and possess high
heterozygosity (Rassmann et al. 1991; Wright & Bentzen 1994, reviewed in Schlotterer
2000). A single microsatellite locus can have more than 25 alleles and heterozygosity
exceeding 90% (Wright & Bentzen 1994). Several mutation models have been suggested for
microsatellite loci: infinite allele model (IAM, Kimura& Crow 1964), stepwise mutation
model (SMM, Ohta & Kimura 1973) and two phase mutation model (TPM, Di Rienzo et al.
1994). In all these models, the mutation rate is several orders of magnitude higher than
insertion or deletion (indel) mutations, which makes microsatellites ideal markers for many
popul ation genetic analyses.

Another advantage of microsatellitesin population geneticsis that it is a co-dominant
marker and is (typically) inherited in aMendelian fashion (Tautz 1989; Jarne & Lagoda
1996). Therefore both parental genotypes are passed over to the next generation, unlike
mMtDNA which is haploid and inherited from the materna line (Birky 1995).

The characteristics responsible for biology and evolution of microsatellite loci have
made it possible for this marker to be used successfully in populations genetics of different
taxa to address questions involving: parentage anaysis (Parker & Kornfield 1994; Teixeira &
Bernasconi 2007; Blais et al. 2009; Yin et al. 2009); population structure (Bowcock et al.
1994; Ferguson 1994; van Oppen et al. 1997; Arnegard et al. 1999; Danley, 2000); migration
or dispersal (Markert et al. 1999; Kim & Sappington 2006; Rollins et al. 2009); speciation
process (Rico et al. 2003; Smith et al. 2003); genetic mapping (Dietrich et al. 1994; Dib et al.
1996); to identify sources of introduced populations (Estoup et al. 2001; Estoup & Clegg
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2003); genetic bottleneck detection (Garza & Williamson 2001; Waldick et al. 2002; Schultz
et al. 2009) and to detect hybridisation (Estoup et al. 1999; Vabuena-Carabana et al. 2005;
Streelman et al. 2004).

One potential drawback of using microsatellite markersis the presence of “null”
alelesthat fail to amplify during PCR (van Oppen et al. 1997; Markert et al. 1999).
Sequencing studies have indicated that substitution and indel mutations in microsatellite
flanking regions sequences occur at non negligible rates (Angers & Bernatchez 1997,
Grimaldi & Crouau-Roy 1997). Such variation in the microsatellite sequences of flanking
regions may prevent the primer annealing to template DNA during amplification of the
microsatellite locus by PCR, resulting inanull alele (Calen et al. 1993; Glenn & Schable
2005). Other possible causes of microsatellite null alleles includes: alelic drop outs due to
stochastic sampling errors from low template DNA concentrations and quality (Miller &
Waits 2003), or resulting from preferential amplification of small alleles (Wattier et al. 1998)
and slippage during PCR amplification (Gagneux et al. 1997; Shinde et al. 2003). The
presence of null alelesin population genetic studies can cause heterozygote deficiency
potentially biasing analyses (Shaw et al. 1999). The presence of null alleles causes deviations
from Hardy-Weinberg proportions similar to those caused by effects of inbreeding and
assortative mating (van Oosterhout et al. 2004), implying that data should be interpreted
carefully. It isrecommended to use, population genetics software which can identify the
presence of null alleles and short allele dominance (large allele dropout) in data sets (van
Oosterhout et al. 2004).

Measures of genetic variation in population genetics studies may aso be affected by
size homoplasy. Thisis due to the nature of mutations in the microsatellite repeat region, in
which loss or gain of avariable number of repeat units generates allelesidentical in state but
not in descent (Viard et al. 1998; van Oppen et al. 2000; reviewed in Estoup et al. 2002). Size
homoplasy reduces observed number of alleles and levels of heterozygosity within
populations (Estoup et al. 1995; Jarne & Lagoda 1996; Angers & Bernatchez 1997; Viard et
al. 1998; Taylor et al. 1999; Angers et al. 2000). Size homoplasy may aso affect the
statistical power of data generated from microsatellite markers, since ahigher level of
polymorphism results in a higher power of exact tests on genotypic linkage disequilibrium
and Hardy-Weinberg equilibrium (Raymond & Rousset 1995; Hubisz et al. 2009).

Ascertainment bias is the phenomenon that microsatellite loci are generally more
polymorphic in the species for which they were isolated, and that they can be comparatively
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invariant in distantly related species (Ellegren et al. 1995). Thisis another setback when
using microsatellite markers, as populations may be incorrectly found to exhibit low genetic
variation (Ellegren et al. 1995; reviewed in Garner et al. 2005). However, success of cross-
species microsatellite amplification is generally related to the evolutionary distance from the
focal species. For species diverging 10-20 million years ago, approximately 25% of primer
sets will amplify polymorphic loci (Gemmell et al. 1997; Primmer et al. 1996).

Some of the most studied DNA sequences within population and evolutionary
genetics are those from mitochondrial DNA (Avise 1994; Park & Moran 1994). Since
mMtDNA is located in the cytoplasmic organelles of eukaryotic cellsit is physically separated
from nuclear DNA (Avise 1986; Birky 1995). The physical separation from billions of other
nucleotides in the nuclear genome and relatively small size in animals (15 to 20 kilo base
pairs) makesit easy for mtDNA moleculesto be isolated for population genetics studies
(Avise 1986; Park & Moran 1994). The mtDNA codes for genesthat are vital for the
respiration functions of the cell. It is maternally inherited through ovum cytoplasm in most
organisms, which is arare exception among the genetic markers used in evolution and
population genetics studies (Brown et al. 1979; Birky 1995; Ballard & Whitlock 2004). The
mMtDNA is haploid in state with no recombination between mtDNA genomes such that each
mitochondrion contains one type of DNA with afew notable exceptions (Avise 1986;
Bentzen et al. 1988; Park & Moran 1994). These characteristics combine to reduce the
mtDNA effective population size to one quarter of the nuclear DNA of the same organism
(Nei & Tgima1981). A smaller effective population size means that genetic drift can cause
frequency differences between isolated populations more readily in mtDNA than in nuclear
DNA (Avise 1994).

In many organisms mtDNA evolves rapidly, in part due to lack of sequence repair
mechanism for mutations that arise during replication (Wilson et al. 1985; Ballard et al.
2004). This characteristic provides mtDNA sequences with high variability compared to most
from nuclear DNA (e.g. single nucleotide polymorphisms, SNPs), and is utilized to
investigate questions on population genetic structure (Moran et al. 1994; Jamandre et al.
2009). The mitochondrial genomeis divided into different regions (Fig. 1.5), which evolve at
different rates. They have been used to address different questions at various taxonomic
levels: Cytochrome b gene and Nicotinamide Adenine Dehydrogenous (NADH) genes
sequences evolve relatively fast and they have been used to investigate genetic differences at
population level (Park et al. 1993; Park & Moran 1994), whereas ribosomal genes evolve
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more slowly and are particularly useful to investigate genetic differentiation at family level
(Milinkovitch et al. 1993).
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Fig. 1.5. Organisation of the animal mitochondrial DNA (mtDNA) genome, showing
different regions usually used as molecular genetic markers in population genetics studies

(from public domain: http://commons.wikimedia.org/wiki/File:Mitochondrial DNA _it.svQ).

In evolution and conservation genetic studies the mtDNA maker has been used to
investigate questions related to: introgressive hybridisation (Ferris et al. 1983; Tegelstrom
1987; Wilson & Bernatchez 1998; Hird & Sullivan 2009), phylogenetic relationships (Moran
et al. 1994; Moran & Kornfield 1993; Phillipsen & Metcalf 2009) and identifying the source
of introduced populations (Downie 2002; Zardus & Hadfield 2005; de Carvalho et al. 2009;
reviewed in Muirhead et al. 2008).

Animal mtDNA has proved to be an ideal marker for phylogenetic analysis, and
approximately 70% of all studies with phylogeographic component use information from this
molecule (Lowe et al. 2004). One of the largest problems with mtDNA markersin
phylogenetic studies, however, is the retention of ancestral polymorphismsin closely related
species due to incompl ete lineage sorting (Moran & Kornfield 1993; Parker & Kornfield
1997). The use of amore distant relative as an outgroup increases the ability to detect such
ancestral polymorphisms (Charlesworth et al. 2005). Migratory patterns and population
structure have been investigated using mtDNA markers (Hanfling et al. 2002; Zardus &
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Hadfield 2005; Muirhead et al. 2008). However, mtDNA differentiation may sometimes be
produced by lack of female dispersal or male-biased dispersal and selection in other taxa.
This should be considered when interpreting results. Sex-biased dispersal has effects on the
dynamics and genetics of the species (see review Prugnolle & de Meeus 2002). Under sex-
bised dispersal pattern, one sex is philopatric (i.e. individuals of this sex stay or return to their
natal site or group to breed) while the other is more prone to disperse. In cichlids the males
areterritorial, guarding their breeding ground all year round (Hert 1992; Kellog et al. 1995;
Robinson & Ribbink 1998; Konnings 2008), suggesting that the system may be following a
female-biased dispersal pattern. Since allele frequencies are equally randomised between
males and femalesin apopulation it is possible to detect contrasted pattern of differentiation
depending on the genetic marker used (microsatellite or mtDNA) and sex sampled. Therefore
considerable care should be taken when interpreting genetic differentiation estimatesin
populations that are affected by sex-biased dispersal.

The mtDNA haplotype diversity is usualy positively correlated both with number of
samples collected within a habitat, and with the number of locations surveyed (Muirhead et
al. 2008). Exceptions to this generality include constrained genetic or species diversity in
challenging environments and genetic diversity of some invading populations which may be
represented by a single haplotype (Cristescu et al. 2001; Vasquez et al. 2005). This
emphasizes the importance of the sampling strategy for data interpretation. Although the
exact strategy depends on the nature of the investigation, effective strategies may include
sampling within and among populations, and sampling within and anong genomes (Lowe et
al. 2004).

There are exceptions to strict maternal inheritance of mtDNA: there is evidence of
some incorporation of male mitochondria“ paternal leakage” in mice (Gyllensten et al. 1991)
and humans (Awadalla et al. 1999). Some species show double uniparental inheritance of
mMtDNA (Sutherland et al. 1998). This may lead to heteroplasmy, which is the presence of
more than one mitochondrial genotype within an individual. Effective neutrality is one of the
major assumptions underlying most analyses of mtDNA population data, especially when
mtDNA diversity patterns are interpreted in terms of demography, migrations and founding
events (reviewed by Galtier et al. 2009). The assumption is that, the mitochondrial genome
essentially undergoes neutral or del eterious mutations and adaptive mutations that spread
through positive selection and are thought to be very rare. The deleterious changes are rapidly

removed by purifying selection without affecting much of the adptive diversity at linked sites,
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therefore the observable variation would only reflect neutral processes and thisisin
agreement with the neutralist theory of molecular evolution (Kimura 1983). However, a study
on mMtDNA analysis on synonymous/nonsynonymous ratio appeared to be consistent with the
prevaence of purifying selection (Weinreich & Rand 2000). Episodes of positive selection in
mitochondrial protein coding gene regions have been detected in several groups of animals
including primates (Grossman et al. 2004), agamid lizards and snakes (Castoe et al. 2009)
and in humans (Balloux et al. 2009).

1.2 Objectivesand outline

The Lake Malawi fish are of major socio-economic importance to Malawian people:
as a source of 70% of animal protein in the diet, it contributes 4% of the Gross Domestic
Product (GDP) and gives employment to 3% of the country’s population. The biodiversity of
Lake Malawi isextraordinary - it is suggested to have the greatest wealth of endemic fish
species of all the lakesin the world. The vast mgjority of thisichthyofauna belongs to the
cichlidae family, which is currently atextbook example of explosive speciation and is at the
forefront of evolutionary research. Many species of cichlids, especially mbuna, are popular in
the specialized aquarium trade. Given the profound importance of cichlids to people of
Malawi and scientific community as awhole, introduction of cichlid species within Lake
Malawi and its consequences is of great conservation concern.

The overall objective of thisthesisis to investigate the population genetics of C.
afrain native and introduced rangesin Lake Malawi. C. afra was introduced into the south-
western part of the lake in 1960s by an aquarium trader who established this business on the
shore line. This thesis used this well documented introduction event to investigate two
important questions in conservation and evolution studies: What are the factors that facilitate
establishment success of introduced species? How do small founder populations whose
genetic variation is expected to be affected by genetic bottleneck and drift, still evolve and
successfully establish in new environments?

The results from this thesis will have crucia implications on the conservation and
evolutionary genetics of Lake Malawi cichlids. Thisthesiswill be of interest to reasearch
workers in biology, zoology, ecology and evolution of fish. The aims of this thesiswill be
achieved in the following 5 chapters: Chapter 1 has described general issues which have been
studied in cichlid evolution, general biology of rock-dwelling cichlids, fish introductions,
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implications of introduced species on evolution and conservation and genetic markers which
have been used in invasion biology studies. Chapter 2 investigates the population genetics of
C. afrain introduced range and native ranges using the mtDNA control region. Chapter 3
compares the suitability of two genetic markers, microsatellite and mtDNA when
investigating founder event in popul ations with complex demographic history like multiple
founder sources. Chapter 4 investigates the impact of introduced C. afra on native
Psuedotropheus zebra population, and assesses evidence of introgressive hybridisation.

Chapter 5 summarises and highlights the resultsin a genera discussion.

1.2.1 mtDNA analysisin introduced and native ranges-investigation in Chapter 2

The hypothesis that an introduction event is usually associated with a small founder
population size which is expected to be affected by reduced genetic variation due to effects of
a genetic bottleneck and drift in the introduced range was investigated. Many studies have
shown that introduced populations persist and adapt in new environments, suggesting that
introduction events may not usually be associated with reduced genetic variation. One
hundred and fifty individuals of C. afra from four introduced populations and six native
populations were sampled. The mtDNA control region was fully sequenced to investigate the
genetic variation in C. afra populations in introduced and native ranges. Using descriptive
popul ation genetic measures cal cul ations on nucleotide and hapl otype diversity as employed
in DNAsp software were investigated. A parsimony network analysis was used to investigate
hapl otype sharing and infer sources of the introduced population.

1.2.2 Suitability of microsatellite and mtDNA genetic markers when investigating founder
events with complex demographic history-investigation in Chapter 3

Microsatellite and mtDNA genetic markers exhibit different biology and evolutionary
history. The two markers have been widely used in population genetics studies investigating
founder events and colonisation history in different organisms. Six hundred C. afra samples
were genotyped at six microsatellite loci. The collection localities are the same as those used
in mtDNA analysisin chapter 2. The mtDNA control regions results were reanalyzed to
compare results with microsatellite markers. Descriptive genetic variation measures were
calculated. The effective number of alleles and hal potypes, genetic differentiation among C.
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afra populations (G’ sr) and analysis of molecular variance (AMOVA) as employed in
ARLEQUIN software were investigated. Previous studies have suggested a stepping stone
colonisation pattern of C. afrain Lake Malawi National Park. In this study, an approximate
Bayesian computation (ABC) procedure was used to investigate two competing hypothesesin
colonisation history of C. afrain Lake Malawi National Park: a stepping stone introduction
pattern and an independent introduction pattern.

1.2.3 Introgressive hybridisation between Cynotilapia afra and Pseudotropheus zebra-
investigation in Chapter 4

The hypothesis that introgressive hybridisation is more likely to occur in the direction
from the more common native species into the gene pool of the rare, introduced species was
tested. P. zebra and C. afra naturally occur sympatrically within Lake Malawi. The two
species have common habitat preferences for sediment free rocky waters, and all possess the
blue body colour and vertical black banding also called (BB) morphology. The introduction
of C. afrato an area with abundant P. zebra individuals like Lake Maawi Nationa Park,
suggests possible hybridisation candidates. Two hundred and sixteen samples of introduced
C. afra and native P. zebra from the introduced range were analysed using six microsatellite
loci. Descriptive population genetics measures including mean number of alleles (A), and
observed and expected heterozygosity (Ho and Hg) were investigated. Among population
genetic differentiation measure (G’ st) from sympatric populations was also calculated. A
Bayesian clustering method was used to investigate admixture of genetic material between C.
afra and P. zebra, and admixture proportions were calculated. A factor component analysis
was used to explore the contribution of genetic material from sympatric C. afra and P. zebra

populationsin atwo dimensional scale.
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Chapter 2

2. Analysis of michondrial DNA (mtDNA) in introduced and

native populations of Cynotilapia afrain Lake M alawi

Analysis of mtDNA in introduced Cynotilapia afra published in: ZidanaH, Turner GF, van
Oosterhout C, Hanfling B (2009) Elevated mtDNA diversity in introduced populations of
Cynotilapia afra (Gunther 1894) in Lake Malawi National Park is evidence for multiple
source populations and hybridisation. Molecular Ecology, 18, 4380-4389.

2.1 Introduction

Biological invasions provide the opportunity to observe evolution in action as such
events may result in significant demographic changes. Furthermore, interactions between the
invasive and native species in the invaded community may have both ecological and genetic
repercussions, and rapid evolutionary changes will occur before a new equilibrium is reached.
Recent molecular evidence suggests that many invasive species do not show the reduced
genetic variability expected of populations with relatively few founders. Genetic diversity
may be retained or even enhanced by multiple introductions from genetically divergent
source populations (Kolbe et al. 2004; Hanfling 2007; Roman & Darling 2007) or by
introgressive hybridisation with native species (Ellstrand & Schierenback 2000).

Two important evolutionary consequences of multiple introductions and introgression
have been suggested. Firstly, these processes may dilute the founder effects and reduce the
risk of inbreeding depression (Novak & Mack 1993; Kolbe et al. 2004; reviewed in Dlugosch
& Parker 2008). Secondly, the admixture of gene pools may lead to novel gene combinations
with advantageous effects in the new environment (Hénfling 2007). Likewise, the production
of novel gene combinations during hybridisation has been proposed as a major factor
contributing to natural adaptive radiation, particularly by African cichlid fishes (Seehausen
2004).
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The African great Lakes Victoria, Tanganyika and Malawi have the richest lacustrine
faunas in the world and their cichlid fishes are atext book example of explosive radiation,
with arecent estimate of 451-600 speciesin Lake Malawi, 447-535 in Lake Victoria (and
many more in neighbouring lakes) and 162-184 in Lake Tanganyika (Genner et al. 2004a).
Thelakes vary in size, shape, age and water parameters and the high diversity of cichlid
fishes inhabiting them have been derived from different riverine ancestors (Salzburger et al.
2005). The cichlid fishes of Lake Tanganyika show awide range of reproductive strategies
not found in the younger and less genetically diverse cichlid faunas of the other two lakes.
However, all three lakes are dominated by cichlid fish, which exhibit striking paralelsin
morphology (Y oung et al. 2009a), behaviour (Blais et al. 2009), life histories (Duponchelle et
al. 2008) and even in opsin amino acid sequences (Sugawara et al. 2005).

These cichlid fishes have served as amodel system in studies of evolution (see
reviews by Kornfield & Smith 2000; Kocher 2004; Seehausen 2006). Severa hypotheses
have been suggested to explain the mechanisms behind explosive cichlid speciation:
morphology, particularly of the pharyngeal jaw apparatus (Fryer 1959; Liem 1980), sexually-
selected colour variation (Kosswig 1947; Dominey 1984; van Oppen et al. 1998), habitat
specialisation and fragmentation (Fryer 1959; Ribbink et al. 1983), hybridisation (Sal zburger
et al. 2002, Seehausen 2004) and visually-based mate choice in clear water habitats
(Seehausen et al. 1997; Teral et al. 2006). Equally, roles for both alopatric (Fryer 1959;
Ribbink et al. 1983; van Oppen et al. 1997) and sympatric (Seehausen & van Alphen 1997;
Shaw et al. 2000) speciation modes have been proposed to play a major role. Notably, rocky
shore cichlid fishes show high levels of geographic colour variation (Fryer 1959; Ribbink et
al. 1983) associated with strong genetic structuring (van Oppen et al. 1997; Rico et al. 2003)
and partial reproductive isolation (Knight & Turner 2004) suggesting a major role for
geographic isolation in diversification and also a significant degree of local endemism and
evolutionarily significant beta-diversity (Ribbink et al. 1983; Reinthal 1993; Genner et al.
2004a & b). Differences in parasite fauna are also known among species and habitats (Blais
et al. 2007; Amin et al. 2008; Bray et al. 2006). Given the high level of endemism
anthropogenic transl ocations of fishes within Lake Maawi are a cause for concern (Ribbink
et al. 1983; Trendall 1988; Streelman et al. 2004; Genner et al. 2006; Y oung et al. 2009Db).

The recent and rapid evolution of cichlid fishes in the younger lakes, such as Malawi
and Victoriarenders the exact reconstruction of species trees from molecular data difficult:

many rock-dwelling cichlids retain shared ancestral mtDNA polymorphisms, even where
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morphological differentiation is clear and reproductive isolation demonstrated or suspected
(Moran & Kornfield 1993; Parker & Kornfield 1997; Sturmbauer et al. 2001). However,
mitochondrial DNA sequence data can be highly informative in a population genetic
framework. This approach has long been employed in studies of humans and other organisms
(Bandelt et al. 1999; Pakendorf & Stoneking 2005; Rowold et al. 2007; Atkinson et al. 2007,
Krystufek et al. 2007) and more recently has proved useful with cichlid fishes from Central
America (Barluengaet al. 2007) and East Africa (Verheyen et al. 2003; Genner et al. 2007
Koblmdiller et al. 2007b). Furthermore, mitochondrial DNA has proven to be a particularly
powerful genetic marker to trace source populations of recent invasionsin lizard (Kolbe et al.
2004), crab (Hanfling et al. 2002; Roman 2006), fish (Lindholm et al. 2005; Azzurro et al.
2006) and snails (Chuong et al. 2008). The aim of this study was to employ population
genetic analyses of mitochrondrial DNA to investigate the popul ation genetic consequences
of human-mediated translocation of arock-dwelling cichlid fish, C. afrainto the southern-
west arm of Lake Malawi. Such datawill not only provide a population genetic frame work
to study the evolutionary consequences of introductions, admixture and hybridisation in
cichlids but also have conservation implications since inferences about spread and
colonisation pathways of introduced cichlidsin Lake Malawi National Park will be made.

2.2 Materials and methods

2.2.1 Sudy species and area

C. afraisasmall plankton-feeding fish from the ‘mbuna group confined to clear-
water rocky habitats (Fryer 1959; Ribbink et al. 1983; Konings 2008). It is naturally widely
distributed within Lake Malawi (Ribbink et al. 1983; Konings 2008). It is believed that the C.
afra species complex isindigenous to the northernmost 80% of the lake, from the far north at
Ikombe to Mbenji Island and Ntekete in the south (Konings 2008). At several localities
within this range, populations of C. afra occur sympatrically with populations of its putative
sister speciesthe P. zebra complex (Kassam et al. 2005). In the late 19705/early 1980s, C.
afra has been reported to have spread around the Thumbi West Island following a
documented rel ease of fish destined for the aquarium fish export trade in the 1960s (Ribbink
et al. 1983) and has subsequently been found on other nearby rocky shores (Fig. 1). Sinceits
introduction, C. afrais believed to have undergone rapid microevolutionary change as well as
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introgressive hybridisation with P. zebra (Streelman et al. 2004). Thumbi West Island now
forms part of the Lake Maawi National Park (Trendall 1988; Streelman et al. 2004). The
Lake Malawi Nationa Park, established in 1980 as the World' sfirst national park targeted
principaly on freshwater fish, and designated a UNESCO World Heritage Sitein 1984,
covers 9,400hain the southern part of the lake (Hough 1989). Its waters are among the most
heavily impacted by translocations, with at least 13 taxa of cichlid fishes being introduced to
Thumbi West Island alone (Genner et al. 2006).

2.2.2 Sampling

Samples of C. afra were collected from six localities within the native range of the
species. Mara Rocks, Nkhata Bay; Likoma Island; Mbenji I1sland; Chiofu Bay; and Ntekete
Rocks and from all four known sites inhabited by introduced populations: Domwe Island,;
Otter Point and two locations from Thumbi West Island (Table 1 & Fig. 1). Specimens of P.
zebra were collected from the four sites known to be colonised by the introduced populations

(Fig. 2.1). Fifteen individual s per site were sampled from each population.
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Fig. 2.1. Lake Malawi map showing 10 geographic locations sampled in this study, from
native (MA=Mara, NK=Nkhata Bay, L1=Likoma, MB=Mbenji, CH=Chiofu, NT=Ntekete)
and introduced (DO=Domwe, TH-A=Thumbi site A, TH-B=Thumbi site B and OT=Otter
Point) ranges of C. afra populations. The colour coded circles corresponds to mtDNA

hapl otype identification (see Fig. 2.3).

A non-invasive sampling method was employed, collecting live fish samples using
monofilament nets while SCUBA diving. A small tissue sample was taken by fin clipping the
posterior (soft-rayed) dorsal fin, which regenerates within afew days. To ensurereliable
species identification, all samples were collected from territorial malesin full breeding colour
and jaw teeth of all specimens were examined using a hand lens, as the possession of
unicuspid teeth is diagnostic for the genus Cynotilapia (Trewavas 1935, Fryer 1959). All live
specimens were rel eased back into the water. Fin clips were preserved in 100% ethanol

before molecular analysisin the laboratory.

29|Page



2.2.3 Molecular analysis

Total genomic DNA was extracted using Promega WIZARD genomic DNA
purification kit. The mitochondrial DNA (mtDNA) of the entire control region was amplified
using forward primer HapThr-2+4 (5 —CCTACTCCCAAAGCTAGGATC-3') and reverse
primer Fish12s (5 -TGCGGAGACTTGCATGTGTAAG-3'), (Joyce et al. 2005). Polymerase
chain reaction (PCR) was performed in a25 pL reaction consisting of 2 uL DNA template,
1X PCR buffer, dNTPs (0.1mM), primer (0.4mM), MgCl, (1.2mM stock), PCR water and
0.25 Units Tag. The PCR running conditions were as follows, 3 min at 94°C, 45 sec at 94°C
and 50 sec at 56°C for 34 times, then 1 min 30 sec at 72°C, and followed by 10 min of 72°C.
PCR products were purified and sequenced in both directions using the professional
sequencing service of MACROGEN Centre (Pathfinder in Genomics Research, 908 World
Meridian Centre, Seoul, 153-023 Korea).

2.2.4 Data analysis

The software CodonCode Aligner (Ewing et al. 1998) was used to edit individual
sequences and to align forward and reverse sequences of each individual. The resulting
consensus sequences of all individuals were aligned using ClustalW (Thompson et al. 1997)
in combination with MEGA version 4.1 (Tamura et al. 2007) and submitted to GenBank
(accessions GQ380500-GQ380547). The alignment was checked by eye and was trimmed to
auniform length of 910bp including gaps, which were treated as point mutations during
analysis. DnaSP version 4.5 (Rozas et al. 2003) was used to make inferences of parameters
involving within-population genetic diversity mtDNA haplotype diversity (H), nucleotide
diversity () and between-population measures (Fsr and Da (Nei 1987)). The mtDNA number
of haplotype and standard errors (SE) were estimated by a jackknife procedure (Nei & Jin
1989; Lynch & Crease 1990).

To estimate the contribution of genetic introgression between C. afra and P. zebra
within the introduced range, | analysed mtDNA sequences of P. zebra, identifying haplotypes
shared with C. afra and calculating their contribution to nucleotide () and haplotype (H)
diversity using DnaSP version 4.5 (Rozas et al. 2003).

To explore the relationships between the introduced population of C. afra and

possible source populations, | used two approaches. Genetic distances among popul ations
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(Da) were calculated using DnaSp version 4.5 (Rozas et al. 2003), which were then used in
XLSTAT version 2008 (Addinsoft 2008) to configure coordinates for a multidimensional
scaling (MDS) approach. Secondly, a network of haplotypes was constructed using a median-
joining agorithm in the Network software version 4.5.10 (Bandelt et al. 1999).

2.3 Reaults

2.3.1 Within-popul ation genetic diversity

A total of forty-eight haplotypes were found across the whole data set of 195
sequences, 150 from C. afra and 45 from P.zebra (Table 2.1).
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Table 2.1: Sampled populations, sample sizes and summary statistics. All sequence statistics are based on afull mtDNA control region sequence

(910bp) aignment from 195 sequences.

Total Haplotypes unique to Nucleotide diversity
Species Locality Co-ordinates N seguenced  haplotypes population Haplotype diversity (H)  (n)
Introduced
C. afra Domwe Island 13°5985.5"S, 34° 50" 32.6"E 15 3 0 0.65 0.0019
Thumbi West Island 14°01'50.5"S, 34°49' 44 4"E 15 6 3 0.76 0.0007
Thumbi West Island (B) 14°01' 08.0"S, 34°49' 19.7"E 15 6 3 0.82 0.0030
Otter Point 14°02'31.6"S, 34°49'37.6"E 15 8 4 0.90 0.0033
Native
C. afra Mara 11°14'44.8"S, 34° 16' 44.5"E 15 3 2 0.23 0.0003
Nkhata Bay 11°36'47.1"S, 34° 28" 23.1"E 15 4 3 0.67 0.0007
Likoma 12°01'48.9"S, 34° 43" 46.5"E 15 5 3 0.63 0.0012
Mbenji 13°26'31.8"S, 34°29'29.1"E 15 4 2 0.47 0.0010
Chiofu 13°32'01.8"S, 34°51' 86.6"E 15 5 5 0.71 0.0011
Ntekete 13°37'72.4"S, 34° 51' 25.7"E 15 4 4 0.37 0.0019
P. zebra Domwe Island 13°59'85.5"S, 34° 50" 32.6"E 15 8 6 0.91 0.0036
Thumbi West Island 14°01'50.5"S, 34°49' 44 4"E 15 5 1 0.63 0.0016
Otter Point 14°02'31.6"S, 34°49'37.6"E 15 4 2 0.37 0.0006
Tota 195 48 - - -
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The introduced populations of C. afra at Thumbi West Island site B and Otter Point
had higher mtDNA hapl otype and nucleotide diversity compared to the native populations
(Table2.1 & Fig. 2.2). The introduced population of C. afra at Otter Point exhibited the
highest mtDNA hapl otype (H=0.90) and nucleotide (z=0.0030) diversity, while the native
population at Mara Rocks had the lowest mtDNA haplotype (H=0.23) and nucleotide
(z=0.0003) diversity (Table 2.1 & Fig. 2.2). In the native P. zebra group, Domwe Island
population had a higher haplotype (H=0.91) and nucleotide (z=0.0040) diversity, while Otter
Point population had the lowest (H=0.37) and (z=0.0006) diversity (Table 2.1).
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Fig. 2.2. Haplotype versus nucleotide diversity (mean and SE) for the native (solid circles)
and introduced (open circles) C. afra populations. Standard errors of H were calculated using

ajackknife procedure. (The abbreviations for populations are given on Fig. 1).
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2.3.2 Among-population genetic diversity

The network analysis revealed substantial lineage sorting and no shared haplotypes
among most native populations. Only the two samples from the north-eastern part of the lake
(Mara and Nkhata Bay) appear to be closely related and even share their most common
haplotype (Fig. 2.3). The native populations Ntekete and Chiofu appear to be particularly
distinct and share haplotypes neither with introduced populations nor with other native
populations. However, two highly divergent hapl otypes were found in Ntekete in low
frequencies indicating immigration from a genetically divergent conspecific population or
mitochondrial introgression (Fig. 2.3).
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Fig. 2.3. A parsimony network of C. afra and P. zebra haplotypes (H) based on mtDNA

sequences and each of the 48 haplotypes is numbered. Each circle represents asingle

haplotype and its diameter is proportional to the number of individuals with that haplotype.

The colour codes represent the source of haplotype basing on geographic location within

Lake Malawi a black dot (*) represents unsampled haplotypes and open circle (o) = P. zebra

hapl otypes sampled from the range of introduced C. afra.

In contrast, haplotypes from most introduced populations are widely scattered across

the network and a number of haplotypes are shared with other introduced and native

popul ations. Haplotype H7 was common at both Nkhata Bay and Mara Rocks and was shared
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with three of the introduced samples. Haplotypes H11 and H13 otherwise unique to Likoma
Island were shared with the Otter Point population. The Mbenji population shares two
haplotypes with introduced populations, but surprisingly, one of these haplotypesis also
shared with P. zebra (H16). A substantial cluster of haplotypes (top right in Fig. 2.3) was
shared among introduced populations but only rarely found in the native C. afra populations.
Thisis evidence of one or more unsampled source populations.

Only three haplotypes (H7, H16 and H31) were shared between C. afra and P. zebra
in the range of the introduced species (Fig. 2.3), so that proportionally the genetic diversity
contributed through hybridisation was: H=0.52% and = =1.9%. In other words, we can
estimate that >98% of the genetic diversity in the introduced C. afra populationsis of
conspecific origin, and <2% from hybridisation with P. zebra.

Pairwise genetic differentiation (both D and Fsr) was lower for comparisons among

introduced populations than native populations (Fig. 2.4).
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Fig. 2. 4. Haplotype versus nucleotide differentiation (mean and SE) for comparisons of
categories of C. afra populations (Introduced - Introduced, Native - Introduced and Native -
Native). Standard errors were calculated by jackknifing the pairwise popul ation comparisons.
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Thisis consistent with the MDS plot which shows less scatter for the introduced
populations than for the native populations (Fig. 2.5). Furthermore, the MDS plot shows that
the Ntekete population, although geographically closest to the introduced populations, is
genetically distinct from the introduced populations and therefore unlikely to have

contributed to the introduction. Relationships among the native populations were not

predictable from geographic distances among them. For example, the neighbouring

populations at Ntekete and Chiofu were genetically different, while those of the more distant

populations at Nkhata Bay and Mara Rocks were genetically very similar (Fig. 2.1 & 2.5).
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Fig. 2.5. Multidimensional scaling (MDS) plot of genetic distances (D,) for the native (solid

circles) and introduced (open circles) C. afra populations.
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2.4 Discussion

Here | analysed the full control region of mitochondrial DNA of several native and
introduced populations of the cichlid fish C. afra that was introduced in Lake Malawi
National Park in the 1960s. The study shows that introduced C. afra populations have high
mtDNA variation and aso demonstrate evidence of introgressive hybridisation with native P.
zebra.

2.4.1 Population structure of native C. afra

This study has demonstrated a high level of mtDNA sequence variation among the
native populations of C. afra. This contrasts sharply with previous studies of Lake Malawi
cichlids, where levels of lineage sorting are very low not only among intra-specific
populations, but even among species from different genera (Moran & Kornfield 1993; Parker
& Kornfield 1997; Sturmbauer et al. 2001). The presence of incomplete lineage sorting
among cichlids taxa, has been attributed to recent contact among populations during low lake
level stands (Owen et al. 1990; Fryer 1997), recent and rapid speciation (Moran & Kornfield
1993), persistently large population sizes and introgressive hybridisation on secondary
contact (Streelman et al. 2004).

These results suggest a different recent history for C. afra populations, perhaps with
persistent geographical isolation and recent genetic bottlenecks. In contrast to many other
mbuna species, C. afra appears to be subject to local genetic drift and shows high genetic
differentiation across populations. This hypothesis may be investigated further using
microsatellite markersin chapter 3 of thisthesis. The results are unexpected, given that C.
afra often exists in large population densities, forms large feeding schools in the water
column and penetrates to deeper water than many other mbuna (at least 50m; Konings 2008).
These traits would suggest that C. afrais agood disperser across stretches of deep water.
Nevertheless, the high levels of genetic differentiation found in the present study suggest that
such potentially favourable conditions for dispersal do not result in frequent gene flow. This
conclusion is consistent with its failure to naturally colonise the southern arms of the lake
following the last |ake level rise. At the time of the first thorough survey of the southern part
of the lakein the late 1970s, no C. afra was recorded from any other site in the south-eastern

or south-western arms of the lake, apart from sites with likely anthropogenic introduction

3B|Page



(Ribbink et al. 1983). The southern arms of the lake are relatively shallow and are believed to
have been dry during low water stands of the lake around 25,000-70,000 years ago (Scholz &
Rosendahl 1988; Cohen et al. 2007) or perhaps even as recently as 200 years ago (Owen et
al. 1990).

2.4.2 Colonisation history of introduced populations

All four invasive populations were characterised by elevated levels of nucleotide
and/or haplotype diversity compared to the native populations, which is consistent with a
scenario of admixture among genetically divergent source populations (Kolbe et al. 2004,
Roman & Darling 2007). The results furthermore show that genetic differentiation anong
introduced populationsis lower than among native popul ations, which is also expected under
such ascenario if the same source populations have contributed to the gene pool of different
introduced populations. The contrasting pattern of genetic differentiation (Da and Fst) may
be due to how these measures are derived, the former being an estimate of net nucleotide
differentiation measure. The admixture events between different source populations could
have happened either in the holding facilities of the aquarium trader who received stock from
anumber of geographical localities and/or within the lake when the fish from different
localities were released on the shoreline.

The results provide some indication which native popul ations could have contributed
to the gene pool of the introduced populations. Populations from the northern part of Lake
Malawi (Mara, Likoma and Nkhata Bay) and to a smaller extent from the central west coast
(Mbenji) share haplotypes with at least one introduced population and are therefore potential
source populations. By contrast, haplotypes from two nearby south-eastern popul ations
(Chiofu and Ntekete) were not found in the introduced populations. These localities are close
to the introduction site but were not regularly visited by aquarium exporters until recently.

It seemslikely that at least one additional genetically differentiated native population
not sampled in this study must have contributed to the gene pool of the introduced
popul ations. Comparison of this data with 5125 sequences al from African cichlids accessed
in the GenBank did not shed more light on the un-sampled population. | suggest that future
studies should also investigate the possible contribution from other populations of
Cynotilapia in the south eastern arm part of the lake, such as Cynotilapia sp.
“Chinyankhwazi” and Cynotilapia sp. “Chinyamwezi”. Overal this analysis provides clear
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evidence that all introduced C. afra popul ations were founded by an admixture from
genetically differentiated source popul ations.

| furthermore suggest that two independent introductions could explain the genetic
differentiation between popul ations on the northern (Thumbi B) and southern shores of
Thumbi West Island (Thumbi A). Streelman et al. (2004) had previously found a similar
pattern of divergence in both male colour phenotype and microsatellite alele frequencies, but
suggested that this was due to rapid evolution following a single col onisation event, perhaps
associated with hybridisation with P. zebra. This study supports the hypothesis that C. afra
hybridised with P. zebra, but indicates that such introgression is unlikely to be amajor cause
of differentiation among populations from northern and southern shores of Thumbi West.
Rather, it seems plausible that C. afra was introduced into two sites on Thumbi West Island,
but like the Otter Point populations, the northern Thumbi West popul ation was not recorded
by Ribbink et al. perhaps because it was small and of restricted distribution at the time of
their study. This hypothesis may be investigated further, genetic markers like microsatellites
using Approximate Bayesian Computations (ABC) have proved to be useful in answering
guestions of competing introduction scenario and have described colonisation history of toad
Bufo marinus (Estoup et al. 2001, 2004), bird Zosterops lateralis (Estoup & Clegg 2003),
corn rootworm Diabrotica virgifera virgifera (Miller et al. 2005), fruit flies Drosophila
melanogaster (Thornton & Andolfatto 2006) and D. subobscura (Pascaul et al. 2008).

The results suggest that C. afra may not in fact be spreading out from its original
introduction site, asinitially feared by conservation biologists. Thisis consistent with the
poor dispersal capacity of C. afra as suggested by the marked genetic structure among native
populations. It appears that the populations at Otter Point and Thumbi West (A and B sites)
probably represent at |east three separate introductions. Furthermore, the Domwe Island
population does not seem to have been founded by the population from the neighbouring
north shore of Thumbi W, but more likely from the population from the southern shore. This
suggests anthropogenic transportation, perhaps by some of the many local fishing crews that
illegally operate their netsin the area, C. afra being a mid-water feeder is particularly prone
to being caught in the “Chirimila’ nets that target the zoopl ankton-feeding Copadichromis

and Mchenga locally known as “utaka” and the Engraulicypris sardella“Usipa’ schools.
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2.4.3 Genetic variation and establishment success

The analysis suggests that the establishment success of C. afra in the southern part of
the lake was associated with, and possibly facilitated by, the relatively high genetic diversity
of the founder populations, probably in part due to the multiple origins of the founders. Other
studiesin plants Phalaris arundinacea (Lavergne & Molofsky 2007 and review Ellstrand &
Schierenbeck 2000), crab Carcinus maenas (Roman 2006) and lizard Anolis sagrel (Kolbe et
al. 2004) have suggested that increased genetic diversity of introduced species may be
associated with invasion success. Multiple introductions or introduction from different
originsislikely to offset the effects of random genetic drift and loss of genetic variation
commonly associated with founder events (Kolbe et al. 2004; Hanfling 2007; Roman &
Darling 2007).

Of coursg, it is possible that other factors may facilitate an invasion, such asthe
availability of asuitable ecological niche. Most Maawian rock-dwelling cichlids feed at |east
partly on benthic prey, such as loose or attached algae and associated fauna. By contrast, C.
afra seems to feed exclusively on plankton in the water column (Konings 2008). Unlike other
mbunathat are generally solitary, territorial and tightly bound to the substrate, C. afra
typically forms large feeding schools that rise high up into the water column. It is often
extremely abundant in suitable habitats (Ribbink et al. 1983), asindeed it is now on Thumbi
West Island. A recent study of species distributions and abundances on Thumbi West Island
attempted to estimate levels of competition among rocky shore cichlid fish species, finding
generally higher levels of competitive exclusion between species that had not naturally co-
evolved (Young et al. 2009b). A striking exception was C. afra which, despite its abundance,
appeared to have no impact on any of the indigenous species, suggesting that its niche was

largely vacant prior to its introduction.

2.5 Summary

Genetic variation in many invasive species shows little or no signs of afounder event,
suggesting that high genetic diversity may facilitate establishment success. The rockyshore,
plankton-feeding cichlid fish C. afrais endemic to Lake Maawi, but
naturally absent from many suitable sites. In the 1960s, this species was introduced to the

southern areas of the lake, presumably as aresult of the aquarium fish trade. It has now
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become established on a number of rocky areas within the Lake Maawi National Park.

Here, | have analysed DNA sequence variation in the mitochondria control region of
six native and four introduced populations of C. afra, and three populations of a
phylogenetically related and hybridizing P. zebra. In contrast to previous studies of Lake
Malawi rock dwelling cichlids, network anal yses suggested that native populations of C. afra
showed high levels of lineage sorting in mtDNA.

Introduced popul ations showed higher sequence and hapl otype diversity than their
native counterparts. These analyses suggested that the elevated gene diversity was largely
attributed to the fact that the introduced C. afra populations were derived from several
genetically distinct and geographically separate populations, and to alesser extent because of
introgressive hybridisation with native P. zebra.

The establishment and spread of C. afrain Lake Maawi National Park may be partly

because of its ability to occupy avacant ecological niche, but it may also have been

facilitated by its enhanced genetic diversity.
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Chapter 3

3 Comparison of microsatellite and mtDNA genetic diversity in

introduced and native populations of Cynotilapia afra

Comparison of microsatellite and mtDNA to investigate founder event (manuscript in
preparation): Zidana et al. (2009) Differencesin suitability of microsatellite and mtDNA to
investigate impact of founder event on genetic diversity.

3.1 Introduction

Popul ation genetics, in the broad sense, is the study of allele and gene frequency
distributions in and among subdivided populations (Lowe et al. 2004; Dyck et al. 2005). It
encompasses estimations of variation in terms of allelic and genotypic frequencies. With
appropriate data, the application of population genetic theory allows estimation of gene flow
within and among populations, estimation of effective population sizes, testing for occurrence
of genetic bottlenecks, testing rapid expansions of population size and pairwise genetic
distances (Lowe et al. 2004; Dyck et al. 2005; Allendorf & Luikart 2007).

Genetic diversity is akey factor enabling adaptation, and therefore survival, of natural
populations in changing environments (Frankham 1998; Allendorf & Luikart 2007).
Conversely, limited genetic diversity may reduce the potential for populations to adapt in the
long term but loss of genetic diversity can also more immediately lead to decreased fitness
within populations, due to inbreeding depression (Lande 1995; Frankham 2005; Lavergne &
Molofsky 2007). Therefore, evaluations of genetic diversity are common in population
genetics and are particularly important in conservation genetic studies working on introduced
popul ations (Frankham 2005). In principle, genetic diversity at loci with functional
importance, such as protein-coding genes, RNA-coding or regulatory sequences, is what
affects a population’s ability to respond to selection (Nei 1987; Avise 1994). Ultimately,
researchers would like to measure genetic variability across all or at least a significant
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fraction of such functionally important loci, which is an unrealistic scenario today but it may
be potentially possible within afew years. While awaiting technology for large-scale
genomic analysis of multiple individuals within a population geneticists have primarily used
neutral genetic markersto infer the levels and patterns of genetic diversity (Sambrook et al.
1989; Lowe et al. 2004). Among the most widely used are molecular genetic markers isolated
from microsatellite DNA and mitochondrial DNA (mtDNA) regions (Avise 1994; Jarne &
Lagoda 1996). These markers have been used extensively in studying evolutionary processes
associated with biological introductions to investigate issues associated with founder events
such as the amount of genetic variation within introduced populations, compared to their
native counterparts (Angers & Bernatchez 1997; Lindholm et al. 2005; Roman 2006; Brown
& Stepien 2009). The biological and evolutionary processes that affect the microsatellite and
MtDNA sequences are different (Wilson et al. 1985; Tautz 1989; Avise 1994; Wright &
Bentzen 1994; Ballard et al. 2004). A microsatellite locus is usually diploid and may be
inherited from both parents, while mtDNA is haploid and inherited from the female parent
(Avise 1986; Park & Moran 1994; Birky 1995). This suggests some differences may exist in
the way these two regions of DNA respond to demographic changes and the stochastic events
that are usually associated with founder populations. Therefore the use of multiple markers
has been recommended in conservation and evolutionary genetics studies (Takezak & Nei
1996; Nauta & Weissing 1996; Colson & Goldstein 1999; Ting et al. 2000; Selkoe & Toonen
2006; Zachos et al. 2009), athough many studies still make conclusions based on inferences
from one molecular marker (Roman & Palumbi 2003).

Introduced species are well placed for studying rapid evolutionary changesin
population and conservation genetics (Hanfling 2007; Roman & Darling 2007). However
efficient statistical inferences are often difficult to achieve when dealing with populations
with complex demographic history, for example, multiple founders from genetically
differentiated source populations (Beaumont et al. 2002; Allendorf & Luikart 2007). The
approximate Bayesian computation (ABC) inference on the basis of summary statisticsis
well suited to testing complex scenarios that arise in population genetics (Beaumont et al.
2002; Pascual et al. 2008). Properties of the posterior distribution of a parameter, such asits
mean or density curve, are approximated by fitting alocal linear regression of simulated
parameter values on simulated summary statistics, and then substituting the observed
summary statistics into the regression equation (Beaumont et al. 2002).
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When enough background information is available on historical and demographic
statistics from an introduced population the ABC approach can be used successfully to
investigate colonisation history (Estoup et al. 2001; Pascual et al. 2008; Cornuet et al. 2008).
Reconstruction of colonisation histories may provide the opportunity to investigate the
genetic consequences of founder events as well as the evolutionary trajectories responsible
for established of introduced populationsin an environment (Mayr 1954). The establishment
success of introduced species may depend on their ability to evolve in response to the
selection pressures in their new environment (Lee 2002). Genetic drift may also play an
important role during establishment and even determine colonisation or invasion success
(Tsutsui et al. 2000). Consequently, when a species independently invades severa areas, the
outcome of the colonisation and the convergence of resultsin the different areas may depend
upon the specific genetic pool of the founding population, as well as the population dynamics
and selective processes associated with colonisation. To understand the evolutionary genetics
of colonisation one must identify the most likely source of colonizers, the levels of genetic
diversity of both introduced and native populations, the geographical pathways of spread, and
the ability of the populations to evolve in novel environments (Frankham 1998; Allendorf
& Luikart 2007).

The introduction event of Cynotilapia afra into Lake Maawi National Park iswell
documented (Ribbink et al. 1983; Konings 2008). Previous studies have investigated the
source of founding populations (Zidana et al. 2009) and genetic diversity of introduced C.
afra populations at microsatellite loci (Streelman et al. 2004) and mtDNA control region
(Zidana et al. 2009).

This study analyses the microsatellite genetic diversity of introduced and native C.
afra populations using population genetic analyses and a newly developed ABC approach to
investigate the competing hypotheses of introduction history patterns (independent or
stepping stone) in Lake Maawi Nationa Park. | have analysed data on the mtDNA control
region (described in chapter 2), and compared the results on effective number of haplotypes
with aleles, and also compared standardised genetic differentiation measures between the
two markers. Multiple introduction events associated with genetic drift and a bottleneck may
have generated a contrasting pattern of genetic variation at microsatellite and mtDNA loci in
the introduced range. Finally these results are used to interpret the suitability of microsatellite
and mtDNA markers for investigating the impact of founder events on the genetic diversity of

introduced populations.
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3.2 Materials and methods

3.2.1 Sampling

Samples of C. afra were collected from six localities within native range: Mara
Rocks; Nkhata Bay; Likoma Island, Ntekete, Chiofu and Mbenji Island and from all four
known sites inhabited by introduced populations. Domwe Island; Otter Point and two
locations from Thumbi West Island (site A and B). Sixty individuals were collected from
each locality (Fig. 2.1).

A non-invasive sampling method was used by collecting live fish samples using
monofilament nets while SCUBA diving. A small tissue sample was taken by fin clipping the
posterior (soft-rayed) dorsal fin, which regenerates within afew days. To ensurereliable
species identification, all samples were collected from territorial malesin full breeding colour
and jaw teeth of al specimens were examined using a hand lens, as possession of unicuspid
teeth is diagnostic for the genus Cynotilapia (Trewavas 1935, Fryer 1959). All live specimens
were released back into the lake. Fin clips were preserved in 99% ethanol before molecular

anaysisin the laboratory.

3.2.2 DNA extraction and molecular data analysis

Total genomic DNA was extracted from fin clips using Promega WIZARD genomic
DNA purification kit. Samples were screened at 6 microsatellite loci using published primers:
Ppun32, Ppun21, Ppun7 and Ppun5 (Taylor et al. 2002), Pzeb3 (van Oppen et al. 1997) and
UHN154 (Kellogg et al. 1995). The 10 pL polymerase chain reaction (PCR) consisted of
1uL DNA template, primer (ImM), dNTPs (0.1mM), 0.5 Units of Tag polymerase, 1X PCR
buffer and MgCl, (1.25mM). The PCR amplification was carried out on a Peltier Thermal
Cycler 200 using the following parameters: 3 min 94°C 1 cycle, followed by 94°C for 30 s,
annealing temperature ranged from 54 to 62 °C for 30 sand 72 °C for 30 sfor 27 cycles,
followed by 1 cycle of 10 min at 72 °C. Two loci Ppun32 and Ppun5 were amplified using
two stage protocols, thus 4 cycles at an initial high annealing temperature, followed by 29
and 26 cycles respectively at lower annealing temperature. PCR products were genotyped on
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aBeckman Coulter CEQ™ 8000 machine. The genotyped microsatellite alleles were tested
for data consistency and presence of null alleles using MICRO-CHECKER version 2.2.3 (van
Oosterhout et al. 2004).

To determine the suitability of microsatellite markers to investigate the impact of
founder event on genetic diversity of introduced populations, | have compared the results of
this study with mitochondrial DNA (mtDNA) genetic variation from the full sequences of the
control region (Zidana et al. 2009).

3.2.3 Genetic variation within and among C. afra populations

The genetic diversity within populations of C. afra was calculated as mean number of
effective aleles (ng; Kimura & Crow 1964) using allele frequencies and expected
heterozgosity (Hg) values generated from ARLEQUIN version 3.1 (Excoffier et al. 2005).
The effective number of aleles (ne), is considered as a better estimate other than mean
number of alleles within a population since the latter depends on data sample size (Tgjima et
al. 1994). Genera Linear Model (GLM) was used to test the significance of results as
employed in MINITAB version 12.1 (MINITAB Inc.).

Pairwise genetic differentiation was quantified as Gsr (Nei 1978) using FSTAT
version 1.2 (Goudet 1995). Theoretically, mtDNA effective population size is one-fourth that
of microsatellite loci and this may increase estimates of genetic differentiation in mtDNA as
compared to microsatellite loci (Excoffier et al. 1992; Jarne & Lagoda 1996; Rubinsztein et
al. 1995; Vigouroux et al. 2003). Therefore, to compare the genetic differentiation measures
between the two markers the genetic distance values were further standardised (G’ st)
according to Hedrick (2005). The significance of genetic differentiation was tested using
Kruskal-Wallis test as employed in MINITAB version 12.1 (MINTAB Inc.). The relationship
between mtDNA and microsatellite differentiation was further investigated using analysis of
molecular variance (AMOVA) framework as implemented in ARLEQUIN 3.1 (Excoffier et
al. 2005). In AMOVA framework analysis, the hierarchical level of genetic structures was
investigated among C. afra populations from three levels of genetic structure which consisted
of: native-native (N-N), native-introduced (N-1) and introduced-introduced (I-1) population
genetic structures. The significance of variation was tested using 10000 permutations.
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3.2.4 Identification of source of introduced C. afra populations

The sources of introduced popul ations were determined by comparing the genetic
structure of native against introduced C. afra populations using STRUCTURE v2.3
(Pritchard et al. 2000; Hubisz et al. 2009). The STRUCTURE software uses Bayesian cluster
algorithms to assign individual s into predetermined number of K genetic clusters. The most
probable number of genetic clustersin the data set is determined by the least negative value
of the posterior probability (Pritchard et al. 2000). In this study the most likely number of
genetic clusters was determined using a statistic delta K which is based on the rate of change
in the log probability of sampled data between successive K values (Evanno et al. 2005). In
this model STRUCTURE accurately detects the uppermost hierarchical level of genetic
structure for the tested scenario (Evanno et al. 2005). The appropriate run length and model
settings were chosen by running several simulations at each K with different lengths and
settings, the admixture model with location prior (Hubisz et al. 2009) using (500,000 burn-in
and 1,000,000 Markoc Chain Monte Carlo (MCMC)) was the best fit and is the one | used for
this study. Thelocation prior allows STRUCTURE to detect genetic structuring with a few
microsatellite alleles, at lower levels of divergence and less data samples without being bias
towards detecting false structure (Hubisz et al. 2009). In this model a statistic “r” with a
range of 0-1 is used to determine if the sample location represents informative genetic
structures, O=informative and 1=not informative (Hubisz et al. 2009).

The data was further analysed using arelatively new method in population and
conservation genetics studies, an approximate Bayesian computation (ABC) inference
(Beaumont et al. 2002). The competing hypotheses in introduction pattern (independent and
stepping stone) of C. afrainto Lake Malawi National Park was investigated using DIY ABC
softwarev 7.1 (Cornuet et al. 2008).

Previous studies have suggested Thumbi west Island site A as an initial point of C.
afra introduction into Lake Malawi National Park (Ribbink et al. 1983; Streelman et al.
2004). | have tested three introduction patterns. two stepping stone colonisation patterns
(Scenarios 1. native to introduced population 1 and to introduced population 2; Scenario 2:
native to introduced population 2 and to introduced populationl) and one independent

introduction pattern (Scenario 3: native to introduced population 1 and native to introduced
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population 2). The populations (1 to 3) in this analysis are also representing locations of this
introduction event (Fig. 3.1).

(822

@) 1)

%}3 %J? Po;v 1 Pop 2 Pop 3 Pop 1 Pop 2 Pop 3 Pop 1
A) Stepping stone pattern B) Stepping stone pattern C) Independent pattern

Fig. 3.1. ABC output for introduction scenarios considered for the inference of the
introduction pattern of C. afrain Lake Malawi National Park. Red and green parts indicate
the various bottlenecks occurring in the first few generations following introductions. Pop
1=native populations, Pop 2 and 3 represents introduced populations.

The demographic and historical information of this introduction event was specified
by six variable parameters:. stable effective population size (Ns), effective number of founders
(Nf1 and N;2) during the first and second introduction event respectively, duration of
bottleneck (DB) and generation time (t).

The dispersal pattern was based on Thumbi West site A asan initia point of
introduction and then dispersal to other nearby localities (Thumbi west Island site B, Otter
point and Domwe) within the park. The native populations were pooled as one sample basing
on the results from mtDNA which showed that this introduction event was associ ated
multiple sources (Zidana et al. 2009), therefore the four sample sets are: (1) apool of native
populations, Thumbi West Island site A and Thumbi site B, (2) apool of native populations +
Thumbi site A + Otter Point, (3) apool of native populations + Thumbi site A + Domwe
Island and (4) apool of native populations + Thumbi site B + Domwe Island.

The posterior probabilty values are expressed as a percentage that represents the most
probable scenario among the three competing ones analysed here were determined using
approximate Bayesian computations (ABC) with prior information. The prior distribution
information used in this analysis were based on the known dates of introduction, time scale
since the year of introduction (t=1-40), based on an introduction event of 1960s (Ribbink et
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al. 1983; Konings 2008; Y oung et al. 2009), founder size of introduced populations (N=10-
2000) and stable effective population size of source population (Ns=100-100000) were based
on estimates from other mbuna cichlids and studies which have investigated the distribution
of introduced fish populations at Thumbi West Island (Ribbink et al. 1983; Trendall 1988;
van Oppen et al. 1997; Won et al. 2005; Y oung et al. 2009). To my knowledge there is no
other study to date that has tested or estimated duration of bottleneck in Lake Malawi cichlid
populations, therefore with the help of DIY ABC framework | estimated a duration of 5
generations (DB=1-10 years) (Table 3.2).

DIY ABC software makes inferences about each of the parameters based on posterior
distributions probabilities (Cornuet et al. 2008). The ABC provides accurate estimates of
posterior probabilities with as few as five loci and 30 individualsin a data set (Guillemaud et
al. 2009). In the estimation stage, | have used alocal linear regression which is suggested to
provide a better approximation of posterior distributions (Beaumont et al. 2002) and an
estimate of the most supported introduction scenario among the three tested was sel ected
using the highest posterior probability estimated percentage (> 95%) from the analysis
(Beaumont et al. 2002; Cornuet et al. 2008).

3.3 Reaults

3.3.1 Microsatellite diversity within populations

The introduced C. afra populations showed on average a slightly lower number of
effective aleles across loci (mean (+SE), ne =16.50 + 1.34)) than natives n, =19.42 + 0.79)),
p=0.08 (Fig. 3.2). The introduced population at Thumbi West Island site A, exhibited greater
genetic diversity than other populationsin the introduced range, and this was comparable to
populations from the native range (Fig. 3.2). In the native range, the Nkhata Bay population
exhibited the highest effective number of alleles (n. = 14.64 + 1.91).
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Fig. 3.2. Genetic diversity of C. afra populations expressed as (mean (SE)) effective number
of aleles (ng) for native (solid circles) and introduced (open circles) populations. Standard
errors were calculated using ajackknife procedure. Populations identities, TH-A and B =
Thumbi west Island site A and B, OP = Otter point, DO = Domwe Island, CH = Chiofu, NT
= Ntekete, MB = Mbenji, NK = Khata bay, MA = Mararocks, LI = Likoma.

Genetic diversity observed within C. afra populations was compared to results from a
simulated founder event. The size (number of founders = Ny) of source popul ations was
derived for populations with known allele or mtDNA haplotype frequency distributions
(Chapter 2). The source popul ations were modelled to contribute founder individuals
proportional to the observed mtDNA haplotype frequency distribution in the introduced C.
afra population. The demographic parameters (N; and the time of introduction, t) were based
on analysis of microsatellite variation using DI'Y ABC software version 7.1 (Cornuet et al.
2008). The mtDNA data was reanalysed to investigate the effective number of haplotypes

within C. afra populations in native and introduced ranges (Appendix I).
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The results showed a contrasting pattern between microsatellite and mtDNA among
population genetic diversity (Fig. 3.3). The introduced populations exhibited alow mean
effective number of alleles at microsatellite loci and an increased number of haplotypes at
mtDNA control region. The contrasting pattern of genetic variation within populations at
microsatellite and mtDNA control region is exhibited in both observed and simulated data
sets (Fig. 3.3).
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Fig. 3.3. The contrasting pattern of genetic variation from effective number of aleles (mean
and SE) using data from (A) microsatellites and (B) the mtDNA control region, in groups of
introduced and native C. afra populations. Two kinds of data were used in this anaysis, the
open and closed circle data point=observed data estimates, while closed box=simulated data
estimates basing on statictics from microsatellite DI'Y ABC and mtDNA analysis.

3.3.2 Microsatellite diversity among populations

There were no significant differences in microsatellite differentiation (G’ st) among
groups of: native-native (N-N), native-introduced (N-1) and introduced-introduced (I-1)
comparisons (Kruskal-Wallistest, H=1.18, d.f.=2, p=0.57), but mtDNA control region
showed significant differencesin genetic differentiation (G’ st) among groups. N-N, N-1 and
I-1 for the mtDNA control region (Kruskal-Wallistest, H=8.67, d.f.=2, p=0.01) (Fig. 3.4).
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Fig. 3.4. Mean (SE) of the genetic differentiation among groups of native-native (N-N),
native-introduced (N-I) and introduced-introduced (I-1) comparisons for mtDNA (X-axis) and

microsatellites (Y -axis). Standard errors were calculated using ajackknife procedure.

AMOVA results showed that the genetic differentiation at microsatellite loci was
mainly explained by the genetic structure level within populations (96.58%, p<0.001), while
MtDNA was explained by the differences at within groups level (49.81 %, p<0.001) of
differences (Fig. 3.5). Thiswas consistent with the genetic differentiation G’ st resultsin (Fig.
3.4) which showed no significant differences among C. afra groups (N-N), (N-1) and (I-1) at
the microsatellite level.
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Fig. 3.5. The analysis of molecular variance (AMOVA) at microsatellite and mtDNA control
region genetic structure levels analysed are native vs native (N-N), native vs introduced (N-I)
and introduced vs introduced (I-1) among C. afra populations in introduced and native ranges
of Lake Malawi

3.3.3 Identification of source of introduced C. afra populations

The STRUCTURE analysis revealed four genetic clusters (K=4), assigned into
clusters of: (Otter point), (Thumbi West Island site B and Domwe), (Thumbi West Island site
A, Ntekete, Likoma and Mararocks) and (Chiofu, Mbenji and Nkhata Bay) from analysis of
C. afra populations (Fig. 3.6). The results showed that sample locations were representative
of genetic clusters (r=0.49) and that the use of admixture model with assistance of location
prior improved the signal in genetic clustering of individuals (Fig. 3.6b). The four genetic
clusters were tested for validation using an Fsr-based AMOVA and the results showed
significant differences among the clusters p<0.05 (Fig. 3.6).
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Fig. 3.6. Population structure of C. afra in introduced and native range in Lake Malawi,
anaysed by STRUCTURE software, K=4 (A) without location prior and (B) with location
prior. Each individual sampleis represented by athin colour line and each colour represents a
different genetic cluster. The thick black line separates the populations from different sites,
population identities are listed below each segment (OP=Ctter Point, TH-A=Thumbi West
Island site A, TH-B=Thumbi West Island site B, DO=Domwe Island, NT=Ntekete,
CH=Chiofu, MB=Mbenji, NK=Nkhata Bay, LK=Likoma and MA=Mara Rocks).

The approximate Bayesian computation (ABC) analysis results strongly supported an
independent introduction event of C. afra at Thumbi west Island site A and B with an
estimated probability value of 97% (sample set 1) (Fig. 3.7 & Table 3.1). Domwe Island
populations was highly supported by a stepping stone introduction event with an estimated
probability value of 95%, surprisingly the analysis showed that the source popul ation was
Thumbi west Island site A and not site B which is geographically closer (Fig. 3.7 & Table
3.1). The results were not conclusive on the introduction pattern and a source population for

C. afra population at Otter Point.
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Table 3.1: The approximate Bayesian computation (ABC) estimated posterior probability
values for competing introduction scenarios (independent and stepping stone) pattern for C.
afra introduction into Lake Malawi National Park

Posterior probability

Scenario 1 Scenario 2 Scenario 3
N > Intrl and
Sample set (N + Intrl + Intr2) N > Intr1> Intr2 N > Intr2 >Intrl then N > Intr2
1) N+ THA + THB 0.03 0.00 0.97*
2)N+THA + OP 0.78 0.00 0.22
3) N+THA + DO 0.95% 0.00 0.05

Note: Posterior probabilities were computed from the (n;) smallest Euclidian distances 50,000 using
logistic regression for al scenarios. Intrl and Intr2=Introduced population 1 and 2 respectively.
Scenario land 2=stepping stone introduction pattern; Scenario 3=independent introduction pattern.
The stars (*) are showing a significant support for the tested scenario. N=native; THA=Thumbi west
site A; THB=Thumbi west site B; OP=0tter point; DO=Domwe Island.
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Fig. 3.7. Study area showing the introduction pattern of C. afra at four locations (Thumbi
West Island site A and B (TH-A and TH-B), Otter Point and Domwe Island within Lake
Malawi National Park with the support of posterior probabilitiesfrom DIY ABC anaysis.
Thered star at Nankumba peninsulais alocation of an aquarium for a fish trader that was
used to hold the putative founder populations. The two competing introduction scenarios are
represented by the big open blue stars (independent) and curved arrows (stepping stone)

introduction pattern.

Using an independent introduction pattern (scenario 3) and sample set 1 (Natives +
Thumbi A + Thumbi B) which exhibited highest (97%) probability support values among the
three scenarios which were tested in this study (Table 3.1 & Fig. 3.7), | estimated supported
values using point estimates of 2.5 and 97.5% quantiles, for the anal ysed demographic
parameters. number of founders, duration of bottleneck and time since this introduction event
occurred. The results showed that this introduction event was associated with a small duration
of genetic bottleneck 2-10 years after introduction (Table 3.2).
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Table 3.2: The prior distribution and supported values for demographical parameters
describing the introduction pattern model of C. afrain Lake Maawi National Park

Parameter  Prior distributions Range of supported values (2.5 and 97.5% quantiles)
Ns (100, 100000) 19945 to 96667

Nfl (20, 2000) 871to 7247

Nf2 (20, 2000) 181t0 4124

DB (1,10) 21010

t1 (1,40) 8t0 49

t2 (1,40) 3t0 49

Note: Ns = stable effective population size; Ni1 and N2 = effective number of foundersin introduced
population 1 and 2 respectively; DB = duration of bottleneck and t1 and t2 aretime 1 and 2 after
introduction event in years. Supported val ues were generated from sample set 1 (Natives + Thumbi A
+ Thumbi B) and scenario 3 (independent introduction pattern) which exhibited highest (97%)
probability support val ues.

The summary below shows the suitability of microsatellite and mtDNA marker
suitability differences when investigating impact of founder events on genetic diversity. The
summary shows that microsatellite markers are useful in detecting genetic bottleneck and
drift in introduced range. The mtDNA marker is good in detecting genetic differentiation
among populations in native range and founder event associated with multiple sources (Table
3.3).
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Table 3.3: A summary to compare and contrast the colonisation history and genetic variation

signal obtained from microsatellite and mtDNA genetic markers with their implication on

conservation genetics signal

Parameter investigated

Molecular genetic marker used

Microsatellite loci

mtDNA (D-loop)

Variation within population

Introduced range

Native range

Variation among populations (Gsr)

Introduced range

Native range

Demogr aphic infer ence (colonisation

history)

Introduced range

Native range

Bottleneck detection

Introduced range

Native range

M ultiple sour ce detected

Introduced range

Native range

Conser vation geneticsimplications

Introduced range

Native range

Low

High

M oderate higher

Moderate lower

Good

Yes

Yes (STRUCTURE analysis)

Good (expose effects of drift)

Good (high genetic variation)

High

Low

Low

High

Good

No

Y es (Network analysis)

Bad (Over estimate)

Bad (under estimate)
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3.4 Discussion

In this study | analysed microsatellite genetic variation within and among C. afra
populationsin its introduced and native rangesin Lake Malawi. The results were compared
with reanalysed data of mtDNA control region, effective number of haplotypes and
standardised measure of genetic differentiation.

This study shows that introduced C. afra populations have reduced genetic variation
at microsatellite loci compared to native populations. Thisisin contrast with mtDNA results
which showed elevated genetic variation in the introduced range compared to the native
range. Comparison of observed against simulated data sets also showed a similar contrasting

pattern of genetic variation between microsatellites and the mtDNA control region.

3.4.1 Within population genetic diversity

Therelatively high genetic variation at the mtDNA control region in introduced
populations compared with native populations may be explained by multiple genetically
differentiated founder populations (Soltis & Soltis 2000; Ellstrand & Schierenbeck 2000;
Kolbe 2004), while decreased diversity in native C. afra populations at microsatellite loci
may be explained by a small founder population size which is associated with a genetic
bottleneck and drift (Allendorf & Luikart 2007; Mack et al. 2000; Ellstrand & Schierenbeck
2000; Lopez et al. 2009). Thisis consistent with the expectation that founder populations
usually have small effective population sizes that are susceptible to inbreeding and that they
accumul ate detrimental mutations in a phenomenon called genetic load (Tsutsui et al. 2000;
Dlugosch & Parker 2008; Peacock et al. 2009; Valade et al. 2009). Founder populations with
reduced genetic variation may have undergone alag period between arrival, initial spread and
the onset of rapid population growth (Sakai et al. 2001; Allendorf & Luikart 2007). Thisis
expected if evolutionary change, such as adaptation to new habitat, evolution of invasive life
history characteristics, and purging of genetic load responsible for inbreeding depression is
an important part of the establishment process (Mack et al. 2000; Parker et al. 2003;
Allendorf & Luikart 2007).

The contrasting pattern of genetic variation within C. afra populations in native and
introduced ranges between microsatellite loci and the mtDNA control region may suggest

that microsatellite markers are probably best suited to investigating levels of genetic variation
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in founder events associated with complex population demographic history in conservation
genetics studies.

The propagul e pressure, which includes the number of individuals released during a
founder event and also the number of release events (Richardson et al. 2000; Kolar & Lodge
2001), is suggested to be one of the most important factors predicting whether the introduced
population will become established and spread to nearby localities (Kolar & Lodge 2001,
Parker et al. 2003). This has been demonstrated in studies from many different taxa
including: birds (Griffith et al. 1989), spiders (Schoener & Spiller 1995), mammals (Forsyth
& Duncan 2001) and insects (Berggren 2001). The mechanism behind establishment success
through increased propagule pressure is that increased founder popul ation size may decrease
the effects of demographic stochasticity, in turn decreasing the effects of 10ss of genetic
diversity through drift, and decreasing inbreeding depression (Mooney & Cleland 2001,
Allendorf & Luikart 2007). The increased genetic variation at Thumbi West Island may be an
indication of alarge founder size from multiple genetically differentiated source populations,
which may be facilitating their establishment success. Another aternative explanation for
establishment success of C. afra at Thumbi West 1sland may be the availability of suitable
ecological niches that were not being utilised by native species. The rock-dwelling cichlid
group in the African Great Lakesiswell known for its feeding specialisations (Fryer 1959;
Danley et al. 2000; Konings 2008). An ecological study on competitive exclusion has shown
that introduced C. afra populationsin Lake Malawi Nationa Park have not had a significant
impact on native species despite their abundance (Y oung et al. 2009).

3.4.2 Among population genetic diversity

This study has shown a contrasting pattern of genetic differentiation between
microsatellite and mtDNA markers, with microsatellite markers showing no genetic
differentiation among groups of native-native, native-introduced and introduced-introduced.
The mtDNA marker is haploid in state with no recombination, unlike microsatellites that
experience recombination (Avise 1986; Bentzen et al. 1988; Park & Moran 1994). This
characteristic enables mtDNA to have asmaller effective population size, implying that
genetic drift can cause frequency differences between isolated popul ations more readily in
MtDNA than in nuclear DNA (Avise 1994). In many organisms mtDNA evolves more

rapidly than nuclear DNA. Thismay be in part due to lack of sequence repair mechanismsin
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mtDNA for mutations that arise during replication (Brown et al. 1979; Wilson et al. 1985;
Ballard et al. 2004). The characteristics of mtDNA when compared to microsatellite loci and
the results from this study suggest that mtDNA may be well suited to investigate genetic
differentiation among popul ations.

The contrasting pattern of genetic variation as revealed by microsatellite and mtDNA
markers in this study has also been confirmed by modelling the effects of founder events
using similar demographic scenarios as that encountered in our observed data set. This may
suggest that the signal obtained in the observed data set may not be due to stochastic events
alone but may be atrue reflection of evolutionary processes underlying the mtDNA and

microsatellite sequences.

3.4.3 Population genetic structure and introduction history of C. afra into Lake Malawi

National Park

Population genetic structure analysis showed Otter Point, Thumbi West Island site B
and Domwe populations had distinct genetic structures compared to the introduced
population at Thumbi West Island site A and the native populations. This may indicate an
introduction event associated with a genetic bottleneck and drift at these localities. Thisis
consistent with the low level of genetic variation exhibited by these populations.
Microsatellite analysis confirms that most of the founder events may be associated with the
effects of random genetic drift and loss of genetic variation (Hanfling 2007; Roman &
Darling 2007).

The use of approximate Bayesian computation has made it possible to successfully
reconstruct the introduction history of C. afrain Lake Malawi National Park. The results
from this study support an independent introduction pattern of C. afra at the two sites of
Thumbi West Island (A=southern side and B=northern side) and a stepping stone pattern for
Domwe Island. These results are consistent with the mtDNA haplotype diversity, which
showed differences between the populations of Thumbi West Island site A and B (Zidana et
al. 2009). Previous authors have only speculated on the sources and initial point of this
introduction event of C. afra populations in Lake Malawi Nationa Park (Ribbink et al. 1983;
Stauffer et al. 1996; Streelman et al. 2004; Konnings 2008). The approximate Bayesian
computation approach has been used successfully in biological invasion studies to investigate

sources and routes of colonisation in several taxa: the toad Bufo marinus (Estoup et al. 2001);
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the bird Zosterops lateralis (Estoup & Clegg 2003), corn rootworm Diabrotica virgifera
virgifera (Miller et al. 2005); and fruit flies Drosophila melanogaster (Thornton &
Andolfatto 2006) and D. subobscura (Pascaul et al. 2008).

The introduction of the C. afra population at Domwe Island from Thumbi West Island
site A was notable considering that geographically Domwe Island is much closer to Thumbi
West Island site B. This may indicate human-mediated translocation from Thumbi West
Island site A to Domwe Island. Unlike many rock-dwelling cichlidsin Lake Maawi which
are confined to rock substrate, C. afra usually forms school in the water column for plankton
feeding (Fryer 1959; Konnings 2008). This may expose them to the nets of illegal fishing
crews in the National Park that target zooplankton-feeding fish that form schools from the
Copadichromis and Mchenga generalocally known as “utaka’, and the Engraulicypris
sardella species, known locally as “Usipa’.

3.5 Summary

Despite being used extensively in studies of conservation and evolutionary genetics,
the biological and evolutionary processes affecting microsatellite and mtDNA sequences
have notabl e differences. These differences have profound implications on the use and
interpretation of data generated from these two markers.

In this study, | have used awell documented introduction event of a zooplankton
feeding cichlid, C. afra, in Lake Malawi Nationa Park, to investigate the suitability of
microsatellite and mtDNA markersin studies related to levels of genetic diversity after a
founder event. | genotyped six microsatellite loci from 600 individualsin six native and four
introduced C. afra populations within Lake Malawi. The comparison has been made with the
mtDNA control region by reanalysing data generated from the same populations used in this
study.

In contrast to MtDNA, microsatellites exhibited reduced genetic variation in the
introduced range. There was no significant genetic differentiation among groups of native-
native, native-introduced and introduced-introduced at microsatellite loci, while thereisa
significant difference at the mtDNA level. When combined, these results suggest a founder
event associated with a genetic bottleneck and drift. It also indicated the suitability of
microsatellite markers in conservation genetic studies to identify the loss of genetic diversity

in populations with complex demographic history like multiple founders from genetically
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distinct sources. At the same time this study confirms the suitability of an mtDNA marker
when investigating questions related to differences at the population level such as
phylogenetics. This study has aso reconstructed the introduction history of C. afra into Lake
Malawi National Park, by supporting with high probability an independent introduction event
at Thumbi West Island and stepping stone introduction event at Domwe Island.
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Chapter 4

4 Introgressive hybridisation between Cynotilapia afra and

Pseudotropheus zebra in Lake Malawi National Park

Introgressive hybridisation between C. afra and P. zebra (manuscript in preparation): Zidana
H et al. (2009) Introgressive hybridisation between introduced Cynotilapia afra and native
Pseudotropheus zebra in Lake Malawi National Park.

4.1 Introduction

Introductions of new species provide unplanned and replicated experiments that can
be used to better understand fundamental processes of ecology and evolution. The
introduction of organisms by humans has increased the rate of species hybridisation in the
world (Allendorf 2001; Sakai et al. 2001). Hybridisation as a process in evolution and
ecology plays two significant roles. as a source of new variation in adaptive evolution
(Abbott 1992; Mooney & Cleland 2001; Ellstrand & Schierenbeck 2000; Lee 2002), and as a
threat to species integrity which may sometimes be associated with extinctions (Huxel 1999).
Incoporation of non-native genetic material into the genome may increase the risk of
extinction of the native population through outbreeding depression (Edmands 1999;
Montalvo and Ellstrand 2001; Marr et al. 2002; Gilk et al. 2004).

In the plant Kingdom, hybridisation is suggested to have contributed to the origin of
numerous species (Abbott 1992). The first or second generations of hybrids in many plants
arefertile, allowing a backcross of gene flow with parents a phenomenon called
“introgression” (Rieseberg & Wendel 1993; Arnold 1997). The offspring from introgressed

parents posses a complex gene pool depending on the pathway of introgression (Abbott 1992;
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Beaumont et al. 2001; Rogues et al. 2001). Within such hybrid populations, phenotypes that
are extreme or overstated when compared to parental lines may be produced, a mechanism
called ‘transgressive segregation’ (Rieseberg 1999; Seehausen 2004). Previous studies have
suggested several genetic factors that could be responsible for creation of transgressive
phenotypes, but expression of rare recessive aleles (Rick & Smith 1953; Ellstrand &
Schierenbeck 2000; Lee 2002) and complementary gene action (Vega & Frey 1980; de
Vicente & Tanksley 1993; Ellstrand & Schierenbeck 2000; Lee 2002) stand out as the primary
explanations. This could be a crucial mechanism in adaptive evolution and divergence of
popul ations.

Hybridisation has been suggested as one of the factors to explain the genetic paradox
in invasion biology, namely, how do newly founded populations overcome low genetic
diversity and expected low evolutionary potential, typically associated with extinction risk
and become invasive? (Ellstrand & Schierenbeck 2000; Frankham 2005 and reviewed in
Roman & Darling 2007). The genetic admixture from genetically differentiated multiple
sources is suggested to be among the possible solutions (Kolbe et al. 2004). Other
explanations that hybridisation provides are heterosis resulting from fixed heterozygosity in
hybrid genotypes (Thompson 1991), increased genetic variation providing more opportunities
for natural selection to bring about adaptive evolutionary changes (Stebbins 1969; Neuffer et
al. 1999; Ellstrand & Schierenbeck 2000; Mooney & Cleland 2001; Lee 2002; Kolbe et al.
2004) and dumping of genetic load through recombination which creates genotypes with
reduced del eterious mutations (Ellstrand & Schierenbeck 2000; Mack et al. 2000; Parker et
al. 2003; Allendorf & Luikart 2007).

Hybridisation has been reported within many animal lineages, usually between
closely-related taxa (Arnold 1997), sometimes after human-mediated introductions
(Goodman et al. 1999) and in hybrid zones (Barton & Hewitt 1989). In African cichlid fishes,
hybrids have been observed in the wild (Stauffer et al. 1996; Seehausen et al. 1997,
Koblmdller et al. 2007) and genetic evidence for continued interspecific gene flow has been
documented (Samonte et al. 2007). The rapid speciation of African cichlid fishes from the
Lakes of Malawi, Tanganyika and Victoria has served as amodel system in studies of
evolution (see reviews by Kornfield & Smith 2000; Kocher 2004; Seehausen 2006) and
hybridisation has been suggested to have played arole in explosive speciation (Sal zburger et
al. 2002; Smith et al. 2003; Seehausen 2004; Schliewen & Klee 2004; Schelly et al. 2006).
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Advances in molecular genetics techniques and tools have provided an opportunity to
investigate evolutionary changes in newly founded populations and explore the possibility of
genetic admixture between native and introduced populations. Microsatellite genetic markers
have been fundamental in this regard and have been used successfully to investigate
introgressive hybridisation events from severa taxaincluding fish (Roques et al. 2001; Riber
et al. 2001; Pritchard et al. 2007), plants (Abbott 1992; Rieseberg & Wendel 1993) and
animals (Goodman et al. 1999; Beaumont et al. 2001). Introgressive hybridisation studies are
used to generate knowledge to understand different processes in several different disciplines
of science. In medicine, knowledge has been gained on inheritance mechanisms of complex
genetic diseases (Chakraborty & Weiss 1988; McKeigue 1997). In biological conservation
genetics introgression studies have provided information which can be used to monitor the
efficiency of arestocking program (Giuffra et al. 1996), and to evaluate the risk of genetic
admixture between introduced and native populations or hatchery and wild populations
(Cornuet et al. 1986; Wayne & Jenks 1991; Gotteli et al. 1994; Ellstrand et al. 1999). In
evolutionary genetics, introgression studies have provided insights on genetic changesin
founder populations (Ellstrand & Schierenbeck 2000; Lee 2002).

Introgression studies may be carried out with different aims for example evaluation of
the number and duration of admixture events (Roberts 1955; Roberts & Hiorns 1962), to
identify putative parental populations (Glass 1955; Haig et al. 1997; Nielsen et al. 1997;
Reed et al. 1997) and to investigate different contributions of parental genomesto the
admixed population (Roberts & Hiorns 1965; Szathmary & Reed 1978; Parraet al. 1998).
Thelast point is most informative for characterization of the current state of a putative
introgressive hybridisation event (Chakraborty 1986), and thisis one of the aims of this
study. Introgressive hybridisation has been mainly studied in closely related taxa: (Beaumont
et al. 2001; Roques et al. 2001; Ruber et al. 2001; Pritchard et al. 2007), but it isless
common to study the process among more distantly related taxa (Greenfield & Deckert
1973).

In this study | investigated evidence of a putative introgressive hybridisation event
between two cichlid genera, Cynotilapia and Pseudotropheus, during a secondary contact
event after ahuman-mediated introduction in the southern part of Lake Malawi. The
populations of Cynotipia afra and Pseudotropheus zebra occur sympatrically in northern and
central parts of Lake Malawi (Kassam et al. 2005) and no evidence of hybridisation has been
recorded in their natural distribution range. In 1960s, C. afra was introduced into the southern
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part of the lake probably by an aguarium trader, an area which includes Lake Malawi
National Park (Ribbink et al. 1983; Konings 2008). Since the introduction, the first evidence
of hybridisation between C. afra and P. zebra was reported in 1996 based on morphology
(Stauffer et al. 1996), and later in 2004 based on morphology and analysis of four
microsatellite loci (Streelman et al. 2004). Survey on rock dwelling cichlidsin Lake Malawi
suggested C. afra to be restricted to the island of introduction, Thumbi West Island (Ribbink
et al. 1983; Stauffer et al. 1996; Streelman et al. 2004), but since then C. afra has al'so been
reported on the nearby rocky habitats of Otter Point and Domwe Island (Zidana et al. 2009;
Young et al. 2009).

The availability of C. afra in nearby rocky areas provided an opportunity of a
replicated natural experiment whereby arare event in animals, introgressive hybridisation
between two taxa can be studied. The hypotheses, that occurrence of relatively fewer
individuals of a given speciesin an areawith large abundance of a second one should
increase the probability of introgression towards the least abundant species was tested (Payne
& Ni 1982; Ni & Sandeman 1984; Arnold et al. 1993). Following results from previous
studies, | conducted awide scale sampling in al sites known to be inhabited by introduced C.
afra and native P. zebra, Thumbi West Island, Otter Point and Domwe Island. In this study
microsatellite genetic markers were used to investigate the population genetics of the two
taxa, and analysis was done using Bayesian analytical procedures and Factor Component
analysis (FCA) to investigate non-native genetic materia within the samples. The results are
discussed with regards to evidence of introgressive hybridisation between taxa and selection
forces underlying introgressive hybridisation. The results from this study have important
implications for evolutionary processes involved during an introgressive hybridisation event,
and for conservation and management of the Lake Maawi fish fauna.

4.2 Materials and methods

4.2.1 Sample species and study area

The Lake Malawi National Park, established in 1980 as the World' sfirst national park
targeted principally to conserve freshwater fish, and designated a UNESCO World Heritage
sitein 1984, covers 9,400hain the southern part of the lake (Hough 1989). Its waters are
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among the most heavily impacted by translocations, with at least 13 taxa of cichlid fishes
being introduced to Thumbi West Island alone (Genner et al. 2006). C. afra was introduced
in 1960s in the park by an aquarium trader who was closing his business aong the shores of
Lake Malawi. The populations of C. afra and P. zebra occur sympatrically in severa
localities within their natural distribution ranges. from northernmost part of the Lake, Ikombe
to Mbenji Island and Makanjira point to Ntekete in the south (Kassam et al. 2005; Konnings
2008). The Nankumba peninsula divides the southern tip of Lake Maawi into parts of (south
west arm=Cape Maclear) and (south east arm=Monkey bay) (Appendix IV. 1).

The similarities in morphology and habitat preferences between C. afra and P. zebra
suggest them as possible candidates for hybridisation following a secondary contact event.
Habitat preference for both speciesis clear water rocky habitats, with C. afra feeding almost
exclusively in open waters on plankton, while P. zebra will additonally feed on epilithic algae
(Fryer 1959; Ribbink et al. 1983; Konings 2008). Both species have vertical black bars
against alight blue base colour. The only notable morphological difference between the
species is tooth dentition; P. zebra has bicuspid teeth in the first tooth row while C. afra has
unicuspid teeth in the first tooth row (Fryer 1959; Ribbink et al. 1983; Konings 2008)
(Appendix V.1).

4.2.2 Sampling

Sixty individuals of both C. afra and P. zebra were collected from each of the four
known sites inhabited by introduced populations of C. afrain Lake Malawi National Park:
Domwe Island; Otter Point and Thumbi West Island (southern part = site A). Domwe Island
and Otter Point are located 2.5 to 1.5 km away from Thumbi West Island respectively. C.
afra was collected at ~10m depth from Domwe Island and Otter Point while P. zebra was
collected at 3-5m depth. At Thumbi West Island both species were collected at 3-5m depth.
During sampling period (2006-2008) | did not observe individuals with intermediate dorsal
fin colour and tooth dentition morphology as reported in previous studies. Basing on dorsal
fin colour and tooth dentition, 72% were intermediates from collected samples of 1996
survey (Stauffer et al. 1996), basing on same physical characteristics, 60% were were
intermediates in samples of 2004 survey (Streelman et al. 2004). Since these previous
estimates were based on morphological characteristics alone, they could not estimate the

direction of thisintrogression event. A native C. afra population from Mararocks, whichis
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hundreds of km away from Nankumba peninsula was also sampled as a positive control for
thisanalysis (Appendix 1V.1).

| used a non-invasive sampling method collecting live fish samples using
monofilament nets while SCUBA diving. A small tissue sample was taken by fin clipping the
posterior (soft-rayed) dorsal fin, which regenerates within afew days. To ensurereliable
species identification, all samples were collected from territorial malesin full breeding
colours and jaw teeth of al specimens were examined using a hand lens, as possession of
unicuspid teeth is diagnostic for the genus Cynotilapia and bicuspid teeth for genus
Pseudotropheus (Trewavas 1935; Fryer 1959; Konings 2008). All live specimens were
released back into the water and fin clips were preserved in 99% ethanol before molecular
anaysisin the laboratory.

4.2.3 DNA extraction and molecular data analysis

Total genomic DNA was extracted from fin clips using Promega WIZARD genomic
DNA purification kit. Samples were genotyped at 6 microsatellite loci using published
primers: Ppun32, Ppun21, Ppun7 and Ppun5 (Taylor et al. 2002), Pzeb3 (van Oppen et al.
1997) and UHN154 (Kellogg et al. 1995). The 10 pL polymerase chain reaction (PCR)
consisted of 1uL DNA template, primer (1mM), dNTPs (0.1mM), 0.5 Units of Taq
polymerase, 1X PCR buffer and MgCl, (1.25mM). The PCR amplification was carried out on
a Peltier Thermal Cycler 200 using the following parameters. 3 min 94°C 1 cycle, followed
by 94°C for 30 s, annealing temperature ranged from 54 to 62 °C for 30 sand 72 °C for 30 s
for 27 cycles, followed by 1 cycle of 10 min at 72 °C. Two loci Ppun32 and Ppun5 were
amplified using two stage protocols, thus 4 cycles at an initial high annealing temperature,
followed by 29 and 26 cycles respectively at lower annealing temperature. PCR products
were genotyped on a Beckman Coulter CEQ™ 8000 machine and alleles were scored
manually with the help of Beckman Coulter CEQ™ software. Data was checked for
consistency and the presence of null aleles using MICRO-CHECKER version 2.2.3 (van
Oosterhout et al. 2004).
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4.2.4 Genetic variation within C. afra and P. zebra populations

Genetic diversity within popul ations was expressed in mean number of alleles across
loci (A), observed heterozygosity (Ho) and expected heterozygosity (Hg; Nei 1978), analysed
using ARLEQUIN 3.1 (Excoffier et al. 2005). In all analyses, significance of variation across
sites was tested using genera linear model (GLM) procedure as employed in MINITAB
version 12.1 (MINTAB Inc.). While, mean difference significance between allopatric
populations was tested using 2 sample t-test calculated in MINITAB version 12.1 (MINITAB

Inc.). The standard errors (SE) were cal culated using a resampling jackknife procedure.

4.2.5 Genetic variation among C. afra and P. zebra populations

The pairwise genetic differentiation for sympatric populations was quantified as Gsr
(Nel 1978) using FSTAT version 1.2 (Goudet 1995). To estimate the maximum possible limit
of Gsr values among population groups (Thumbi West Island, Otter Point and Domwe
Island), the genetic distance values were standardised (G’ st) according to Hedrick (2005).
The genetic differentiation (G’ st) among allopatric populations of C. afra and native P.zebra

in introduced range were cal culated and compared with results from sympatric populations.

4.2.6 Introgression analysis and admixture estimation between C. afra and P. zebra

To investigate evidence of introgressive hybridisation between C. afra and P. zebra
the microsatellite data were analysed in NewHybrids 1.1 (Anderson & Thompson 2002).
NewHybrids assignsindividual genotypes into four categories: pure parental genotypes, F1
generation, F2 generation and backcross. Only individuals assigned with 95% certainly to one
of the four groups were used in the analysis (Anderson & Thompson 2002).

To further investigate any evidence of genetic admixture between sympatric
populations of C. afra and P. zebra, | employed a Bayesian cluster algorithm using
STRUCTURE v2.3 (Pritchard et al. 2000; Hubisz et al. 2009). In this analysis the sympatric
populations represent pure samples that may contain a genetic admixture of the two parental
taxa, while C. afra from Mara Rocks was used as a negative control containing a pure
allopatric genetic material. STRUCTURE software assigns individuals into predetermined
number of K genetic clustersin this case it was set at K=2. Prior to analysis test runs were
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employed to estimate appropriate run lengths and model settings by running several
simulations of K=2 with different lengths and model settings. The initial runs indicated low
levels of population divergence therefore the option to use amodel informed by location prior
which is appropriate under such conditions (Hubisz et al. 2009) was used.

The STRUCTURE software was used further to estimate admixture proportions
(Pritchard et al. 2000; Beaumont et al. 2001) from sympatric populations of C. afra and P.
zebra individuals at each of the four sites. STRUCTURE estimates 95% probability intervals
for individual admixture proportions (q) of each individual within a sample, where no pure
native reference population is available (Beaumont et al. 2001; Hansen et al. 2001; Pritchard
et al. 2007). In essence, the model considered C. afra and P. zebra as pure individuals which
were then used to estimate admixture proportions of P. zebra genesin C. afra genomes. An
individual was considered to contain non-native genetic material when its estimated
probability was <0.99 following (Pritchard et al. 2007). Finaly, | used permutation of 1000
iterations, resampling stats excel add-in version 3.2 to test if mean admixture proportions
differed at the four locations.

The possibility of genome admixture was further investigated by analysing factors
that explain the genotypes of introduced C. afra and native P. zebra populations in two
dimensional space using Factorial Correspondence Analysis (FCA) procedure as employed in
GENETIX version 4.5 (Belkhir et al. 2002). FCA is an exploratory technique which allows
investigation of correspondence between rows (individuals) and columns (alleles) in atwo-
way table (Axis 1 and 2). The alleles which exhibit the strongest non-random association
with groups of individuals contribute most to the axes (Roques et al. 2001). Thistechniqueis
an appropriate method with which to visualize genetic relationships among popul ations with
complex histories (Streelman et al. 2004).

4.3 Results

4.3.1 Genetic variation within C. afra and P. zebra populations

The populations at Thumbi West site exhibited significantly higher mean (+ SE)
number of alelesfor C. afra = 19.83 (+ 1.93) and P. zebra = 20.50 (x 2.51) than other sites
tested, P <0.001 (Fig. 4.1). There were no significant differencesin aléelic richness between
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populations of P. zebra from Domwe Island and Otter Point (t = 2.40, P = 0.06). Similar
results were observed in mean differences of expected heterozygosity (He) (Appendix 11.1).
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Fig. 4.1. Mean number of alleles (A) = SE within C. afra and P. zebra populations, Otter
Point = closed box, Thumbi west Island = open circle and Domwe Island = closed circle.

Standard errors were calculated by Jackknifing procedure.

4.3.2 Genetic differentiation among C. afra and P. zebra populations

The sympatric populations of C. afra and P. zebra at Thumbi West Island showed
significantly lower genetic differentiation across al the sites (G’ st = 0.36 £ 0.05); Otter Point,
(G'sr=0.94 £ 0.18) and Domwe Island (G’ st = 0.55 £ 0.09), P = 0.02 (Fig. 4.2). There were
no significant differences in genetic differentiation among sympatric populations at Thumbi
West Island with allopatric populations C. afra (G'sr = 0.61 + 0.07; t = 1.13, P=0.31) and P.
zebra (G'sr =0.45+ 0.07; t =-0.51, P = 0.63) (Fig. 4.2).
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Fig. 4. 2. The microsatellite genetic differentiation standardised (G’ st) + SE among sympatric
C. afraand P. zebra populations in introduced ranges. Thumbi West Island (open circle);
Otter Point (closed box) and Domwe Island (closed circle) in Lake Malawi National Park.
Comparison is aso made among al alopatric native P. zebra (open triangle) and introduced
C. afra (closed triangle) populations from Thumbi West, Otter Point and Domwe Island. The

standard errors were calculated by Jackknifing procedure.

4.3.3 Introgression analysis and admixture proportions between C. afra and P. zebra

The analysis of sympatric populations of C. afra and P.zebra into different hybrid
categories revealed al individuals at Thumbi West Island were not of pure breed, they were
assigned with < 95% posterior probability. While, Otter Point showed pure C. afra=24% and
P. zebra=43% with > 95% probability. Domwe Island were assigned with C. afra = 5% and
28% = P. zebra with > 95% (Fig 4.3). In al populations, the hybrid categories F1, F2 and
backcross were assigned with < 95% probability (Fig. 4.3).
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Fig. 4.3. The NewHybrid analysis showing partitions of individuals with (> 95%, assigned)
and (< 95%, unassigned) posterior probabilities from the sympatric populations of C. afra
and P. zebra at Thumbi West Isand (THA), Otter Point (OP) and Domwe Island (DO).

The comparsion of all models as employed in STRUCTURE showed admixture mode
of ancestry with correlated allele frequency was the best fit for microsatellite data set in this
study (Fig. 4.4B) and was used for subsequent analysis (Fig. 4.5). Model choice was based on
assumption admixture happened when the C. afra population was still small. The results
showed that over time, the fraction of P. zebra genes were homogenised across C. afra
individuals (Fig. 4.4A).
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Fig. 4.4 Showing admixture proportions from sympatric populations of C. afra and P. zebra
at Thumbi West Island. Comparioson of al models as employed in STRUCTURE software:
Admixture mode of ancestry and correlated allele frequency=Admx Corr; Admixture mode

of ancestry and correlated allele frequency with location prior=Amdx corr Loc pri;
Admixture mode of ancestry and independent allele frequency=Admx Ind.; Admixture mode
of ancestry and independent allele frequency with location prior=Amdx Ind. Loc pri and
similar codes for No admixture models. The admixture proportions are indicated at the
bottom of each model.

The STRUCTURE analysis showed evidence of introgressive hybridisation between
sympatric populations of C. afra and P. zebra at Thumbi West Island (Fig. 4.5a), but distinct
genetic structure at Otter Point and Domwe Island (Fig. 4.5 b & c). As expected the negative
control showed no evidence of introgressive hybridisation (Fig. 4.5¢).
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Fig. 4. 5. Population structure of sympatric populations of C. afra and P. zebrain Lake
Malawi National Park, analysed by STRUCTURE software (K=2), using admixture mode of
ancenstry and correlated allele frequency with location prior from four localities (a=Thumbi
West Island; b=0Otter point; c=Domwe Island and d=Negative control). Each individua
sampleis represented by athin colour line and each colour represents a different genetic
cluster. A thick black line separates C. afra and P. zebra populations and names of population

are listed below each segment.

Analysis of admixture proportions showed significant differences of mean (SE) “q”
values across all sites (P < 0.001), with highest values from Thumbi West Island (C. afra =
0.18 £ 0.02, P. zera <0.01 + < 0.01); then Domwe Island (C. afra=0.05 + < 0.01, P. zebra =
0.01 £ < 0.01) and Otter Point (C. afra=0.02 + 0.01, P. zebra=0.01 + <0.01) (Fig. 4.6).
This was compatible with the reduced genetic differentiation of sympatric populations at
Thumbi West (Fig. 4.2 & 3). There were no significant differences in admixture proportions
between allopatric populations of C. afra at Domwe Island and Otter Point (N = 60, t = -1.48,
P =0.14) (Fig. 4.6). The overal mean (SE) admixture levels per site showed Domwe Island
=0.002 £ 0.001 and Otter Point = 0.002 + 0.001, were significantly lower than Thumbi West
island = 0.053 £ 0.012, (P < 0.001).
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Fig. 4.6. Mean admixture proportions (q) in sympatric populations of C. afra and P. zebra
from, Otter Point=closed box, Thumbi West Island=open circle and Domwe Island=closed
circle. The standard errors were calculated by Jackknifing procedure.

The factor component analysis (FCA) clustered the admixed genomes of sympatric C.
afra and P. zebra at Thumbi West Island between allopatric populations of (C. afra=left side
and P. zebra=right side) from Otter Point and Domwe Island (Fig. 4.7). The FCA analysis
correlates with the results of introgressive hybridisation at Thumbi West 1land (Fig. 4.5), and
consistence with results of reduced genetic differentiation among sympatric populations at
Thumbi West Island as compared to Otter Point and Domwe Island (Fig. 4.2 & 3).
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Fig. 4.7. Factorial correspondence anaysis (FCA) analysis plot clustering sympatric
populations of C. afra and P. zebra at Thumbi West Island as intermediates of allopatric

populations of each taxa from Otter point and Domwe Island.

4.4 Discussion

This study presents evidence for a case of introgressive hybridisation between two
different genera C. afra and P. zebra during a secondary contact event, through human
induced introduction. This microsatellite analysis from three different localities known to
have presence introduced C. afra, in combination with analytical approaches allowed a
dissection of the dynamics of introgressive hybridisation between these taxa. This study
showed C. afra have significantly more non-native genetic material as compared to P. zebra
at al localities and Thumbi West Island was significantly more affected as compared to the
other sites tested. In most instances hybridisation will not affect taxon that has coexisted
naturally for thousands of generations (Allendorf & Luikart 2007). However, when premating
barriers are weak hybridisation islikely to occur (Allendorf & Luikart 2007).
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4.4.1 Genetic variation within populations

Thumbi West Island populations showed the highest genetic variation across all
sampled populations. This may be partly explained by high presence of non-native genetic
material at Thumbi West Island, which has increased the genetic variation within C. afra and
P. zebra populations as compared to Otter Point and Domwe Island. The higher genetic
variation in sympatry populations as compared to allopatry may be an indication of non-
native genetic material because hybridisation increases genetic variability within populations
(Roques et al. 2001).

4.4.2 Genetic differentiation among populations

Sympatric populations of C. afra and P. zebra showed a significantly lower genetic
differentiation at Thumbi West Island than at other locations. Usually rock dwelling cichlids
exhibit significant genetic isolation even among conspecific taxa at afine geographical scale
(van Oppen et al. 1997 & 1998; Rico & Turner 2002). The significantly low genetic
differentiation at Thumbi West Island as compared to Otter Point and Domwe Island,
suggests that there is high gene flow between C. afra and P. zebra at Thumbi West Island.
Studies of hybrid zones have shown a general pattern that exchange of genes from one
species to another is expected to decrease divergence between them (Roques et al. 2001).
Therefore, the reduced genetic differentiation between sympatric populations of C. afra and
P. zebra at Thumbi West I1sland as compared to other locations may be explained by a

hybridisation event after a secondary contact.

4.4.3 Introgression and admixture proportions

Comparatively, there were significantly high introgression levels at Thumbi West
Island as compared to Domwe Island and Otter Point. At al sites, introduced C. afra
populations exhibited increased levels of non-native genetic material as compared to native
P. zebra. Therefore, | accept the hypothesis that the occurrence of afew individuals of a

given species in an areawith large abundance of a second one should increase the probability
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of introgression towards the least abundant species which was tested in this study (Payne &
Ni 1982; Ni & Sandeman 1984; Arnold et al. 1993).

Theintrogression level of 17% in C. afra at Thumbi West Island, is much lower as
compared to previous studies working on introduction event of Thumbi West Island
populations, in asurvey of 1996 they reported 72% intermediates in their sample basing on
dorsal fin colour morphology and teeth dentition (Stauffer et al. 1996), and basing on the
same traitsin 2001 survey 60 % were reported as intermediatesin C. afra alone (Streeman et
al. 2004). This suggests selection against hybrids may be involved in maintaining the
observed genetic pattern of introgression in Lake Malawi National Park. The contribution of
colour morphology on reproductive isolation has been suggested in Lake Malawi cichlids
(van Oppen et al. 1997; Rico et al. 2003; Knight & Turner 2004).

In nature, several biotic and abiotic factors have been suggested to facilitate natural
hybridisation including: unbalanced popul ation density for mates (Rieseberg et al. 1999;
Stauffer et al. 1996), turbid water (Seehausen et al. 1997; Streelman et al. 2004), lake level
fluctuations leading to secondary contact (Ruber et al. 2001), the faunal translocations to new
environments (Ellstrand & Schierenbeck 2000; Stauffer et al. 1996; Streelman et al. 2004)
and lack of competitors and predators (Mooney & Cleland 2001; Lee 2002). Two ecological
factors have been suggested to facilitate establishment success of introduced C. afra at
Thumbi West I1sland: high nutrient availability in introduced range as compared to their
native ranges (Munthali & Ribbink 1998; Y oung et al. 2009) and availability of unutilized
niches, for example occupying deep water level habitat. Hybridisation with natives has aso
been suggested to be among the contributing factors for establishement success (Stauffer et
al. 1996; Streelman et al. 2004).

Another factor may be lack of feeding niche differentiation, asis the case between C.
afra and P. zebra at Thumbi West Island as compared to Otter Point and Domwe Island. Both
species at Thumbi West Island were collected at 3-5m, while at Otter point and Domwe
Island C. afra was collected at much deeper water level ~10m during sampling period of this
study. The differences may be due to feeding habit preferences C. afra feeds on plankton in
open waters while P. zebra feeds on |oose al gae sifting small insects and plants on rock
substrate (Fryer 1959; Ribbink et al. 1983; Konings 2008). The low water level has
previously been suggested to facilitate natural hybridisation in aguatic organisms (Greenfield
& Deckert 1973; Ruber et al. 2001). Depth distributions have been suggested as an important
factor in maintaining species diversity among species of the rock-dwelling cichlid community
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(Albertson 2008; Genner et al. 2004; Ribbink et al. 1983; Sturmbauer et al. 2001). Since, the
rise and fall of water level in African Lakesis very common (Sturmbauer et al. 2001), natural
hybridisation among cichlids may be a common feature in areas with low water level, such
that it may be among the common evolutionary forces generating cichlid biodiversity in
African Lakes.

4.4.4 Conservation management and ecological implications

The identification and management of introgressed (admixed) popul ations within taxa
of conservation concern presents a number of challenges. Individuals containing non-native
genetic material may be morphologically indistinguishable from those containing an intact
native genome (Daniels et al. 1998; Weigel et al. 2002; Chan et al. 2006).

Decisions regarding treatment of introgressed individuals or populations are best
made on a case-by-case basis (Allendorf et al. 2001, 2004). In North America, in response to
problem of introgressive hybridisation of cutthroat trout, populations are divided into
management categories according to proportion of non-native genetic material (Pritchard et
al. 2007). All populations which exhibit less than 1% introgression arein ‘ Core
Conservation’ category, while most agencies in other countries include less than 10% in this
category (Pritchard et al. 2007). If the level is more than 10% they fish are termed
“Sportfish” and managed as non-natives. In this study, all native P. zebra populations have
showed less than 1% non-native genetic material, while C. afra from Otter and Domwe
showed 2% and Thumbi West was 17%. However, since admixture proportionsin Lake
Malawi Nationa Park have shown a decreasing pattern over the years, monitoring should be
continued before any conclusions are made towards conservation of these populations.

In ecology, theoretical and empirical studies identify niche separation between
hybrids and parental genotypes as a single most important factor favouring hybrid
establishment, without this hybrids may face competition with the parents (Riesberg 1999).
These predictions are supported by reports that most stabilized introgressed or hybrid species
are ecologically divergent with respect to their parental species (Abbott 1992; Arnold 1997,
Rieseberg 1997). This supports the observation of decreasing pattern of introgression at
Thumbi West Island. Alternatively, it may suggests that due to feeding niche differentiation
at Domwe and Otter Point, if there isincreased propagul e pressure it may consequently lead
to awell established introgression which may persists for aforeseeable future. This may
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create a cichlid conservation management challenge in this park. Therefore, any human-
mediated species translocation within Lake Maawi National Park and other areas with

similar ecological conditions should be avoided.

4.5 Conclusion

Thousands of cichlid species have evolved within the great 1akes of Tanganyika,
Maawi and Victoriain the last 2 million years (Sturmbauer & Meyer 1993; Turner et al.
2001; Salzburger et al. 2005; Genner et al. 2007). This study has added to the accumulating
evidence of introgressive hybridisation in different genera of cichlid fishes: Sebastes (Roques
et al. 2001); Eretmodini (Ruber et al. 2001); Neolamprologus (Salzburger et al. 2002);
Lepidiolamprologus (Schelly et al. 2006) and Lamprologini (Koblmidiller et al. 2007).

4.6 Summary

Globally, incidences of hybridisation are increasing due to anthropogenic activities
such as habitat modification, and the intentional or accidental introduction of new species.
Introduction of new species provide unplanned and replicated experiments that can be used to
better understand fundamental ecological and evolutionary process in natural world.

Here | have used awell documented human introduction of a zooplanktivorous cichlid
C. afrainto Lake Malawi National Park to investigate if there is any evidence of introgressive
hybridisation with a native P. zebra population.

| sampled sympatric populations of introduced C. afra and native P. zebra from three
localities within the park (Thumbi West I1sland, Otter point and Domwe Island), aswell asa
native population of C. afra from Mara Rocks as a control. Six microsatellite markers from
60 individuals from each sampled population were genotyped. Measures of genetic
differentiation and a Bayesian cluster analysis were employed to investigate genetic
relationships among sympatric and allopatric populations of C. afra and P. zebra from the
three locations.

The results showed that standardised genetic differentiation expressed as G’ st
between sympatric populations of C. afra and P. zebra populations differed significantly (P =
0.02) across locations (Thumbi West I1sland: G’ sr=0.36x0.05, Otter point: G’ sr=0.94+0.18
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and Domwe Island: G’ sr=0.55+0.09). Further analysis showed evidence of introgressive
hybridisation between an introduced C. afra and native P. zebra populations, with
significantly high levels being observed at Thumbi West Island as compared to Otter Point
and Domwe Island.

Thisintrogressive hybridisation between C. afra and P. zebra may have been
facilitated partly by low water level at Thumbi West Island, that do not allow the two species
to feed separately asis the case with Otter Point and Domwe Island locations.

Thousands of cichlid species have evolved within the great 1akes of Tanganyika,
Malawi and Victoriain the last 2 million years, this study has added to the evidence that
natural hybridisation even among related cichlids may have played arolein this explosive
speciation event.

The results from this work have profound implications on evolution of cichlid fishes

and conservation biology when strategising on management of introgressed populations.
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Chapter 5

5.1 Summary of findings

5.1.1 Mitochondrial DNA analysis

The introduced C. afra populations showed higher nucleotide and hapl otype diversity than

their native counterparts.

The elevated genetic diversity appears to be largely attributed to the fact that introduced C.
afra populations were derived from severa genetically distinct and geographically separate
populations, and to alesser extent, because of introgressive hybridisation with native P.
zebra.

5.1.2 Microsatellite analysis in comparison to mtDNA genetic variation

Microsatellites showed reduced genetic variation in the introduced range, which suggests a

founder event associated with a genetic bottleneck and a random loss of microsatellite alleles.

Comparing the demographic signal between microsatellite and mtDNA markersrevealed a
contrasting pattern of genetic differentiation among groups of native-native (N-N), native-
introduced (N-I) and introduced-introduced (I-1) C. afra populations:. there was no significant
genetic differentiation observed for the microsatellite loci, while the mtDNA control region
showed high levels of genetic divergence.

The contrasting pattern of results of genetic differentiation among groups genetic suggest that
inferences on population or phylogenetic relationships, founder events and genetic
bottlenecks would benefit from using multiple genetic markers as these genetic loci uncover

distinct demographic and phylogenetic signals.
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Reconstruction of the introduction history of C. afrainto Lake Maawi National Park was
supported by an independent introduction event on southern and northern side of Thumbi
West Island and a stepping stone introduction event at Domwe Island, with Thumbi West

Island southern side C. afra population as its source.

5.1.3 Introgressive hybridisation and admixture proportions analysis

The sympatric populations of C. afra and P. zebra at Thumbi West Island showed
significantly higher levels of genetic variation than Otter Point and Domwe Island C. afra

and P. zebra populations.

The sympatric populations at Thumbi West Island showed significantly reduced genetic
differentiation across sites tested, Thumbi West Island: G’ st=0.36+0.05; Otter point:
G’ s7=0.94+0.18 and Domwe Island: G’ sr=0.55+0.09.

Further analysis showed evidence of introgressive hybridisation between the two distantly
related species; C. afra and P. zebra. Thumbi West I1sland showed significantly higher levels
of admixture proportions than Otter Point and Domwe Island.

Admixture proportion analysis showed significantly higher levels of non-native genetic

material in C. afrathan P. zebra in al the sites.

Introgressive hybridisation between C. afra and P. zebra may have been facilitated partly by
lack of conspecifics during the initial period of this founder event. In addition, the shallow
water at Thumbi West Island means that both species have to stay in the same area and feed
in the same habitat, unlike in their native areas or at the Otter Point and Domwe Island

locations, which have similar habitat to the native areas.
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5.2 General Discussion

5.2.1 Implications on evolutionary and conservation genetics

Cichlid fishes found in the lakes of Africahave served as model systems for the study
of evolution, due to thousands of cichlid species that have evolved within these Great Lakes
in thelast 2 million years (Sturmbauer & Meyer 1993; Turner et al. 2001; Salzburger et al.
2005; Genner et al. 2007). The cichlid fishes are confined to discrete lacustrine environments
and their origination is bounded by geological features, these groups provide models with
which to study evolution (Kornfield & Smith 2000). Thereis general consensus that almost
all of the endemic cichlid species and genera of Lakes Malawi and Victoria originated within
the lakes proper (Moran & Kornfield 1993; Parker & Kornfield 1997; Sturmbauer et al.
2001).

The recent and rapid speciation of cichlid fishes in the younger lakes, such as Malawi
and Victoriarenders the exact reconstruction of species trees and phylogenetic history from
molecular data difficult: many rock-dwelling cichlids retain shared ancestral polymorphisms,
even where morphological differentiation is clear and reproductive isolation is demonstrated
or suspected (Moran & Kornfield 1993; Parker & Kornfield 1997; Sturmbauer et al. 2001).
Several previous studies have recommended the use of multiple genetic markers when
inferring evolutionary processes and population history (Takezak & Nei 1996; Nauta &
Weissing 1996; Colson & Goldstein 1999; Ting et al. 2000; Selkoe & Toonen 2006; Zachos
et al. 2009). The use of multiple markers, for example in this thesis microsatellites and the
mtDNA control region, has provided an opportunity to investigate evolutionary processes and
reconstruct some of the historical events of cichlid evolution.

In invasion biology along standing issue is: how do introduced populations, whose
genetic variation is likely to have been depleted by population bottlenecks, persist and adapt
to new conditions (Sakai et al. 2001; Frankham & Ballou 2002; Allendorf & Lundquist
2003)? What are the evolutionary and population genetic processes that facilitate
establishment of the founder popul ations, render non-native species invasive, and result in
range expansion? Studies in conservation genetics have demonstrated that reduced genetic
variation due to genetic bottlenecks and drift limits the ability of afounder population to
adapt in anew environment and that the small effective population size increases risk of
extinction (Frankham & Ralls 1998; Frankham & Ballou 2002; Allendorf & Lundquist 2003).
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Nevertheless, there is accumulating evidence, including the results from this study, which
suggests that many introduced species experiencing these similar environmental conditions
during initial introductions still persist, expand their ranges, evolve rapidly and even become
invasive (Kolbe et al. 2004; Lavergne & Molofsky 2007; Dlugosch & Parker 2008; Zidana et
al. 2009).

Severd factors have been suggested to explain mechanisms underlying establishment
success of introduced populations. admixture from multiple genetically differentiated sources
and hybridisation with natives may elevate genetic variation in founder populations (Ellstrand
& Schierenbeck 2000; Lee 2002; Kolbe et al. 2004). This mechanism has been demonstrated
in this thesis, whereby afounder population composed of individuals from multiple
genetically differentiated native C. afra populations has resulted in increased genetic
diversity levelsin introduced range, as demonstrated by mtDNA control region. These results
may aso help us to understand how genetic variation increases in invasive popul ations.

Hybridisation of introduced popul ations with natives may also facilitate establishment
success (Thompson 1991; Ellstrand & Schierenbeck 2000; Lee 2002). Hybridisation initially
resultsin hybrid vigour or heterosis due to the fact that recessive deleterious mutations that
are fixed in the parental species are in a heterozygous state (Thompson 1991). In subsequent
generations, the genotypes recombine and selection can remove part of this mutational load
(Ellstrand & Schierenbeck 2000; Mack et al. 2000; Parker et al. 2003; Allendorf & Luikart
2007). Increased genetic variation through hybridisation may also provide an opportunity for
adaptive evolutionary changes as the genetic variation in the hybridsis increased compared to
that in the native gene pools (Stebbins 1969; Neuffer et al. 1999; Ellstrand & Schierenbeck
2000; Mooney & Cleland 2001; Lee 2002; Kolbe et al. 2004).

The investigation of the mtDNA control region in this thesis has showed evidence of
hybridisation between introduced C. afra populations and native P. zebra in introduced range
of C. afra. In this study, for the first time the mtDNA control region has shown that native C.
afra populations are genetically differentiated. Admixture of the C. afra source populations
has increased the mtDNA genetic variation in the introduced range.

The microsatellite loci showed a contrasting pattern of genetic variation when
compared to the mtDNA control region. There was no significant genetic differentiation
among groups of native vs native; native vsintroduced and introduced vs introduced at
microsatellite loci as compared to mtDNA which showed significant differentiation. Thisis

consistent with previous studies that have suggested the use of multiple genetic markers when
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inferring evolutionary processes and population history (Takezak & Nei 1996; Nauta &
Weissing 1996; Colson & Goldstein 1999; Ting et al. 2000; Selkoe & Toonen 2006; Zachos
et al. 2009).

Estimates of population parameters such as structure, number of migrants and
effective population size are highly dependent on the mutational model assumed for the
molecular markers of choice (van Oppen et al. 2000). The inference from a microsatellite
marker may be affected by presence of null aleles (van Oppen et al. 1997; Markert et al.
1999) and size homoplasy (Viard et al. 1998; Shaw et al. 1999; van Oppen et al. 2000;
reviewed in Estoup et al. 2002). Microsatellite alleles of the same size (electromorphs) can
arise from mutational events outside of the repeat or by interrupting perfect repeat producing
alelesthat are not identical by descent (van Oppen et al. 2000; reviewed in Estoup et al.
2002). Size homoplasy is expected to increase with time of divergence among popul ations
and taxa (Estoup et al. 1995). Most of Lake Maawi cichlids cichlid fishes are endemic and
estimated to have originated within the last 700,000 to 2 million years ago, but a study on
sequence analysis of alleles from a complex microsatellite locus (Pzeb4) among 11 closely
related species, from this lake showed extensive size homoplasy (van Oppen et al. 2000). The
effect of size homoplasy on the resolution of population structure has been demonstrated in
three invertebrate species, the honey bee Apis mellifera, the bumble bee Bombus terrestris,
and the freshwater snail Bulinus truncates (Viard et al.1998). In Viard et al. study size
homoplasy was detected mostly among, but not within populations. The low genetic variation
at microsatellite loci found in thisthesisis consistent with random genetic drift associated
with afounder event. Possibly, only asmall number of founders was responsible for the
introduction event resulting in aloss of microsatellite alleles (Tsutsui et al. 2000; Peacock et
al. 2009; Valade et al. 2009). This appears plausible considering that C. afra was introduced
into Lake Malawi National Park through an aquarium trader (Ribbink et al. 1983; Konings
2008), which suggests that only arelatively small number (N<1000) of fish were released at
that point in time.

Conservation genetic studies usually aim to test for low genetic variation in
populations to identify species with the potential to become extinct (Allendorf 2001). In this
thesis microsatellite markers are found to be to be an important tool in conservation genetic
studies of populations with acomplex introduction history, for example with multiple
genetically differentiated founders. However, the detection of genetic differentiation bothin
the native and introduced range in the mtDNA control region suggests that mtDNA isa
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preferred marker in phylogenetic studies. Lowe et al. (2004) reported that 70% of al studies
with a phylogeographic component analysed mtDNA loci. The reason for this preferenceis
understandable, given that in this study, with a modest sample size of N=15 individual s per
population, mtDNA sequences analysis uncovered a more detailed demographic scenario
than the analysis on six microsatellite loci and much larger sample size per population
(N=60).

The advances in population genetic data analysis methods, for example the recent
development of Approximate Bayesian Computations (ABC) software for microsatellite data
analysis are particularly powerful tools for reconstructing the colonisation history of taxa
(Estoup et al. 2001; Beaumont et al. 2002). ABC employs a Bayesian framework for example
incorporating prior information to output an “approximate” posterior probability distribution
of the tested scenario or model (Beaumont et al. 2002). A full Bayesian approach conducts
Markov Chain Monte Carlo (MCMC) simulations to obtain exact posterior probability of the
raw sample (e.g. allele number and frequency distribution) using thousands of simulated data
sets (e.g. genealogies) for population model under consideration (admixture or non admixture
ancenstry) (Pritchard et al. 2000; Anderson & Thompson 2002). The Bayesian approach to
population genetics alows for computations using complex models that could not be
achieved using other statistical approaches (Beaumont & Rannala 2004). Bayes an methods
have been used successfully to reconstruct colonisation history in populations with complex
demographic histories (Estoup et al. 2001; Estoup & Clegg 2003; Miller et al. 2005; Pascaul
et al. 2008). Anintroduced C. afra population in Lake Maawi Nationa Park, has multiple
founders from genetically differentiatiated populations (Zidana et al. 2009). Previous studies
have suggested the southern side of Thumbi West 1sland as an initial point of introduction of
C. afrainto Lake Maawi National Park (Ribbink et al. 1983; Stauffer et al. 1996), which
then dispersed to nearby rocky areas (Streelman et al. 2004). Using ABC approach in this
thesis, | have successfully reconstructed the competing introduction history (independent or
stepping stone) pattern of C. afrain Lake Malawi National Park. In contrast to previous
suggestions, this study supported two independent introduction scenarios at Thumbi West
Island and a stepping stone pattern at Domwe Island, with a population from the southern
side of Thumbi West Island as a source population. The results of this study support the
importance of microsatellite loci as auseful tool in invasion biology studies and conservation
genetics, in particular for the detection of genetic bottlenecks and reconstructing colonisation

history at the same time.
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Intentional or accidental introduction of organisms and habitat modifications by
humans has increased the rate of species hybridisation in the world (Allendorf 2001; Sakai et
al. 2001). Previous studies hypothesised that occurrence of relatively fewer individuals of a
given speciesin an area with amore abundant (native) species should increase the probability
of introgression into the genepool of the rarer species (Payne & Ni 1982; Ni & Sandeman
1984; Arnold et al. 1993). However, species that have coexisted naturally for thousands of
generations will not hybridize due to reinforced reproductive isolation (Allendorf & Luikart
2007). However, cichlids are suggested to be of recent origin in the African Great Lakes -
they have evolved within the last 2 million years (Sturmbauer & Meyer 1993; Turner et al.
2001; Salzburger et al. 2005; Genner et al. 2007), suggesting that there is high potential for
hybridisation. The human mediated introduction of C. afra into Lake Malawi National Park
poses a conservation concern of hybridisation with closely related taxa.

Sympatric populations of C. afra and native P. zebra at al localities known to have
introduced populations of C. afra in Lake Maawi Nationa Park; Thumbi West Island, Otter
Point and Domwe Island have been compared at six microsatellite loci. This study has found
evidence of introgressive hybridisation between both taxa. The populations of C. afra showed
higher levels of admixture proportions at all the sites than P. zebra, accepting the hypothesis
that should secondary contact occur, non availability of conspecifics may facilitate
hybridisation (Payne & Ni 1982; Ni & Sandeman 1984; Stauffer et al. 1983; Arnold et al.
1993).

Introgressive hybridisation has been mainly studied in closely related taxa (Beaumont
et al. 2001; Roques et al. 2001; Ruber et al. 2001; Pritchard et al. 2007), whereas only few
studies analysed distantly-related species and species from distinct genera (Greenfield &
Deckert 1973). This study demonstrates an event of introgression between two speciesin the
genera Cynotilapia and Pseudotropheus in Lake Maawi National Park. Nevertheless, this
study supports the evidence of introgressive hybridisation in other genera of cichlid fishes:
Sebastes (Roques et al. 2001); Eretmodini (Ruber et al. 2001); Neolamprologus (Sal zburger
et al. 2002); Lepidiolamprologus (Schelly et al. 2006) and Lamprologini (Koblmaller et al.
2007). Thisisinconsistent with strong outbreeding depression, a phenomenon often observed
when crossing diverged species, or at least it indicates that despite aloss in fitness associated
with hybridisation, introgression does occur in nature.
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5.2.2 Implications on conservation management

In 1980, part of Lake Malawi was designated a National Park, due to the importance
of the freshwater fish that are found there. The park is under constant threat of fish
introductions, and the availability of aquarium trade holding facilities a ong the shores of the
park increases the probabilty of fish escapes. Currently there are at least 13 taxa of cichlid
fishes which have been introduced into Lake Maawi Nationa Park (Genner et al. 2006).

The results of this study suggest that C. afra may not in fact be spreading out from its
original introduction site, asinitially feared by conservation biologists working with Lake
Malawi National Park and Fisheries Department in Malawi. Nevertheless, it is recommended
that monitoring of introduced populations in Lake Malawi National Park should be
continued, as evolutionary processes are still unfolding. Most of the aquarium fish awaiting
transportation to various parts within and outside Maawi have holding facilities, for example,
plastic tanks within the lake. Fish escaping such holding facilitiesis a potential liability,
resulting in transl ocation and introgressive hybridisation, with deleterious conservation
genetic implications. Indeed, hybridisation is listed as one of the main reasons for species
extinction by the International Union for Conservation of Nature (IUCN) (Frankham et al.
2002). Thereforeit is recommended that all aquarium fish businesses along the shores of
Lake Maawi should construct sufficient fish holding facilities outside of the lake waters, on
the shores.

Genes, species and ecosystem are three primary levels of biodiversity recognized by
IUCN (Allendorf & Luikart 2007). A fourth level not mentioned by IUCN is the population
(Luck et al. 2003). For successful biodiversity conservation all four levels must be considered
because they are all interrelated and complimentary (Luck et al. 2003). Populations may be
designated as conservation units (CUs) depending on the associated conservation goals. An
evolutionary approach to conservation typically involves maintaining the genetic diversity of
aspecies, or the potentia for future genetic divergence or speciation (Allendorf & Luikart
2007). Goals have been formalized using concepts such as: minimum viable populations
(MVP) and evolutionarily significant units (ESUs) (Luck et al. 2003). MV P sizeisthe
minimum size of population that will be viable in the long term, with a probability of
extinction of 1% in 1000 years (Shaffer 1981; Nunney & Campbell 1993). The effective
popul ation size may be estimated using population genetics analysis, but environmental

stochasticity and catastrophes should also be considered. ESUs are populations with

92 |Page



independent evolutionary dynamics (Moritz 1994; Cody et al. 1996; Crandall 2000; Luck et
al. 2003). A classic Mendelian population is a reproductive community of sexually
reproducing and cross-fertilizing individuals which share a common gene pool (Dobzhansky
1950). The use of neutral microsatellite loci will generally identify larger ESUs than would
be identified using loci under strong, geographically varying selection (Luck et al. 2003). The
success of Lake Malawi National Park as a conservation tool of freshwater fish depends on
well defined conservation management strategies and policies. Under the current Lake
Malawi National Park Act, the management plan details 4 conservation zones within the
park: specia zone, wilderness zone, natural zone and general zone (Glenfell 1993). Any area
of the lake that falls within amargin of 2km from the shorelineis a“wilderness’ no fishing
zone, however, conservation strategies may be more efficient if they are well defined
according to biodiversity levels explained above. To achieve this, conservation genetic
studies must be undertaken to characterize fish populationsin the National Park, and their
ecology must be known. Lastly, | would like to say that future conservation genetics research
should focus on producing an improved conservation and management strategy for Lake
Malawi National Park.

In summary, this thesis was motivated by an urge to facilitate the formulation of
conservation and management strategies of freshwater cichlids which are represented by
more than 30 speciesin Lake Maawi National Park. In the context of conservation genetics
and use of molecular techniques to investigate parameters that are of much interest to
conservation and fisheries resource managers.The results of this thesis has contributed to our
understanding of the factors rensponsible for establishment success and spread of introduced
populations. The cichlid fish are used as amodel organism in studies of evolutionary biology
research and this thesis has contributed to thisimportant field, mainly on evolutionaly

processes involved during a secondary contact event.

5.2.3 Future research work

Since, C. afra and P. zebra occur sympatrically in most of their natural distribution
range, an interesting avenue for future investigation is to identify any evidence of natural
hybridisation in localities with similar shallow water as that found in Thumbi Island and
contrast results from with localities with deep waters like Nkhata Bay. A particularly

promising site is Chisumulu Island in the northern part of the Lake Maawi. Whilein this
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thesis, | have investigated the possibility of hybridisation between introduced C. afra and
native P. zebra, future work should investigate other potential candidates of hybridisation like
another introduced population of Pseudotropheus callainos. These investigations will deepen
the understanding on the factors and mechanisms responsible for establishment and spread of
introduced C. afrain Lake Maawi National Park. Furthermore, the high levels of
introgression at Thumbi West Island, as compared to other areas such as Otter Point and
Domwe Island, warrants further studies to investigate the evolutionary and population genetic
processes during and after an introgression event.

Mate choice experiments in the laboratory may be investigated to infer behavioural
processes involved during a secondary contact and deduce reinforcement mechanisms and
any possibility of trangressive phenotypic traits. Reinforcement is an increase in premating
reproductive isolation between taxa resulting from selection against hybrids. The cichlids
easily interbreed in the laboratory and this makes them possible candidates for reinforcement
studies. Comparison between pure and hybrid fish fitness traits like: body size, fecundity, age
at maturity, survival rate and growth rate can be made to determine any selection forces
against hybrids.

While, studies on competitive exclusion has been done thereis still alot we can learn
from introduced populations in Lake Malawi Nationa Park. Future work should investigate
any evidence of evolution of increased competitive ability (EICA) in introduced popul ations
of C. afrain Lake Malawi National Park. Studied on diseases and parasites affecting the
natives as compared to introduced populations can be carried out to investigate EICA and
inferences can also be made using molecular genetic markers like maor histocompatibility
complex (MHC). The major histocompatibility complex (MHC) is alarge genomic region or
gene family found in most vertebrates. It is the most gene-dense region of the mammalian
genome and plays an important role in the immune system and autoimmunity. The high
levels of MHC diversity are an indication of high immune diversity in the population,
suggesting that a population might have been previously exposed to a high number of
parasites or diseases. If levels of parasitesinfecting C. afra and P. zebra in native and
introduced ranges were investigated, then their impact on establishment success of introduced
C. afrain Lake Maawi National Park can be assessed.
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Appendices

Appendix | : Simulation Model of founder events

Smulating the effects of founder events on the genetic variation at microsatellite loci and
MtDNA control region

To further investigate how founder events that originate from multiple (genetically
diverged) source populations may affect the genetic variation and genetic divergence at
MtDNA and microsatellite loci in introduced populations, we used an individual based model
to simulate this study.

We simulated a founder event with size (number of founders=N;) from source
populations with a known allele or haplotype frequency distribution. The source populations
contribute founder individuals proportional to the observed mtDNA haplotype frequency in
the introduced population (Zidana et al. 2009). The demographic parameters (N; and the time
of introduction, t) are based on analysis of microsatellite variation using DIY ABC software
version 7.1 (Cornuet et al. 2008). These estimates are consistent with the introduction history
of C. afra. The census size (N) is estimated from direct observations and counts of the
number of territorial males (Y oung et al. 2009).

The population post-founder event with size N was simulated over t generations and
introduced C. afra population at Domwe was used as a typical introduced population basing
on identification of source al of its haplotypes as follows: Ni=15% from Mara rocks, 15%
from Nkhata Bay and 70% from Thumbi west Island site-A (Zidana et al. 2009). The Domwe
population was founded 20-30 generations ago by a founder size of 181 < N; < 4124,
estimated from DIY ABC. The mtDNA sequence of 500bp has a mutation rate u=5x10"° and
mutates according to an infinite allele model (IAM) (Kimura & Crow 1964), while
microsatellite loci have a mutation rate x=5x10 and mutates according to stepwise mutation
model (SMM) (Ohta & Kimura1973).

We analysed the effect of genetic drift and multiple source founder event on the
change in effective number of aleles (ng) between the sources and introduced C. afra
populations, and compared the smulated data set with the results from observed empirical
data. | used Genera Linear Model (GLM) to test the significance of the resultsin MINITAB
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version 12.1 (MINITAB Inc.). We predicted that the mtDNA variation in the introduced
populations will be relatively elevated, whereas the microsatellite variation will be reduced

compared to the source populations.
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Appendix 1

Table1l.1: The observed and simulated microsatellite effective number of alleles (ne) from
native and introduced C. afra populationsin Lake Malawi

Population Pzeb3 Ppun32  Ppun5 Ppun21 UNH154 Ppun7 Mean SE
I ntroduced
(Observed)
Otter point 1.535 1.581 10.683  8.372 11.520 6.180 6.645 0.727
Thumbi Site A 1.812 1.858 17143 13900 17.266 17225 11534 1.270
Thumbi Site B 1.185 2.194 8.136 9.690 18.136 12.478 8.637 1.063
Domwe 1471 1.703 14784  9.149 11.374 9.549 8.005 0.893
Mean 1.501 1.834 12.687 10278 14574 11.358 8.705 0.988
I ntroduced
(Simulated)
Domwe 1.827 1.877 11551 10304  12.658 13.078 8.549 4.816
Native

Observed
Ntekete 2.010 1.821 11669 14.845 8.696 14090 8.855 0.965
Chiofu 2.314 2.177 11357 16.000 11.483 18.462 10299 1.134
Mbenji 1.858 2.507 13.820 15965  26.866 18.799 13302 1.614
Nkhata Bay 2.335 1.817 15721 14286  22.360 31.304 14637 1907
Mara 1.349 1.934 13.873 10909  17.433 15859 10.226 1.167
Likoma 1.209 1.586 17.822 12857 24.242 16.216 12.322 1.539
Mean 1.846 1.974 14.044 14144 18513 19122 11.607 1.388
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Appendix I11

Ln P (D) versus K
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Fig. I11.1. The modal value of thisdistribution isthe true K (*) or the uppermost level of
genetic structure among C. afra populations, here four clusters (A=Evanno et al. 2005
procedure, B=Pritchard et al. 2000). Ln P(D)=Log-likelihood for number of K clusters.
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Appendix IV

Tanzania
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Fig. IV. 1. The map of Maawi with its neighbouring boundaries showing Lake Malawi and

the natura distribution range for C. afra (purple line) and introduced range for P. zebra (red
line) and dotted points for I1sland distribution.
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Appendix V

Pseudotropheus zebra

Cynotilapia afra

Fig. V.1. The sample species collected from Thumbi west Island (A) Cynotilapia afra and
(B) Pseudotropheus zebra in Lake Malawi (Pictures taken by Alan Smith).
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Appendix VI

Table VI. 1: The microsatellite mean number of alleles (A), observed heterozygosity (Ho),

expected heterozygosity (He) and standardised (G’ st) from sympatric populations of C. afra
and P. zebra populations in Lake Malawi Nationa Park

Otter point C. afra P. zebra

Locus A Ho He A Ho He Ggr
PPUN32 5 0.27 0.37 4 0.53 0.60 0.20
PPUN5 18 0.90 0.91 19 0.88 0.93 0.86
PPUN21 18 0.90 0.89 18 0.80 0.91 1.09
UNH154 25 0.95 0.92 28 0.92 0.92 1.29
PPUN7 14 0.62 0.85 23 0.47 0.91 1.27
PZEB3 6 0.33 0.35 7 0.43 0.74 0.92
Mean 14.33 0.66 0.72 16.50 0.67 0.84 0.94
SE 1.70 0.05 0.05 1.95 0.02 0.05 0.18
Thumbi west A

PPUN32 7 0.42 0.47 8 0.68 0.71 0.65
PPUN5 24 0.95 0.95 21 0.88 0.94 0.34
PPUN21 23 0.93 0.94 23 0.75 0.94 0.49
UNH154 31 0.95 0.95 36 0.98 0.97 0.56
PPUN7 25 0.65 0.95 27 0.87 0.96 0.13
PZEB3 9 0.48 0.45 8 0.50 0.47 0.00
Mean 19.83 0.73 0.78 20.50 0.78 0.83 0.36
SE 1.93 0.03 0.05 251 0.05 0.08 0.05
Domwe Island

PPUN32 4 0.45 0.42 5 0.60 0.68 0.43
PPUN5 20 0.83 0.94 20 0.93 0.94 0.75
PPUN21 16 0.87 0.90 19 0.85 0.93 0.42
UNH154 24 0.83 0.92 30 0.95 0.95 0.94
PPUN7 17 0.50 0.90 23 0.73 0.93 0.66
PZEB3 5 0.32 0.32 7 0.38 0.44 0.07
Mean 14.33 0.63 0.73 17.33 0.74 0.81 0.55
SE 157 0.03 0.06 2.08 0.07 0.08 0.09
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Appendix VI

Table VII. 1. The microsatellite genetic differentiation (Fsr) among C. afra and P. zebra
populationsin three localities of Lake Maawi National Park

Otter C. afra Otter P. zéora  Thumbi C. afra Thumbi P. zebra Domwe C. afra

Otter P. zebra 0.090

Thumbi C. afra 0.033 0.048

Thumbi P. zebra  0.063 0.045 0.032

DomweC. afra  0.053 0.070 0.020 0.048

Domwe P. zebra  0.058 0.053 0.025 0.012 0.040
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Appendix VIII

Table VIII.1: The microsatellite genetic differentiation (Fsr) anong C. afra and P. zebra

populationsin al sampled localities of Lake Malawi

OP OPz TH-A TH-Az TH-B DO DOz NT CH MB NK LK MA
OP
OPz 0.090
TH-A 0.033 0.048
TH-Az 0.063 0.045 0.032
TH-B 0.049 0.084 0.030 0.036
DO 0.053 0.070 0.020 0.048 0.030
DOz 0.058 0.053 0.025 0012 0.036 0.040
NT 0.051 0044 0018 0038 0.041 0.041 0.034
CH 0074 0.045 0.038 0022 0.053 0063 0031 0.043
MB 0.047 0.043 0.018 0007 0.028 0.038 0014 0023 0.012
NK 0.040 0.040 0.012 0030 0034 0029 0.024 0.023 0.023 0.014
LK 0029 0074 0014 0048 0032 0.025 0.039 0.027 0.058 0.030 0.020
MA 0035 0071 0014 0037 0.031 0030 0030 0029 0050 0.028 0.019 0.017

All pairwise differentiations were significant, p < 0.05. OP=Otter Point C. afra, OPz=Otter Point P. zebra, TH-
A=Thumbi West C. afra, TH-A z=Thumbi West P. zebra, TH-B=Thumbi West site B C. afra, DO=Domwe
Island C. afra, DOz=Domwe Idland P. zebra, NT=Ntekete C afra, CH=Chiofu C afra, MB=Mbenji C afra,
NK=Nkhata Bay C afra, LK=Likoma C afra and MA=Mara C afra.
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Appendix I X

Table I1X.1: Within population genetic diversity mean number of microsatellite alleles (A) in
C. afra and P. zebra populations sampled in localities of Lake Malawi

Locus oP OPz TH-A 1Az TH-B DO DOz NT CH MB NK LK MA

PPUN32 5 4 7 8 7 4 5 4 4 5 4 6 8

PPUN5 18 19 24 21 19 20 20 21 17 22 22 24 22

PPUN21 18 18 23 23 20 16 19 20 26 23 22 19 18

UNH154 25 28 31 36 30 24 30 27 28 38 33 35 29

PPUN7 14 23 25 27 25 17 23 25 29 30 44 28 27

PZEB3 6 7 9 8 4 5 7 6 6 6 10 5 6

Mean 1433 1650 1983 2050 1750 1433 1733 1717 1833 2067 2250 1950 18.33

SD 704 846 876 1001 925 741 877 893 1021 1194 1336 11.00 8.77
OP=0itter Point C. afra, OPz=0Otter Point P. zebra, TH-A=Thumbi West C. afra, TH-A z=Thumbi West P.
zebra, TH-B=Thumbi West site B C. afra, DO=Domwe Idand C. afra, DOz=Domwe Idland P. zebra,
NT=Ntekete C afra, CH=Chiofu C afra, MB=Mbenji C afra, NK=Nkhata Bay C afra, LK=Likoma C afra and
MA=Mara C afra.
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Appendix X

Table X.1: Within population genetic diversity expected heterozygosity (Hg) at six
microsatellite allelesin C. afra and P. zebra populations sampled in localities of Lake
Malawi

Locus OP OPz TH-A  tHAz TH-B DO DOz NT CH MB NK LK MA

PPUN32 037 060 047 071 055 042 068 045 055 061 045 037 049

PPUNS 091 093 09 094 08 094 094 092 092 094 094 095 0%

PPUN21 089 091 094 094 09 09 093 094 09 09 094 093 092

UNH154 092 092 09 097 09 092 09 08 092 097 09% 097 095

PPUN7 085 091 095 09% 093 09 093 094 09 09 09 095 094

PZEB3 03 074 045 047 016 032 044 051 057 047 058 017 026

Mean 072 084 078 08 073 073 08 078 081 081 081 072 075

SD 025 012 023 019 029 026 019 021 018 020 021 032 027

OP=0tter Point C. afra, OPz=0Otter Point P. zebra, TH-A=Thumbi West C. afra, TH-A z=Thumbi West P.
zebra, TH-B=Thumbi West site B C. afra, DO=Domwe Idland C. afra, DOz=Domwe Island P. zebra,
NT=Ntekete C afra, CH=Chiofu C afra, MB=Mbenji C afra, NK=Nkhata Bay C afra, LK=Likoma C afra and
MA=Mara C afra.
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