
University of Southampton 

Molecular Markers and the Speciation of African Cichlid Fish 

Charlotte Jane Allender 

Submitted for the qualification of Doctor of Philosophy 

Biodiversity and Ecology Division 
School of Biological Sciences 

October 2001 



University of Southampton 

Abstract 

Faculty of Science 

SCHOOL OF BIOLOGICAL SCIENCES 

Doctor of Philosophy 

MOLECULAR MARKERS AND THE SPECIATION OF AFRICAN CICHLID FISH 

By Charlotte Jane Allender 

The cichlid fish of the African Great Lakes represent an astounding example of 
explosive speciation and adaptive radiation. The rapid nature of the evolution of these 
species has provoked intense interest in the evolutionary mechanisms responsible for 
causing and maintaining divergence in this remarkable group of organisms. 

The sexual dichromatism and breeding behaviour exhibited by some groups of 
African cichlids have led many researchers to infer that sexual selection through female 
preference for male colour patterns may be one such mechanism. Given the apparent 
importance of male colour patterns in mate choice, the specific status of allopatric 
populations that vary in male colour patterns is unclear. Microsatellite DNA was used 
to assess the paternity of offspring in two sets of mate choice trials where females 
chose between males that differ in colour pattern. One trial tested a sympatric species 
pair from Lake Victoria ( f p w m & i T M z Z f a and f . fzyerergf), and the other tested 
two allopatric populations of the same putative species from Lake Malawi 
zg6ra). In both cases, non-assortative mating was observed. However it was not clear if 
these results indicated genuine female choice or were a product of the design of the 
trials. Microsatellite DNA can also be used to generate statistical estimates of pairwise 
relatedness. The effect on such estimates of locus number and heterozygosity was 
assessed in two species of cichlids from Lake Malawi (M. and M. A 
total of eleven loci were used in a combination of tests on known relatives and 
computer simulations. It was found that using a higher number of more variable loci 
resulted in more accurate estimates of relatedness. However it was observed that nine 
loci provided a similar degree of accuracy to that obtained using eleven loci. This result 
has obvious implications for the time and cost required for large-scale studies of 
relatedness in natural populations. Phylogenetic relationships between populations and 
species of rock-dwelling cichlids from Lake Malawi were reconstructed using both six 
microsatellite loci and AFLP markers. The microsatellite data set appeared to contain 
too few loci to resolve all relationships but currently allopatric conspecific populations 
clustered with one another, demonstrating the potential of microsatellites for 
phylogenetic purposes. It appeared that the best resolution was obtained using genetic 
distance statistics that do not assume any particular microsatellite mutation model. The 
AFLP phylogeny, based on data from eighteen primer pairs, demonstrated the 
occurrence of parallel evolution of male colour patterns in different lineages. The origin 
of a m^or change in female coloration was less clear but the data suggest that 
polymorphism for the trait tested may be an ancestral condition. 
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Chapter 1 - General Introduction 

1 General Introduction and Literature Review 

1.1 Preface 

The genetic component of biological diversity has attracted great interest in recent 

years, and a wide range of molecular methods has been developed to investigate 

variation at a genetic level. The development of these methods has permitted the 

investigation of biological and ecological phenomena that would have been impossible 

using conventional techniques. Current applications of these techniques include 

analysis of breeding behaviours, phylogeography and population dynamics in a wide 

range of organisms. When combined with field and laboratory observational and 

behavioural studies, they have provided a powerful tool for revealing the evolutionary 

biology of many taxonomic groups, including the prolifically speciating cichlid fishes 

of the African Great Lakes. This group of organisms represents a fascinating example 

of explosive speciation and adaptive radiation, and this thesis describes how molecular 

markers can be applied to problems of relatedness, mate choice and phylogenetics in 

order to infer evolutionary mechanisms. This introduction will describe the m^or 

classes of molecular markers and indicate the types of investigations to which they are 

best applied, and provide a brief description of other examples of notable species 

radiations. The introduction concludes with a summary of the current state of 

knowledge regarding the evolutionary ecology of the cichlids fishes of the African 

Great Lakes. 

1.2 Introduction to Molecular Markers 

7.2.7 

Allozymes were one of the earliest markers available for the study of individuals and 

populations. They are allelic variants found at a functional protein (usually metabolic 

enzyme) locus, and are visualised through differential mobilities of alleles during 

starch, acrylamide or cellulose acetate gel electrophoresis. They are co-dominant 

markers - heterozygotes can be readily distinguished as such by electrophoresis- and 

are normally inherited in a consistent Mendelian manner. Originally they were used to 
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quantify genetic variation present in humans (Harris, 1966) and in (Johnson 

et al, 1966). The results of these studies were surprising; 30% of surveyed loci were 

polymorphic. The amount of variation present allowed allozymes to be used to study 

large number of genetic and ecological problems. Studies of variation within and 

between populations heralded the development of statistical estimators of population 

genetic parameters, for example the Fgy group of statistics as defined originally by 

Wright (1951). These statistics are still in use today, and have also been adapted to data 

from more recently developed markers. The co-dominance and predictable inheritance 

of allozymes allows them to be applied to studies of mate choice, for example paternity 

exclusion or the detection of multiple paternity. A recent example of this kind of 

application is the study of Webb et al (1995) who used enzyme polymorphisms to 

assess the genetic structure of wild rabbit (OrycfoZagw.; CMM(cwZwf) populations. 

Evolutionary relationships between taxa can also be estimated using aUozymes, as 

carried out by Sage gf aZ (1984) who deduced broad scale relationships between 13 

species of African cichlid fish using 10 loci. There are a few drawbacks associated with 

allozymes as molecular markers. The Hrst is the need to preserve and store samples so 

that the proteins do not degrade - allelic differences are only detectable if the protein 

remains in an active state. This requires immediate storage of samples in dry ice or at 

temperatures as low as -80°C, a problem when large numbers of sample are collected 

during fieldwork in remote locations. Another problem may be finding enough variable 

loci in the organism of interest as 10-20 appropriately variable loci are usually required 

for statistical analysis (Parker gf oZ, 1998). Variation at allozyme loci is often low when 

compared to that detected by more recently developed DNA markers. This is because 

allozymes represent fiinctional enzymes, and any mutations in amino acid sequence 

which lead to reduced functionality must surely be heavily selected against (Parker gf 

aZ, 1998). In addition, the degenerate nature of the genetic code means that some point 

mutations in DNA sequence make no difference to the amino acid sequence of the 

protein (so called 'silent' substitutions). This means that quite often, not enough 

variation is detectable to distinguish between individuals, populations or even species. 

Some allozyme loci have been revealed to be under direct selective pressure, for 

example Watt gr a/ (1993) found that temperature tolerance was directly linked to 

variation at the PGI locus in butterflies. Instances such as this allow for 

interesting studies of ecological genetics, but for the purpose of studying divergence 

among populations many statistics assume the loci involved to be selectively neutral. 
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7.2.2 Dafa 

Unlike allozymes, DNA (or RNA) sequence data is capable of providing information at 

all levels of variation, both coding and non-coding. However, the cost and effort of 

sequencing dictates that only small, specific areas of the genome are sequenced, and 

only relatively few individuals from each taxon are used (Avise, 1994 p90, Hillis et al, 

1996 p339). In some investigations, information is required from many loci across the 

genome, and sequence data from a single gene would not be appropriate. However, 

sequencing is an extremely popular method for collecting data for phylogenetic and 

phylogeographic analysis (Hillis et al 1996, p321). Mutation rates are not homogenous 

across the genome, and this allows the researcher to select an appropriate region to 

sequence, depending on the evolutionary timescale under consideration. For example, 

higher animal mitochondrial DNA mutates on average 5-10 time faster than single copy 

nuclear DNA (Avise, 1994 plOl) making it suitable to study population level 

differences and recent divergence between species. Other more slowly mutating regions 

have also been utilized for studies of deep divergence, for example Hamby and Zimmer 

(1992) examined relationships between the m^or plant clades using nuclear 18S and 

26S ribosomal RNA genes. 

7.2.^ OfAgr 

A number of other molecular markers have been developed which do not require the 

cost and effort associated with sequencing. These also have the potential advantage of 

sampling variation across many areas of the genome instead of a single gene or two. 

Such markers have been developed both prior to the advent of wide scale sequencing 

(for example DNA hybridisation and RFLPs) and subsequent to it (multilocus 

fingerprinting, RAPDs, microsatellites). A m^or development in the history of 

molecular markers was the advent of PGR, the polymerase chain reaction (Saika gf aZ, 

1985, Mullins and Faloona, 1987). This enabled defined regions of the genome to be 

amplified without the need for lengthy cloning and hybridisation protocols. PGR 

provides enough genetic material for subsequent analysis, for example with RFLPs (see 

below), and is also fundamental to many of the more recently developed markers. A 

brief description of each method is given below along with the types of investigation it 
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is best suited to. Microsatellites are described in greater detail as they have been used in 

four out of the five experimental chapters in this thesis. 

1.2.3.1 DNA hybridisation 

Originally used by studies such as that of Britten et al (1974), DNA hybridisation 

provides a measure of how similar the single or low copy number fractions of the 

genomes of two species are. Double stranded DNA from two different organisms is 

mixed and then denatured. The rapidly reannealing repetitive fraction is removed and 

discarded. Remaining single strands (representing low copy number or single copy 

number DNA) are radioactively labelled and then mixed with the DNA from another 

species. Heating the resultant duplex will melt it; the temperature at which it melts is 

dependent on the degree of similarity between the DNA of the two species and the base 

composition of the strands. The resulting data is in the form of 'thermal elution 

profiles', which give indications of the genetic distance between two species. A notable 

example of a study using DNA hybridisation is that of Sibley and Ahlquist (1990), 

which investigated relationships between 1700 bird species. A drawback of this kind of 

marker is that the kinetics of reassociation are not yet fully understood because multiple 

factors such as genome size, copy number, fragment size and base composition exert an 

influence (Werman et al, 1996). The fact that data from hybridisation experiments is in 

the form of distance data and not character states may limit subsequent phylogenetic 

analysis. 

1.2.3.2 Restriction Fragment Length Polymorphisms (RFLPs) 

This class of molecular marker utilises enzymes (restriction endonucleases), which 

occur in bacterial cells. These enzymes act to protect the host from the invasion of 

foreign DNA. Type n restriction endonucleases cut double stranded DNA at specific 4, 

5, or 6 base recognition sequences. Restriction enzymes may be used singly or in 

combination to produce sets of cut DNA fragments (the digestion profile). These 

fragments can be visualised by gel electrophoresis followed by chemical staining or 

radioactive hybridisation (Southern blotting). Variation in the digestion profiles 

between individuals is caused by either the gain or loss of a restriction site or by 
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changes in the length of the DNA between the two sites. Different classes of DNA may 

be analysed by this technique, for example the entire mitochondrial or chloroplast 

genome can be subjected to restriction analysis (published studies include those of 

Avise gf aZ, 1987 and Seutin gf a/, 1993). It is also possible to use restriction enzymes 

to analyse single copy nuclear DNA and particular gene families such as ribosomal 

RNA genes. 

1.2.3.3 Multilocus Fingerprinting 

Minisatellites are repeats of generally 16-64 base pairs that are scattered throughout the 

genomes of most organisms (Avise, 1994 p79). They are highly variable and most 

mutations are thought to be caused by strand slippage or unequal crossover during 

replication (Jeffereys gf aZ, 1988). Minisatellites are usually analysed by cutting 

genomic DNA with restriction enzymes, electrophoresis of fragments and then 

Southern hybridisation with a suitable probe (e.g. that of Jeffereys, 1985). The same 

probe may be effective in many different taxa (Avise, 1994 p80). This process results 

in a profile of 10-30 bands per individual (Parker gf aZ, 1998). Due to the polymorphic 

nature of minisatellites, such proOles are powerful tools for individual identification 

and parentage assignment. However their use in population genetics is somewhat 

limited because there is no way of determining which bands represent alleles at a 

particular locus, which is a requirement of many statistics. Another consideration is that 

proxies that result from runs on different gels may not be directly comparable. An 

alternative approach is to develop locus speciAc probes for minisatellites that would 

enable allelic states to be determined. However, as this method is labour intensive 

(involving library construction, sequencing of probes and sequential hybridisations), it 

is now considered much more feasible to use microsatellites (Parker gf aZ, 1998) which 

are described in detail below. 

1.2.3.4 Randomly Amplified Polymorphic DNA (RAPDs) 

Used originally by Williams gr aZ (1990), RAPDs are another class of marker which 

samples variation across the genome. In theory, they are relatively straightforward to 

use as they are based on the polymerase chain reaction. A single short primer (around 

10 bases) of random sequence is used; the advantage of this is that no lengthy primer 



Chapter 1 - General Introduction 

design stage is required for new taxa. The resulting amplification profile is then 

visualised by agarose gel electrophoresis. Variation between individuals will cause the 

gain or loss of a fragment, although heterozygotes may not be distinguished from 

homozygotes as most RAPD markers are not co-dominant (Parker, 1998). However, 

they have proved useful in aspects of molecular ecology such as paternity assignment 

(Hadrys gf aZ, 1993) and population structure (Jacobsen gf aZ, 1996). The m^or 

problem associated with RAPDs is a lack of reproducibility - PGR artefacts and 

contamination are common problems (Allender, MRes dissertation, University of 

Warwick, 1998). In addition, some studies have reported problems with reproducibility 

of profiles between (Jones gf aZ, 1997) and even within (McEwan gf aZ, 1998) 

laboratories. They should therefore be approached with caution when selecting 

appropriate markers for study. 

7.2.̂ ^ MZcrô yafgZZZfgf 

Microsatellites are regarded as one of the most powerful genetic markers currently 

available (Goldstein and Pollock, 1997; Jame and Lagoda, 1996). They are comprised 

of short segments of tandemly repeated DNA, the repeated unit being anywhere from 

one to six bases long. A microsatellite locus is usually under one hundred repeat units 

in length (Jame and Lagoda, 1996). Alleles at a particular locus will vary in the number 

of repeat units present; high levels of variability can often be found with as many as 40 

alleles occurring at a particular locus (Queller gf aZ, 1993). Variations in the number of 

repeat units mean that the microsatellite differs in length. Allelic differences can 

therefore be resolved using gel electrophoresis. Microsatellites also exhibit co-

dominance, which means that heterozygotes can be distinguished from homozygous 

individuals when scoring alleles. 

Microsatellites are found throughout the eukaryotic genome, although their distribution 

and frequency varies amongst different taxa (Lagercrantz gf aZ, 1993). Although they 

are located in both coding and non-coding areas of the genome, it is widely believed 

that microsatellite DNA is not expressed. This is due to its location outside of exons or 

because repeated regions appear to be spliced out during the transcription process. If 

microsatellite DNA is not expressed as protein, then it can be assumed to be selectively 

neutral, with no difference in selective advantage between alleles at a locus. However, 
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certain evidence has been accumulated to challenge this assumption, this will be 

discussed further below. 

The origin of such short repetitive sequences of DNA remains unclear. It has been 

suggested that microsatellites arise and mutate due to the 'slippage' of the polymerase 

enzyme during replication. This mechanism, which was demonstrated in vitro by 

Schlotterer and Tautz (1992), would cause the repeated sequence to grow by one or two 

repeat units per slippage event. However, other mechanisms such as gene conversion 

and unequal crossover may be responsible for rarer, larger scale changes in repeat 

number (Estoup and Angers, 1998). Whatever the mutation mechanism, microsatellites 

are known to have a relatively high mutation rate. In humans, it has been found that 1 x 

1 0 t o 1 X 10"̂  mutation events occur per locus, per generation (Weber and Wong, 

1993). This compares with estimates of point mutations in non-microsatellite sequences 

of around 1 x 10"̂  to 1 x 10"'° events per base per generation. Such a high mutation rate 

makes them ideal markers for studying recently diverged populations and species. 

Variation in DNA accrued between closely related groups may often not be revealed by 

molecular markers with a slower rate of mutation. 

1.2.4.1 Statistics for microsatellites 

In order to use data obtained from microsatellite DNA for the investigation of 

population attributes such as genetic structure, it is vital that an appropriate statistical 

method is used in the analysis. There are various statistical methods available in the 

literature that provide estimates of genetic distance between two populations. Some 

have been developed specifically for microsatellite data, whilst others were developed 

to analyse data from other molecular methods. It should be borne in mind that 

microsatellites have mutation patterns that are not shared by other molecular markers. 

These characteristics are especially pertinent when attempting to model the mutation 

and evolution of microsatellites. The Infinite Alleles Model (lAM, Kimura and Crow, 

1964) assumes that at a particular locus, any allele is capable of generating any other 

allelic state in a single mutation. However, it has been noted and demonstrated that 

microsatellite mutation frequently occurs as a result of slippage of the polymerase 

enzyme during DNA replication (Schlotterer and Tautz, 1992). This results in either the 

gain or the loss of a single repeat unit. Ohta and Kimura's (1973) Stepwise Mutation 
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Model (SMM) has been assumed to apply to microsatellites (Shriver gf a/, 1993; 

Valdes et al, 1993). In addition to the mechanism of mutation, the SMM also assumes 

that there is no upper limit to the number of repeats possible at a particular locus. 

In a recent review of genetic distance measures, Goldstein and Pollock (1997) noted 

that due to the different assumptions of these models, statistics based on one or the 

other perform very differently when applied to microsatellite data. A distance measure 

such as Nei's standard distance (based on the lAM) will perform in a non-linear and 

inaccurate manner when used to analyse data sets obtained from microsatellite DNA 

where the loci concerned mutate in a stepwise manner. Distance measures based on the 

SMM may therefore be more appropriate, and several have been developed for example 

(dp)^ (Goldstein ef oZ, 1995b). A Oxation index equivalent to PgT has also been 

developed which incorporates the SMM and is applicable to microsatellite data (Rgy, 

Slatkin, 1995). Other distance measures include ASD (Goldstein gf aZ, 1995), and 

Shriver ef aZ's Dgw- All three of these distance measures make use of size difference 

between alleles. Another group of distance statistics do not assume any particular 

evolutionary model to be true. These include Dc (Cavalli-Sforza and Edwards, 1967), 

DA (Nei gf aZ, 1983) and DAs, the allele sharing distance developed by Stephens ef aZ 

(1992). Other methods of obtaining distance measures have also been developed. Di 

Rienzo gf aZ (1994) found that a two stage mutational model based primarily on single 

step mutations, but which allows for larger scale changes in repeat number was 

successful at predicting allelic variation in human populations. Paektau gr aZ (1997) 

tested several distance measures on data sets from several Arctic bear populations. It 

was found that distance measures developed specifically for microsatellites were less 

informative than conventional distance measures at Gner scales. The authors suggested 

that this was due to the higher variance of microsatellite distance measures. However, 

at larger evolutionary scales, all distance measures performed poorly when used to 

analyse microsatellite data. The authors attributed this to uneven and constrained 

mutation of microsatellites. It is thus apparent that not all statistical treatments are 

applicable to all sets of loci, and the appropriate genetic distance statistic must be 

chosen based on the characteristics of the loci concerned and the evolutionary timescale 

under investigation. 



Chapter 1 - General Introduction 

1.2.4.2 Problems associated with microsatellites 

Although large numbers of studies have been published which use microsatellites, it 

has become apparent that current understanding of mutational processes and the 

development of suitable statistics limit interpretation of microsatellite data. For 

example Feldman et al (1997) discuss the statistical consequences of the fact that allele 

sizes have an upper and lower boundary. Several complications have also been reported 

in the literature that can affect the validity of analyses. 

Several authors have reported the phenomenon of size homoplasy. This occurs where 

alleles share the same size as determined by electrophoresis, but not the same sequence. 

It is possible to detect several alleles that are identical in size, but not identical by 

descent. Orti et al (1997) report such an occurrence in a CA repeat isolated from 

horseshoe crabs Variations in the flanking regions (a non repeat 

region) of the microsatellite were found to contribute to size alterations. The size of the 

allele was therefore a poor indicator of phylogenetic relationships between them. 

Angers and Bematchez (1997) reported similar findings for a microsatellite locus 

originally isolated from brook char 

In order to accurately reflect between and within population differences, the molecular 

markers used must be selectively neutral i.e. a particular allele at a particular locus does 

not confer any selective advantages. As discussed previously, this was assumed to be 

true for microsatellites since it was thought that they are not involved in gene 

expression. However Streelman gf aZ (1998) report that the sequence of a microsatellite 

flanking region shows similarity to RAS-specific guanine nucleotide releasing factor. 

This hints at a function for this particular locus. It is also known that large repeat 

numbers (e.g. trinucleotide repeats) at certain human loci are associated with various 

genetic disorders. 

Mutations in primer binding sites can cause the failure of a particular allele to amplify. 

Such occurrences are known as null alleles, and they can cause considerable difficulty 

when estimating the heterozygosity of a population, and also result in false exclusions 

in paternity testing. Individuals that are heterozygous for one amplifying allele and one 

null allele will be scored as homozygous. The molecular changes behind a null allele 
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found in the white sands pupGsh was described by Jones gf aZ 

(1998). In fact several alleles had been failing to amplify. Null alleles can be identified 

and assessed by sequencing and then redesigning the primers in order to obtain a 

successful PGR. 

The most frequently observed PGR artefact of microsatellites is stutter, where a number 

of PGR products are produced, each one repeat unit shorter than the preceding one. It is 

thought to arise by slippage of the polymerase enzyme during PGR, or by incorrect 

annealing of primers. It can be a problem if stutter products are present in the same 

quantity as the true alleles, or if stutter products are larger than the true allele. 

However, in most cases stutter forms an interpretable pattern that does not cause 

problems with allele identification. 

Other PGR artefacts that can cause problems are allelic dropout and the plus A activity 

of Taq polymerase. Allelic dropout is a consequence of the fact that shorter templates 

will always amplify much more effectively than longer ones. The longer allele of a 

heterozygote will always be visualised less intensely than the shorter. This was 

effectively demonstrated by Wattier gf aZ (1998) who created artificial heterozygotes by 

mixing two haploid DNA samples. They suggest that the correct PGR parameters need 

to be carefully determined to minimise this effect. Taq polymerase will sometimes add 

a non-templated A residue to the end of a PGR product. This can cause difGculties in 

sizing alleles, particularly if stutter is present as well. A series of PGR products are 

generated, each differing in size by only one base. This phenomenon has been 

extensively studied, and several suggestions of how to promote or prevent it have been 

published (Brownstein gf a/, 1996, Magnuson gfaZ, 1996). In practice, it is easier to 

promote plus A, and the most successful method appears to be the addition of a seven 

base tail to the reverse primer. Altering the thermal profile of the PGR can also help. 

1.2.4.3 Applications of microsatellites 

Microsatellites have been applied to a wide variety of ecological phenomena, and have 

also been used to examine evolutionary relationships. They appear to have been 

particularly useful for detecting genetic structure within populations. One application of 

this is the management of Osh populations. For example, the genetic structure of 

10 
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populations of species of Pacific salmon was assessed using microsatellites (Olsen et 

al, 1996; Wenburg et al, 1998 and Wenburg et al, 1996). Populations were found to be 

structured, even within a single river system, with obvious implications for 

environmental alterations to spawning areas and species conservation. 

The usefulness of relatedness estimates generated from microsatellite data was tested 

by Blouin er aZ (1996) who were able to distinguish between unrelated and full sib pairs 

of individuals with at least 97% accuracy. Half sibs and unrelated individuals could be 

distinguished in more than 80% of samples. The results indicated the usefulness of data 

obtained from microsatellites for examining relatedness in wild populations. Taylor et 

al (1997) used eight to nine microsatellite loci to determine relatedness amongst 

individual hairy nosed wombats (Z^worAmw.; ^^9%) occupying the same burrow. The 

molecular data was gathered in order to test the hypothesis that dispersal in this species 

is female biased and occurs after breeding. Microsatellite data were similarly used by 

Surridge gf aZ (1999) to examine the fine scale genetic structure present within a colony 

of wild rabbits (OrycfoZagw^ cwMfcwZw:;). The results indicated the operation of male 

biased dispersal since the relatedness of males within social groups and within the 

colony as a whole was lower than that of females. 

Microsatellites have also proved to be useful for certain types of phylogenetic 

reconstruction. Goldstein and Pollock (1997) note that there are several problems 

associated with the use of microsatellite data for phylogenetic purposes. Due to 

extraordinarily high mutation rates, over long periods of evolutionary time, 

microsatellite repeats can degrade, and often are no longer recognisable as being 

homologous with a putative ancestral state. Degradation of microsatellites may occur 

through interruption of the repeat region, which then acts to prevent further polymerase 

slippage. The repeat area can then be lost through substitutions and insertions/deletions 

over the course of evolutionary time (Taylor gf of, 1999). There also appears to be an 

upper limit to the number of repeats possible at a microsatellite locus, and it seems that 

alleles with high numbers of repeats mutate faster than those with lower numbers 

(Feldman gf aZ, 1997). Thus modelling the mutation and evolution of microsatellites is 

not straightforward. However, Rico gf aZ (1996) report that flanking regions of 

microsatellites were conserved between fish species, which diverged approximately 

470 million years ago. However, whether informative variation is still present after 

11 
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such a long period of time remains to be seen. Feldman et al (1997) suggested that for 

phylogenetic analyses, microsatellite loci should be chosen based on a relatively small 

mutation rate (to prevent complete degradation of the locus) and a large range in allele 

size. Microsatellites appear to be useful for reconstructing phylogenies of closely 

related species, or of groups which speciated in a very short period of time. The 

phylogeny of Darwin's finches of the Galapagos Islands has been reconstructed using 

allozyme and mitochondrial data. Petren et al (1999) utilised sixteen microsatellite loci 

to produce a phylogeny that was broadly consistent with the previous two. However, 

the microsatellite data revealed a deep division between two finch populations that had 

previously been placed in the same genus. The authors noted that this split was made 

apparent by the rapidly mutating nature of microsatellites, and that they were ideal 

markers for reconstructing the phylogeny of recently evolved, closely related taxa. 

The above references provide a few examples of the kinds of evolutionary and 

ecological questions which microsatellite DNA has been used to answer. They are 

versatile markers, which can be used at different genetic scales, from answering 

questions about the pedigree of an individual to looking at the evolutionary relationship 

between different taxa. The attributes of microsatellite DNA described above (co-

dominance, rapid mutation, high levels of polymorphism) make it an ideal tool to study 

relatively young, closely related groups of species. However, one should be aware of 

the potential problems (as discussed earlier) associated with this class of molecular 

marker. 

7.2.5 

First described by Vos gf aZ (1995), AFLPs involve the use of restriction enzymes and 

adapter molecules to provide annealing sites for PGR primers (see Figure 1.1). The 

name refers to the amplification of restriction fragment length polymorphisms, 

although fragments are scored on a presence/absence basis and not differences in size. 

In brief, genomic DNA is cut with two restriction enzymes, a rare cutter and one that 

cuts more frequently (for example Mfgl and Eco/^I). Adapters specific to each enzyme 

recognition site are ligated to each fragment. The sequence of these adapters, combined 

with the sequence of the restriction enzyme recognition site serve as a primer-binding 

site for PGR. Altering the last nucleotides at the 3̂  end of each primer may generate 
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different sets of fragments. Mutations in either the restriction sites or in the region to 

which the selective sequence of each primer binds will prevent amplification of a 

particular fragment. The final data are therefore in the form of band presence and 

absence information for each individual tested. These markers have the advantage of all 

PGR based markers in that they only require small amounts of template DNA but, in 

addition, no sequence information is required prior to typing. They therefore do not 

have the lengthy development phase associated with microsatellites (Mueller and 

Wolfenbarger, 1999). 

Genomic DNA 
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Figure 1.1. Schematic representation of the generation of AFLP markers. The enzyme specific 
adapters have a point base mutation compared to the enzyme recognition sequence. This ensures 
fragment/adapter ligations are not re-cut while fragments which ligate to one another are 
recleaved by the enzyme. Note that different combinations primers will amplify different subsets 
of fragments depending on the nucleotides present at the pre-selective (P) and selective (S) 
positions. 

AFLPs survey variation across the whole genome, and thus have been particularly well 

used in commercial species where genome and quantative trait loci mapping are 

desirable (for example oZgracea by Sebastian gf aZ, 2(X)0, OreocAromM 

by Kocher er aZ, 1998). Other applications include species and strain 
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identification in microbiology (Savelkoul gf aZ, 1999). The use of AFLPs in the study 

of population differentiation has also proved successful in both cultivated (e.g. 

sunflowers, C)uagliaro gf aZ 2001) and non- cultivated (e.g. Sharbel gf aZ, 

2000) species. However, there appear to be relatively few published studies regarding 

the use of AFLPs to investigate the population genetics or phylogenetics of animal 

species. AFLPs appear to be particularly applicable to the study of closely related 

species where surveys of genome wide variation would provide the best phylogenetic 

resolution. These have included investigation of genetic diversity and species 

boundaries within Hawaiian crickets (Parsons and Shaw, 2001) and intraspecific 

relationships within a snake species (Giannasi gf oZ, 2001). 

1.3 Speciadon Events 

There are several well-studied examples of contemporary taxa that have undergone 

m^or speciation events. Terrestrial examples include Darwin's finches (14 species, 

Petren gf aZ, 1999) and Hawaiian DrofopAZZa (800 species, Powell and Desalle, 1995). 

Examples of speciation events in lakes are Lake Baikal cottoid fishes (31 species, 

Sidelera, 2000), thiarid gastropods from Lake Tanganyika (70 species. West and 

Michel, 2000) and the cichlid Gsh of the African Great Lakes. The age, magnitude and 

biogeographical context of three well described speciation events are described in 

further detail below. 

The radiation of finches ('Darwin's Finches) on the Galapagos Islands is a particularly 

well-known and well-studied example of adaptive radiation. The Galapagos Islands are 

an archipelago of 19 islands located 960km west of the coast of Ecuador. Currently, 14 

species of finch are recognised (Petren gf aZ, 1999), and the radiation is thought to have 

occurred in less than three million years (Grant, 1993). The most notable feature of the 

radiation is that the variation in beak and body shape and size exhibited by the 

Galapagos finches is more characteristic of divergence between families of birds 

(Petren gf aZ, 1999). Molecular data do not indicate that any extreme bottleneck has 

taken place, suggesting that the effective breeding size of the founding population was 
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not smaller than 30 individuals (Vincek gf aZ, 1997). Although this study could not rule 

out the possibility of multiple colonisations, the authors felt that this was unlikely given 

the distance between the islands and the mainland. The finch radiation appears to be 

monophyletic as supported by the microsatellite phylogeny of Petren gf aZ (1999). 

Hybridisation between certain finch species is known to occur in the wild (Grant, 

1993). However, the level of gene flow between species is not enough to blur 

phylogenetic relationships within the group; hybridising populations do not form 

phylogenetic clusters as they remain genetically closer to conspeciGcs rather than the 

sympatric heterospecifics with which they occasionally interbreed (Petren et al, 1999). 

7. J.2 

An example of lacustrine speciation may be seen in Lake Baikal. Located in a rift 

valley in Siberia, it is one of the oldest and deepest lakes in the world. The age of the 

lake is estimated to be 20Myrs (Martens, 1997). It has a maximal depth of around 

16(X)m, and 80% of its surface area has a depth of greater than 250m. Unusually, the 

deeper layers of the lake are relatively well oxygenated which has allowed a diverse 

abyssal fauna to develop (Weiss gf aZ, 1991). Of the 1825 species present, 54% are 

endemic (Martens, 1997). There are 52 species and subspecies of Ash native to Lake 

Baikal (Sideleva, 2000). Thirty-one of these taxa belong to a single sub-order, the 

Cottoidei, and these fish occur at all depth habitats within the lake. The age of the 

radiation has been estimated to be 4.9Myrs based on sequence data from the rodopsin 

gene (Hunt et al, 1997). The same study also indicated the monophyletic nature of the 

Baikal cottoids - speciation must have occurred solely within the lake. Hunt gf aZ 

(1997) suggest that adaptation to different depth habitats within the lake could have 

been one of the causal mechanisms of this radiation. 

7..?. J jYaw/anaM Cnc^gfj' 

The crickets (family Gryllidae) of the Hawaiian archipelago provide an example of an 

invertebrate species-rich radiation. Members of this radiation are flightless, with 

retention of the forewings as sound producing organs (Shaw, 1996). The radiation is 

thought to be approximately 2.5Myrs old and comprises 206-210 species (Otte, 1989). 

Most species are endemic to only a single island, although genera have an archipelago-
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wide distribution (Shaw, 1996). Sympatric species may be morphologically very 

similar and only distinguishable by the male song type (Otte, 1989). Species boundaries 

based on song phenotype are supported by an AFLP based phylogenetic study (Parsons 

and Shaw, 2001). Speciation in this group is thought to have occurred in an intra-island 

manner; the geology of the islands (volcanoes and high rocky ridges) acts to reduce 

gene flow between populations, and linear valleys and lava tubes increase the 

magnitude of isolation by distance. 

1.4 Speciation in the African Great Lakes 

It appears that islands and lakes provide the necessary biogeographical environment in 

which large-scale speciation events may occur (Martens, 1997). Endemic fauna 

radiations in ancient lakes have provided vital clues about the evolutionary mechanisms 

causing and maintaining species divergence. The African Great Lakes (Figure 1.2) 

contain several species rich groups both vertebrate and invertebrate. The cichlid fish of 

lakes Malawi, Tanganyika and Victoria, provide an astounding example of explosive 

speciation. From data provided in Table 1.1, one can immediately see that hundreds of 

species of cichlids are present in each lake. The species flocks of Lake Malawi and 

Lake Victoria were thought to have arisen from a single ancestral lineage (Meyer gf aZ, 

1990). However recent studies have suggested that while part of the Lake Victoria 

flock is monophyletic and evolved within the Lake basin, other clades within the flock 

probably arose elsewhere in the region (Booton gf aZ, 1999; Nagl gfoZ, 2000). Despite 

this, the question that must be asked, therefore, is how has such a large number of 

species arisen in such a short period of evolutionary time? Owen gf aZ (1990) note that 

endemic colour forms are present in the south east arm of Lake Malawi; an area that 

they suggest was dry as little as 250 years ago. The fact that the colour morphs 

concerned are not found anywhere else in the lake suggests that they must have 

diverged from other morphs after the lake level rose. 

There has been much speculation over the predominant evolutionary mechanism of the 

cichlid radiation. A suggestion that the species richness of Lake Malawi was the result 

of multiple colonisations was refuted by studies of mitochondrial DNA (Meyer gf aZ, 

1990; Meyer, 1993, see Figure 1.3), which found the Malawi radiation to be 
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monophyletic and to have diverged from the ancestral lineage as recently as 700,000 

years ago. Suggestions that species evolved in lagoons around the periphery of the lake 

(the 'Lake Nabugabo scenario - see Greenwood, 1965, cited in Turner, 1999) have also 

provided much debate. However, this scenario may not be applicable to all the lakes as 

Owen et al (1990) point out that the physical characteristics and water level 

fluctuations of Lake Malawi mean that peripheral lagoons do not exist for a long 

enough period of time to be of evolutionary significance. Water levels in all the Great 

Lakes have fluctuated, sometimes drastically, in the course of their history. 

Investigations of these changes rely on the examination and radiocarbon dating of 

sediment cores from various parts of a lake, but sedimentation rates may not be 

constant and radiocarbon dating is always associated with some degree of error 

(Kornfield and Smith, 2000). The magnitude and timing of all lake level fluctuations 

may therefore never be determined with certainty. In general, there appears to have 

been a major low stand (600m lower than present) of Lake Tanganyika approximately 

200,000 years ago, and three more recent low stands of 160-300m (reviewed in 

Kornfield and Smith, 2000). The geology of the Tanganyikan basin means that major 

drops in water level effectively split the lake into a number of smaller basins, and these 

events may explain the current distribution of mitochondrial DNA haplotypes of some 

of the cichlids present (Sturmbauer gf aZ, 2001). Lake Malawi also underwent a 400m 

decrease in level 18,000 to 10,700 year ago (reviewed in Sturmbauer gf aZ, 2001). 

Owen gf a/ suggest that the southern end of Lake Malawi was dry approximately 200 

years ago. This means that several endemic cichlid colour morphs must have diverged 

since the lake rose. There appears to have been a m^or drop in the level of Lake 

Victoria 17,000 to 15,000 years ago (Johnson gr aZ, 1996). Some authors maintain this 

event entailed complete desiccation of the lake and surrounding region and go on to 

suggest that the 2(X) or so species of cichlids currently or recently occupying the lake 

must have evolved since then (for example Nagl gf aZ, 20(X)). This hypothesis is 

controversial as some authors have insisted some pools must have remained in the 

region and acted as refuges, as Lake Victoria contains a number of non-cichlid 

endemics, and it would be surprising to some if these groups had also undergone such 

rapid speciation and evolution (Fryer, 2001; Komfield and Smith, 2000). However, 

lake level fluctuations undoubtedly provide the potential for divergence by isolating 

and then mixing populations. A study of the mtDNA control region in various species 

of cichlids from each of the three Great Lakes found identical haplotypes in populations 
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currently separated by large geographic distances, which indicated that these 

populations had been in contact relatively recently (Sturmbauer et al, 2001). 

Some authors have pointed out that cichlids possess a 'key innovation' in the form of a 

set of pharyngeal jaws which would allow flexibility in food intake (e.g. Greenwood, 

1984). It is argued that these jaws have allowed diversification in diet, and have thus 

been responsible for the three adaptive radiations of cichlids seen today in the Great 

Lakes. However, as Turner (1999) points out, cichlids are not the only group of fish 

possessing pharyngeal jaws, and also not all groups of cichlids have speciated so 

profusely. There is a high level of diversity within the East African cichlids in feeding 

mode, ranging from grazing and plankton feeding to scale biting and paedopahgy 

(Meyer ef aZ, 1990). In a recent phylogenetic study, Albertson gf aZ (1999) suggest that 

divergence in feeding mechanism played an important early role in divergence within 

one of the clades of Lake Malawi cichlids, but other factors must be responsible for 

recent and ongoing speciation within the group. 

The magnitude and diversity of the species radiations in all three lakes mean that in 

order to understand the evolutionary forces at work it is necessary to focus on model 

taxa. One particularly well-studied group of Malawi cichlids is the mbuna. The mbuna 

are a group of Osh occupying the rocky shore habitat. They generally feed on the 

encrustations of algae and small animals contained within them (collectively termed 

'Aufwuchs') present on the surface of the substrate, although some feed on plankton in 

the water column (Ribbink gf oZ, 1983). The mbuna clade exhibits a high degree of 

sexual dichromatism, males having bright breeding colours and females usually being 

more cryptic. Male mbuna are highly territorial and females visit male territories in 

order to spawn. Like all Malawi cichlids, the mbuna are maternal mouthbrooders (there 

is no larval dispersal phase in the life history of these fish). All of these factors, 

combined with a lack of ability to equilibrate to changes in depth, contribute to the 

generally poor dispersal ability of this group (Ribbink gf aZ, 1983). This lack of 

dispersal ability has led various authors to suggest that mbuna populations occupying a 

particular rocky habitat patch may be effectively isolated from neighbouring patches, 

due to the apparent inability of the fish to cross deep channels or areas of sandy 
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substrate (Fryer and lies, 1972; Ribbink et al, 1983). Mbuna male breeding colours 

vary between geographic regions (Ribbink et al, 1983). Often, there is no discernible 

morphological variation between geographic races (or 'colour morphs'), only 

differences in the colour patterns of male breeding dress. The wealth of mbuna 

variation in colour pattern led 

Figure 1.2 Satellite map of East Africa showing the relative locations and sizes of the Great Lakes. 
A - Lake Victoria, B- Lake Tanganyika, C - Lake Malawi. Graphic image courtesy of esri.com 
(reproduced with permission). 

'i 

f.. • 

Table 1.1. Comparison of the physical size and magnitude of the cichlid radiation for the three 
Great Lakes. Age, depth and surface area data from Martens (1997), number of cichlid species 
from Turner (1999), age of radiation from Meyer (1993) 

Lake Age (MY) Max Depth Surface Number of cichlid Age of Radiation 
(m) Area (km^) species (MY) 

Victoria 0.5-1 80 70,000 250-500 0.2 
Malawi 4-9 800 30,800 600-1000 0.7-1 
Tanganyika 9-12 1470 32,600 170-200 4-9 
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Ribbink gf aZ (1983) to classic populations that differed in male colour pattern as 

different species. Whilst the study of Ribbink et al (1983) did not provide formal 

descriptions of these newly classified species, it introduced a system of nomenclature 

that combined formal taxonomic names with anglicized colour and location descriptors. 

The ecology of the mbuna, together with the ease of observation and sampling by 

SCUBA, have resulted in mbuna species being used to test many hypotheses regarding 

evolutionary mechanisms in Lake Malawi. It should be noted that similar groups of 

cichlids also occupy the rocky littoral habitat of Lake Victoria and Tanganyika and 

have also been the object of evolutionary studies, although currently fewer in number. 

The existence of such strong geographical population structuring has led to the 

suggestion that speciation in allopatry was, and is, an important force in the explosive 

speciation of Malawi cichlids. Genetic drift and differing selective pressures between 

habitat patches could result in reproductive isolation, so that even if dispersal became 

possible between the two populations, interbreeding would be prevented. Genetic 

population subdivision of four species of mbuna was measured directly by van Oppen 

gr aZ (1997). It was found that populations separated by 700-1400m were genetically 

distinct from one another, which indicated restricted migration. This unusually One 

scale structuring, if present throughout the lake, provides an enormous opportunity for 

allopatric speciation. Similar studies on other mbuna species in different areas of the 

lake also found significant genetic differences between populations, although there 

appeared to be no barriers to gene flow within habitat patches (Amegard gf aZ, 1999; 

Danley gf aZ, 2001, Markert gf aZ, 1999). 

The question of what constitutes an mbuna species is still open to debate. McKaye gf aZ 

(1984) demonstrated significant differences in electromorph (allozyme) frequencies 

between different colour morphs of the mbuna species MgfriacZima zg^m. Using 

microsatellites, it has been demonstrated that otherwise morphologically similar colour 

morphs do not interbreed in the wild (van Oppen gf aZ, 1998) and in the laboratory 

(Knight gf aZ, 1998). Ribbink gf oZ (1983) treated each colour variant as a separate 

species, although many have yet to be formally described as such. However, it is 

known that certain of the mbuna will hybridise, especially when provided with no 

choice under laboratory conditions (e.g. Crapon de Caprona and Fritzsch, 1984; 

Albertson and Kocher, 2001; Knight gf aZ, 1998). It is possible for populations to 
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diverge in male colour but not sufficiently to become reproductively isolated as 

Amegard gf a/ (1999) suggest in their study of the mbuna species 

and as also suggested by Magurran (2000) in a review of research on 

Trinidadian guppies. An important isolating mechanism among the mbuna appears to 

be sexual selection - female preference for certain male traits e.g. colour patterns or 

long trailing fins. Knight et al (1998) demonstrated that under laboratory conditions, 

females of three mbuna species MgfnacZf/Ma M. species 'gold' and M. 

mate assortatively. Assortative mating was determined by paternity 

assessment of offspring using microsatellites. In contrast, males of some mbuna species 

were unable to distinguish between conspecific and heterospeciflc females using vision 

alone (Knight and Turner, 1999) suggesting that female discrimination may be an 

important factor in reproductive isolation. Another study by Taylor gf aZ (1998) 

indicated that female , a non-mbuna sand bower building 

species complex, choose males with reduced parasite loads and there was a correlation 

between parasite load and bower asymmetry. Studies such as these demonstrate the 

potential for sexual selection, which has been put forward as an isolating mechanism 

during sympatric speciation. Sexual selection has been postulated as causing 

divergence through random co-evolution of female preferences for male traits (e.g. 

Lande, 1981) and this may explain why populations diverge rapidly in male colour but 

not in other traits (Deutsch, 1997). 

The occurrence of sympatric speciation remains controversial (see Futuyama, 1986), 

but is becoming more widely accepted (Via, 2001). Schliewen gf oZ (1994 and 2(X)1) 

reported strong evidence for the occurrence of sympatric speciation in West African 

crater lakes based on correlations of genetic and ecological divergence. A similar study 

on a Neotropical cichlid species found in Nicaraguan lakes by Wilson gf aZ (2000) 

found evidence for sympatric genetic divergence with colour polymorphism. 

Sympatric speciation was invoked as an explanation of diversity within a pelagic 

cichlid genus from Lake Malawi by Shaw gf aZ (20(X)) because of a lack of physical 

divisions within the habitat. Simulation modelling has allowed investigation of the 

biological conditions under which sympatric speciation may occur. The model of 

Turner and Burrows (1995) found sympatric speciation could occur due to reversal of 

female preference within small populations under particular selection regimes. Other 

models have considered the conditions necessary for reproductive isolation due to the 
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genetic architecture of loci coding for both reproductive and ecological characters 

(Dieckmann and Doebeli, 1999; Kondrashov and Kondrashov, 1999). Seehausen et al 

(1999) also provide evidence for the occurrence of both sympatric and allopatric 

speciation by examining male breeding colour polymorphisms in closely related 

cichlids from Lake Victoria, and investigating the numbers of polymorphisms that 

occurred in sympatric or allopatric species. Although mbuna are thought to be poor 

dispersers, genetic studies have revealed low-level migration between populations (for 

example van Oppen et al, 1997). If migration of females with different mate 

preferences (for example colour pattern) occurs between populations, then divergence 

between them might be arrested. On the other hand, males dispersing into populations 

with different female preferences would have little reproductive success as they are 

competing with local males that display more desirable coloration. Knight gf aZ (1999) 

investigated dispersal on a local scale in two mbuna species, and found that males 

appeared to disperse further than females. This pattern of male biased dispersal would 

allow disruptive sexual selection, such as that modelled by Turner and Burrows (1995). 

Other, more general models of the evolution of cichlids in Lake Malawi have been 

proposed. Sturmbauer (1998) described a multi-stage model, with different mechanisms 

acting to cause divergence at different times. This model was based on observations of 

similar groups (ecotypes) of cichlids in several of the lakes in the Rift Valley. The first 

stage consists of sympatric speciation followed shortly after by rapid diversification in 

ecology and morphology. The second stage represents preliminary allopatric 

diversification due to a lack of dispersal ability. The third stage (secondary allopatric 

diversification) consists of cycles of population contact and re-isolation (possibly due 

to lake level fluctuations), causing hybridisation and ecological niche shifts due to 

competition. The fourth stage describes further allopatric divergence and an approach 

to evolutionary stasis. A similar model based on the mbuna but applicable to flocks 

within other lakes was suggested by Danley and Kocher (2001) in which cladogenesis 

occurred in three main stages. The first stage was characterised by ecological 

diversification and resulted in two m^or clades, the sand dwellers and the mbuna. The 

second stage consisted mainly of trophic diversification and is proposed to have 

resulted in the groups now classiOed as mbuna genera (these genera are currently 

classified according to tooth and body morphology). Danley and Kocher (2001) 

proposed that the final stage of cladogenesis is driven by divergent sexual selection on 
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male breeding colour, as within each genus species are distinguishable on the basis of 

male colour pattern. 

7.4.2 /MvgjfzgaAMg fAg evoZwfzoMary Afffory 

In order to determine the mechanisms responsible for generating such a wealth of 

species, it is first necessary to reconstruct the evolutionary history of the taxa within 

each lake. While plausible global and regional (Figure 1.4) cichlid phylogenies have 

been estimated, the rapidity of intra-lake divergence together with instances of 

convergent evolution mean that suitable molecular or morphometric markers have been 

lacking (Komfield and Smith, 2000). This has hindered work on determining critical 

evolutionary mechanisms. Various molecular markers have been used to reconstruct the 

phylogeny of the cichlids of Eastern Africa, and that of the Malawi radiation. A 

phylogeny of the family Cichlidae, including groups from India, Africa and South 

America was produced by Streelman gf a/ (1998) who used a single copy nuclear 

marker as well as a microsatellite locus. 

The evolutionary relationships between African cichlids, including lacustrine and 

riverine species from Eastern and Western Africa were at least partially revealed by 

Mayer gf aZ (1998, Figure 1.4). The data for the phylogeny were obtained by 

sequencing an anonymous nuclear marker, and also the control and cytochrome b 

region of mitochondrial DNA. It was shown that the Tanganyikan flock is well 

differentiated from the Victoria and Malawi flocks, and the notion of the monophyledc 

origin of the Lake Victoria regional superflock was also well supported. However, it 

was not immediately apparent whether the Malawi flock is part of the Victoria 

superflock or evolutionarily separate. In a much-cited piece of research, Meyer gf aZ 

(1990, see also Meyer, 1993) investigated evolutionary relationships between the three 

species flocks. Monophyly of all three flocks was determined using several mtDNA 

genes (Figure 1.3). Meyer gf aZ discounted a polyphyletic origin of the Tanganyikan 

species flock because Lake Tanganyika appears to be older than the main lineages of 

cichlids within it. However finding a molecular marker that provides enough resolution 

to characterise all levels of intra-lake relationships has proved a problem; Meyer (1993) 

notes that no variation was present in 363bp of the cytochrome b gene and only 2-3 

substitutions are present in 440bp of the mitochondrial control region of cichlids from 
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Lake Victoria. Other studies used RFLP (Moran and Kornfield, 1993 and 1995) and 

sequencing (Bowers et al, 1994) of mitochondrial DNA for analysis of phylogenetic 

and population divergence within the mbuna clade of Lake Malawi. Assessment of 

phylogenetic relationships among mbuna species were confounded by incomplete 

lineage sorting and the presence of shared ancestral polymorphisms by Moran and 

Kornfield (1993) who suggested that multiple independent marker loci would be 

required for this purpose. Recently the development of a new class of molecular 

markers (AFLPs, see Chapter 6) allowed Albertson et al (1999) to determine the 

evolutionary history of certain members of the mbuna clade of Lake Malawi (Figure 

1.5). This technique allows genetic variation to be sampled from many points across the 

genome and bypasses the problems of low variability in single genes. The authors 

compared jaw morphology to the resulting groupings, and found that similar 

morphologies were clustered. However, the genera included in this study were 

separated by only extremely short branch lengths, this indicating extremely rapid 

divergence or a lack of phylogenetic resolution. A lack of resolution was discounted as 

both deeper and more recent divergences were recovered from the data. Nonetheless, 

AFLPs seem be a suitable marker for studying intra-lake and even intra-clade 

divergences, and it is possible that evolutionary relationships between members of the 

closely related mbuna group may be resolved using this technique. 

The taxonomy of part of the genus f was revised by Stauffer gf aZ 

(1997). The species complex f . (MayZamfZa) was promoted to genus status and 

renamed MgfnacZfma. This has caused controversy as some authorities feel that 

MgfnacZZ/Ma is a junior synonym of (i.e. the generic name should be 

MayZoM f̂Za). In addition, some authors now refer to f . (MoyZo/ẑ ZZaj as f . (MefnacZZ/Ma). 

This thesis follows the nomenclature of Stauffer ef aZ (1997) by using MgfrfacZZma as a 

generic name. Members of the species complex referred to as f . (TropAgop.;) are 

referred to under the generic name of TropAgopf following Konings (2001). 
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Figure 1.3. Phylogenetic tree based on mtDNA data redrawn from Meyer (1993). Shaded boxes are 
presumed monophyletic clades. The main clades of Lake Malawi are indicated in grey. 
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Figure 1.4. Phylogenedc relationships of African cichlids based on cytochrome b 
sequences. It can be seen that some nodes are not resolved, and others have low levels of 
bootstrap support. Haplochromine A and B represents the sand dwellers and the mbuna 
respectively and Haplochromine C represents a clade of species from Lake Victoria. 
Redrawn from Mayer gf aZ (1998) with permission. 
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profile. Populations cluster into genera with high bootstrap support. Reproduced with 
permission, original figure © 1999 National Academy of Sciences of the USA. 
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It is p r o b a b l e tha t a n u m b e r of spec i a t i on m e c h a n i s m s h a v e o p e r a t e d in L a k e s M a l a w i , 

T a n g a n y i k a a n d Vic to r ia , a n d i n d e e d m a y still b e c a u s i n g d i v e r g e n c e of popu l a t i ons . 

Mic rosa t e l l i t e s in pa r t i cu la r h a v e p r o v e d to b e ve ry u s e f u l i n a sce r t a in ing m a t i n g 

s y s t e m s a n d d i spe r sa l pa t t e rns . T o g e t h e r w i th c o n v e n t i o n a l f i e l d and l a b o r a t o r y 

t e c h n i q u e s , as we l l as n e w e r m o l e c u l a r m e t h o d s such as A F L P , mic rosa te l l i t e s shou ld 

b e ab le to a d d f u r t h e r de ta i l to t he p i c t u r e of c ich l id e v o l u t i o n in t he A f r i c a n Grea t 

Lakes. 

1.5 Aims and Scope of Thesis 

This study aims to further the use of molecular markers in the study of speciation in 

African cichlid fish. As discussed above, female mate choice may be an important 

factor in initiating and maintaining divergence between populations. Highly 

polymorphic microsatellite DNA has proved to be a useful marker to use in studies of 

mate choice, and is applied here to two investigations testing whether females can 

discriminate between differently coloured males belonging to sympatric and allopatric 

populations. Polymorphic microsatellites can also be used to provide a statistical 

estimate of the level of relatedness between two individuals (this has already been used 

to demonstrate the occurrence of male biased dispersal in an mbuna species by Knight 

gf aZ, 1999), and the number of loci required for the calculation of a relatedness statistic 

is assessed. Robust phylogenies of the mbuna clade have proved difficult to obtain, and 

this has prevented hypothesis testing regarding evolutionary patterns in this group. This 

problem is addressed using two different classes of molecular markers, microsatellites 

and AFLPs. 
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2 Improving Microsatellite Based Estimates of Relatedness 

2.1 Introduction 

Knowledge of the levels of relatedness between pairs or groups of individuals is 

i m p o r t a n t as it a l l o w s f o r t he t es t ing of h y p o t h e s e s r e g a r d i n g e c o l o g i c a l a n d 

b e h a v i o u r a l p a r a m e t e r s . H a m i l t o n (1964) s ign i f i can t ly c l a r i f i e d t he i m p o r t a n c e of the 

r e l a t edness of t w o in t e rac t ing ind iv idua l s , pa r t i cu la r ly w h e n a l t ru i s t ic b e h a v i o u r is 

i nvo lved . R e l a t e d n e s s c a n b e ca lcu la t ed d i rec t ly u s ing p e d i g r e e s w h e r e p a r e n t a g e is 

known. However, this method is generally only applicable to captive or heavily 

m o n i t o r e d p o p u l a t i o n s . R e l i a b l e ped ig ree s are d i f f i cu l t to o b t a i n in p r e v i o u s l y 

unstudied populations and also when multiple matings occur. The advent of DNA 

markers has allowed relatedness to be assessed indirectly on the basis of genetic 

similarity. Microsatellites have proved particularly useful in this respect due to their co-

dominant nature and generally high levels of polymorphism (Queller gf aZ, 1993). 

Relatedness estimates can be used to examine social and breeding structure among 

group-living animals. For example Smith gf aZ (1997) used relatedness estimates to 

assess kinship among reproductive members of grey wolf (Ca»;^ Zwpwf) packs, and 

hence to estimate potential levels of inbreeding. Reproductive success of male grey 

seals (Ha/ic/zogA-Wiy grypw^) was investigated by Worthington Wihner gf aZ (2000) who 

looked at kinship relationships of seal pups in a single breeding location. Relatedness 

estimates can also provide information on other aspects of the behavioural ecology of a 

species such as dispersal. One would expect to find clusters of individuals showing 

higher relatedness than the population average if those individuals do not generally 

disperse away from their natal area. If neither sex disperses then obviously the potential 

for inbreeding increases greatly. However, many species exhibit sex-biased dispersal, 

with either females or males more likely to move away from their natal area. Again, 

this can be demonstrated by finding higher than average clusters of relatedness in one 

sex but not in the other. This kind of dispersal has the obvious potential for the 

reduction of inbreeding within a population (Chesser, 1991). Sex-biased dispersal has 

been demonstrated through relatedness statistics in European wild rabbits (Surridge gr 
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al, 1999) , t he no r the r n ha i ry n o s e d w o m b a t (Tay lo r et al, 1997) , red g r o u s e (P ie r tney et 

aZ, 1999) and Lake Malawi cichlids (Knight gf a/, 1999). 

The conclusions of studies based on statistics of relatedness rely on obtaining valid 

estimates. However, relatedness estimators are often associated with a high level of 

va r i ance . It is a c k n o w l e d g e d tha t o n e of t he m e t h o d s of r e d u c i n g th i s v a r i a n c e is to u s e 

a higher number of loci in calculations (van de Casteele gf aZ, 2001; Lynch and Ritland, 

1999) . B r o o k f i e l d a n d P a r k i n ( 1 9 9 3 ) s u g g e s t e d tha t an u n f e a s i b l y l a rge n u m b e r of 

u n l i n k e d loc i w o u l d b e n e e d e d to accura t e ly d i s c r imina t e b e t w e e n a n y t h i n g o the r than 

first order relatives (for example cousins and unrelated individuals). However, many 

questions involving relatedness do not require such discrimination. Blouin gf aZ (1996) 

w e r e ab le t o d i s t ingu i sh b e t w e e n pa i r s of f u l l s ib l ings and u n r e l a t e d i nd iv idua l s wi th 

97% accuracy, based on 20 microsatellite loci. They also discovered that the number 

and heterozygosity of the loci used had a noticeable effect on the number of 

misclassifications; more loci of lower variability were required to achieve the same 

level of discrimination. 

A brief survey of microsatellite based relatedness studies revealed variability in the 

numbers of loci employed (Table 2.1). Total numbers of loci used ranged from four to 

twenty. This probably reflects both the nature of the problem addressed and the number 

and type of loci available for the organism of interest. However, it is often not possible 

or desirable to type large numbers of individuals at many loci. Indeed, it would be 

extremely useful to know the minimum number of loci required for investigations of 

relatedness in advance, in order to minimise the cost and time associated with 

molecular analyses. An unequivocal method of testing the accuracy of relatedness 

statistics is to calculate them for known relatives. This study aims to use a set of known 

relatives to determine the effect of employing more loci on Queller and Goodnight's 

(1989) estimate of Hamilton's R. This estimator is currently the most commonly used 

for studies of relatedness with 193 citations since 1996 (Web of Science Citation 

Database search). In a wider context, this study also aimed to test and optimise five 

extra loci for future investigations on Malawi cichlids. 
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Table 2.1. Numbers of loci employed by recently published microsatellite based relatedness studies. 
The mean number of loci employed ranges from 10.9 to 12.0 as some studies utilised varying 
numbers of loci. 

Authors Species No. Loci 
used 

Surr idge et al (1999) 

Worthington Wilmer gf aZ 
(2000) 
Piertney gf aZ (1999) 

Smith gf oZ (1997) 
Taylor gf aZ (1997) 
Favre gf aZ (1997) 
Blouin et al (1996) 

Kays gf aZ (2000) 
Pouyard gf aZ (1999) 

Oryctolagus cuniculus 10 
HaZZcZzognt; 9 

Zago/?Mf 12-17 

Canis lupus 20 
Lasiorhinus krejftii 8-9 

riw^aZa 4 or 8 
Mwf mMfCMZwj 20 

f 11 

^arofAgro(fo» 4 
mgZanofAgroM 

2.2 Methodology 

2.2.7 

Three broods of two species of Malawi cichlids were available for typing, one of 

MgfnacZZma caZZaZwoj', and two of the closely related, sympatric M. zg6ra. The same 

male sired both M zebra broods, but the mothers were unre la ted . Genet ic samples f r o m 

adults were obtained in the form of clips from the soft-rayed posterior portion of the 

dorsal fin. DNA from the offspring was extracted from whole eggs or On clips from fry. 

All genetic samples were preserved in DMSO buffer (Seutin gf aZ, 1991) prior to 

extraction. DNA was extracted by a proteinase K/chloroform protocol (Rico gf aZ, 

1992). Briefly, the entire egg/larva or half the fin clip was washed in Millipore water 

and placed in 600 |il SE buffer (2% SDS, 25mM EDTA, 75 mM NaCl). 20 |il lOmg/ml 

proteinase K was added and the mixture was incubated for 2 hours at 50-53°C in a 

water bath. After incubation, 290 |il 5M NaCl and 1 ml chloroform was added and the 

samples were thoroughly mixed for 15 minutes on a rotor. Samples were then 

centrifuged at 12000 rpm for 15 minutes using an Eppendorf 5102 benchtop 

microcentrifuge. The aqueous phase was removed and place in a clean tube and 1 ml of 
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i ce -co ld i s o p r o p a n o l w a s added . S a m p l e s w e r e then lef t o v e r n i g h t in a - 2 0 ° C f r eeze r . 

T h e D N A w a s then pe l l e t ed b y c e n t r i f u g a t i o n f o r 15 m i n u t e s at 12000 r p m . T h e 

r e su l t i ng pe l l e t s w e r e w a s h e d t w i c e b y i ce -co ld 7 0 % e t h a n o l a n d lef t to air d ry . Pe l le t s 

were then resuspended in 200 p,l (fin clips and larvae) or 100 p,! (eggs) Tris-HCl buffer 

(10^iM,pH9.0). 

2 .2 .2 f CR 

T h e 11 loci c h o s e n w e r e p o l y m o r p h i c d inuc l eo t ide repea t s ( T a b l e 2.2) . N o t all loci 

w e r e o r ig ina l ly i so la ted f r o m the spec ies u n d e r inves t iga t ion . T w o w e r e o r ig ina l ly 

i so la ted f r o m Oreochromis niloticus ( U N H 1 0 6 and U N H 1 3 0 ) , e igh t from M. zebra 

(Pzebl-5, UNH002, UME003 and DXTUCA-3) and one from moonz 

(TmoMl 1). Typing at the first six loci (Pzebl-5 and UNH002) had already been carried 

ou t ( K n i g h t et al, 1998). P G R c o n d i t i o n s w e r e s imi la r f o r a l l f i v e of t he r e m a i n i n g loci 

typed in this study. Reactions were carried out in 11 pL volumes containing 

approximately 9.9ng of each primer, 20|Lim each dNTP, 1.1 |nM magnesium chloride, 

0.2 p-g BS A and 0.05 units Thermoprime plus polymerase (Abgene). DNA extract was 

used undiluted or diluted 1 in 10. A Hybaid Touchdown thermal cycler was used to 

carry out the following: 5 minutes at 94°C followed by five cycles of 94°C (45s), 58°C 

(45s) and 72°C (30s), then 30 cycles of 9 r C (30s), 56°C (30s) and 72°C (20s). For 

locus UNH106, annealing temperatures were reduced to 53 and 51°C respectively. 

Forward primers were labelled at 5̂  with FAM, TET or HEX to enable sizing by an 

ABI377 (Applied Biosystems), a semi-automated sequencer. PCR products were 

diluted 1 in 5 or 1 in 10 depending on their relative concentrations as determined by 

agarose gel electrophoresis, and products tagged with different dye labels were mixed 

together for loading onto the sequencer. 0.5 pi of the diluted product mix was combined 

with 0.25 pi size standard (Genescan 350-TAMRA), 1.08 pi deionised fbrmamide and 

0.17 pi loading dye. This loading mix was then denatured at 90°C for 2 min and kept on 

ice until loading. Samples were run on a 36 cm well-to-read denaturing polyacrylamide 

gel (5.0 % GenePAGE Plus gel mix, 6 M urea) on an ABI 377 sequencer (Applied 

Biosystems) for 2 hours at the default electrophoresis parameters (3000V, 60mA, 

200W at 51°C). After electrophoresis, fragments were sized and analysed using the 

GeneScan software package (Applied Biosystems). 

41 



Chapter 2 - Improving Relatedness Estimates 

2.2. j 

2.2.3.1 Linkage 

T h e poss ib i l i t y of l i nkage b e t w e e n t he 11 loci w a s a s ses sed u s i n g t he g e n o t y p i c l i nkage 

d i s e q u i l i b r i u m tes t in the s o f t w a r e p a c k a g e G e n e p o p v3 .3 ( R a y m o n d and R o u s s e t , 

1995). M a r k o v c h a i n p a r a m e t e r s w e r e set as 1000 d e m e m o r i s a t i o n s teps w i t h 1000 

ba t ches of 1 0 0 0 0 i te ra t ions pe r ba tch . 

2.2.3.2 Pairwise Relatedness 

Queller and Goodnight's (1989) R statistic (Equation 1) was calculated for each pair of 

individuals within the M. broods (n = 18) and the M ca/Zamoj' brood (n = 5) 

using Kinship 1.2 (see Goodnight and Queller, 1999). Only those individuals that 

amplified at all loci were included. Pairwise relatedness values were sorted into four 

categories depending on the pedigree relationship of the individuals involved (full sibs, 

parent/offspring, half sibs and unrelated individuals). Pairwise relatedness was 

calculated using different groups of loci with varying average heterozygosity (Table 

2.2) . T h e d e v i a t i o n of the R va lues f r o m the e x p e c t e d t h e o r e t i c a l va lues (0 .5 f o r fu l l 

sibs and parent/offspring pairs, 0.25 for half sibs and 0 for unrelated pairs) was also 

calculated to assess the accuracy of results using each group of loci. The range of R 

values generated for each relatedness category was used as an indication of the 

precision of the statistic. 
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Locus Repeat Unit in Original Clone Size 

Range 
Number of 
Alleles 

HE Species of Origin Authors 

Pzebl (GT)39 134-242 34 0.96 Van Oppen et 

af (1997a) 
Pzeb2 (GT)4i 204-286 29 0.95 AfgrnacZzma Van Oppen gf 

aZ (1997a) 
Pzeb3 ( G T ) n 314-338 12 0.74 V a n Oppen et 

oZ (1997a) 
Pzeb4 (GT)4(TTGT)2CTGCCT(GC) ioGC(GT)2CT(GT)5 

GC(GT)2 

123-145 10 0.77 MgfriacZzTTza V a n Oppen et 

aZ (1997a) 
Pzeb5 (CT)2TrT(CT)8CA(CT)2GTCT 121-137 6 0.34 Metriaclima zebra V a n Oppen et 

af (1997a) 
UNH002 (CA)23 174-251 33 0.91 Metriaclima zebra Kellogg gf aZ 

(1996) 
UNH106 (CT)i3(CA)2o 141-177 17 0.82 Oreochromis niloticus Lee and 

Kocher (1998) 
UNH130 (CA)23 176-246 29 0.95 Oreochromis niloticus Lee and 

Kocher (1998) 
UME003 (AT)6AAA(AT)2ACA(TG)6(GCGT)i3 193-245 24 0.93 Parker and 

K o m f i e l d 

(1997) 
DXTUCA-3 (AC)37 103-161 18 0.93 Metriaclima zebra Sue l tmann et 

al (unpubl .) 

M i l (AC)i9 203-233 19 0.94 Zardoya gf aZ 
(1996) 

Table 2.2 Characteristics and origin of the 11 microsatellite loci used in this study. Data for loci Pzebl-PzebS are taken from van Oppen et al (1997b). Data for 
UNH002 taken from Kellogg et al (1996). Data for the remaining loci were obtained from 45 individuals of M. callainos sampled from Nkhata Bay. 

4̂  



Chapter 2- Improving Relatedness Estimates 

Equation 1 

z z z 
X k 1 

R = 
( P y - P * ) 

ZZZ (P,-P») 
X k 1 

In th i s e q u a t i o n de sc r i bed b y Que l l e r a n d G o o d n i g h t ( 1989 ) , x i n d e x e s i nd iv idua l s in 

the d a t a set , k i n d e x e s loc i a n d I i ndexes al le l ic pos i t i on ( /=1 o r 2 f o r a d ip lo id ) . P* 

represents for individual x the frequency of the allele found at locus k and allelic 

position 1 (in a diploid either 0.5 or 1), Py represents the frequency of the same allele in 

the individual which is being compared to x to measure relatedness. P* represents the 

f r e q u e n c y of the a l le le in t h e p o p u l a t i o n ( exc lud ing all p u t a t i v e re la t ives of x) . U s i n g 

this equation, this statistical estimate of relatedness was calculated by comparing alleles 

shared between individuals to previously published population allele frequencies (van 

Oppen ef aZ, 1997b) and to those derived for this study. It was necessary to include this 

i n f o r m a t i o n w h e n ca l cu l a t i ng R to avo id the b i a s i n t r o d u c e d b y u s i n g the a l le le 

frequencies present in the broods sampled. 

Table 2.3. Locus composition and mean expected heterozygosity for the five groups of loci used in 
this study. Group E contains the 6 loci that were used in Knight et al (1999) 

Locus Group Loci Included Average 
Hg 

A - 6 most polymorphic Pzebl-2, UNH002, UNH130, M i l , DXTUCA-3 0.94 
B - 6 least polymorphic PzGb3-5, UNH106, DXTUCA-3, UME003 0.75 
C - a l l 11 All 0.84 
D - 9 most polymorphic Pzebl-3, UNH002, UNH130, M i l , DXTUCA-3, UNH106 0.90 
E - 6 'original' Pzebl-5, UNH002 0.78 

2.2.3.3 Rarefaction Analysis 

In order to determine whether all loci contributed useful information during relatedness 

calculations a rarefaction analysis was also carried out. The method followed that of 

Smith ef aZ (1997) and Piertney gf oZ (1999). R values were calculated for a set of 

individuals using a single locus. Another locus was selected at random and R values 

were recalculated. This process continued until all loci had been used. The rarefaction 
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was repeated ten times with different random orders of loci. The mean absolute 

difference between the R values at each stage was used to determine the amount of 

information being contributed by each additional locus. 

2 .2 .3 .4 S i m u l a t i o n s 

Kinship 1.2 was also used to randomly generate 1000 pairs of full siblings, half siblings 

and u n r e l a t e d i n d i v i d u a l s b a s e d o n p o p u l a t i o n a l le le f r e q u e n c y d a t a at all 11 loci . T h i s 

w a s r e p e a t e d f o r the 6 loci u s e d in K n i g h t et al ( 1998 ) and t h e 9 m o s t p o l y m o r p h i c loc i 

for comparison. 

2.3 Results 

2..). 7 

The results from Genepop suggested linkage between two loci (Pzeb2 and DXTUCA-3, 

p<0.05 see Appendix 2.1). However, this result was rendered insignificant after 

Bonferoni correction for multiple tests; therefore all loci included in this study are 

regarded as unlinked. 

2. J . 2 CaZcw/afzoMf q / f 

The average heterozygosity of the locus group clearly has a strong effect on the 

calculated R values (Figure 2.1) - groups A, B and E all contain 6 loci, yet have 

produced very different results. The groups of loci with high average heterozygosities 

perform better as the range of R values generated for each category of relatedness was 

lower. Differences between the groups of loci vary depending on the category of 

relatedness examined; the groups behaved in a similar manner in the full-sib category, 

but differences were extremely marked when R was calculated for unrelated pairs. 

Mean R values were higher than the expected theoretical value of 0.25 in the half-sib 

category. The three locus groups with the highest heterozygosity exhibited the least 

amount of overlap in R values between relatedness categories (Table 2.3). Figure 2.2 

shows the deviation from the expected theoretical R value exhibited for each 

relatedness category. Again, the locus groups with lower average heterozygosities 

performed relatively poorly. The groups which showed the smallest deviation from 
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expected were the two groups with the highest mean heterozygosities (groups C and 

D). 

2. ^ 

Plott ing the mean change in R with successive addition of loci (Figure 2.3) showed 

that the first f e w loci added have a s t rong inf luence on the R va lues calculated, but the 

effect of subsequent loci becomes progressively less until there appears to be little 

addit ional change in R after 9 loci. 

2..?.4 .yfrnw/afzoM;; 

The distributions of the simulated R values can be seen in figure 2.4a, b and c. Means 

for all relatedness categories under all conditions used concurred with theoretical 

expected values (not shown). Overlap of R values between the relatedness categories 

was markedly reduced by increasing the number of loci used, although there was little 

difference between the distributions generated by using 9 and 11 loci. 

Table 2.4. Total and component overlap between the four relatedness categories for each locus 
group. The three groups with the highest average heterozygosity exhibit the least amount of 
overlap in R values between relatedness categories. 

Locus 
Group 

FuU sib/half 
sib overlap 

Fall 
sib/unrelated 

HaK 
sib/parent-
offspring 

Half 
sib/unrelated 

Parent 
offspring 
/unrelated 

Total 
Overlap 

A 0.3447 0.0525 0.0436 0.0235 0 0.4643 
B 0.4533 0 0.2663 0.3111 0 1.0307 
C 0.2935 0 0.0886 0.0985 0 0.4806 
D 0.3569 0 0.1224 0.0187 0 0.498 
E 0.2789 0 0.1503 0.167 0 0.5989 
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Figure 2.1. The mean and range of R values generated for four relatedness categories ; a) Full sibs 
(61 pairvyise comparisons), b) Parent/offspring (28 pairwise comparisons), c) Half sibs (33 pairwise 
comparisons), d) Unrelated pairs (18 pairwise comparisons). Number of loci and mean 
heterozygosity for each locus group are as follows A: n=6, HE=0.94; B: n=6, HE=0.75; C: n = l l , 
HE=0.84 ; D: n=9, HE=0.90 ; E: n=6, HE=0.78 
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Figure 2.1 conL 

c) Ha l f s ibs (33 p a i r w i s e c o m p a r i s o n s ) 
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Figure 2.2. Deviation from expected R value calculated for known relatives for the four relatedness 
categories. Un=unrelated, fs=full sibs, hs=half sibs, po=parent/offspring. The two locus groups with 
consistently low deviation from expected values are the groups with the highest number of loci. 
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Figure 2.3. Rarefaction analysis for 11 loci shows that there is little improvement in relatedness 
estimation beyond 8 or 9 loci. Estimations were based on a single brood of P. callainos brood (full-
sibs) and parents, and 10 random combinations of loci for each point. Means and standard 
deviations are shown. Further changes in R are minimal after 9 loci have been used. 
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Figure 2.4. Distributions of 1000 R values for simulated full sibs, half sibs and unrelated pairs. 
Locus groups used in the simulations are as follows; a) Group E (6 loci, mean HE = 0.78), b) Group 
C (11 loci, mean HE = 0.84), c) Group D (9 loci, mean HE = 0.90). 
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2.4 Discussion 

The five extra loci (UME003, UNH130, UNH106, TmoMl 1 and DXTUCA-3) that had 

not previously been utilised in studies of relatedness in Malawi cichlids all amplified 

well, and despite conspicuous stutter could be scored unambiguously in all individuals. 

This is in spite of the fact that some had originally been isolated from cichlid species 

not nat ive to L a k e M a l a w i and indicates their use fu lness in f u t u r e s tudies of cichlids 

from this lake. A recently published study used UNH130 in a study of population 

divergence in pelagic cichlids (Shaw gf aZ, 2000) has already demonstrated the 

applicability of this locus to another cichlid clade from Lake Malawi. 

2.^^.2 

The results of this study indicate that including more loci, or using loci with higher 

heterozygosities provides better estimates of R. This is shown both by the tests carried 

out on known relatives and by the simulations. R values are both more accurate and 

precise when extra or more variable loci are used (in this case precision is measured by 

the range of R values generated for a particular category of relatedness). Obviously, a 

reduced range for each category gives greater discrimination between them. This can be 

seen clear ly in the real and s imula ted datasets (Figures 2.1 a n d 2 .4) and a lso in Tab le 

2.4 which indicates the total amount of overlap for each locus group (known relative 

dataset). Interestingly the locus group that produces the least amount of overlap 

between relatedness categories is the one with the highest mean heterozygosity (group 

A, Hs = 0.94). However, two other locus groups that exhibit similar levels of overlap 

exhibit smaller deviations from the theoretically expected mean for each category 

(Figure 2.2). It appears that using smaller numbers of loci with very high levels of 

polymorphism may introduce bias into R values, possibly due to the influence of shared 

rare alleles on the statistic itself. 

The performance of each group of loci varied between relatedness categories. The 

range of R values generated for full sibs pairs is relatively large compared to the 
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parent/offspring category. Both categories have an expected mean of R=0.5, but the 

range is much larger for full sibs as full sibs do not necessarily share any alleles at a 

g iven l o c u s w h e r e a s p a r e n t / o f f s p r i n g pa i r s m u s t h a v e at leas t o n e al lele p e r l ocus in 

common. In some cases, means for all groups deviate from expected values, for 

example the half-sib category. This is probably due to the two M females sharing 

al le les at f o u r of t he e l e v e n loci , m a k i n g the i r o f f s p r i n g a p p a r e n t l y m o r e re l a t ed . In 

other cases, only the means of the most polymorphic groups deviate from expected. 

T h i s is p r o b a b l y a resul t of the w e i g h t g iven to the sha r ing o f r a r e al leles w h e n 

calculating R - individuals are more likely to possess rare alleles if a locus is very 

variable. In all cases, the number of pairwise comparisons for each locus 

group/relatedness category combination is quite small. However, the general pattern of 

the results is in agreement with the results from the simulations. 

The rarefaction analysis shows the same decrease in mean change in R as observed in 

other published studies (Smith ef aZ, 1997, Piertney gf aZ, 1999). The curve is not 

smooth as the rarefaction was not carried out exhaustively (i.e. all possible orders of 

loci). However, it does indicate that after data from 9 loci have been included, there is 

very little further change in R, this is again comparable with other published studies 

(Smith gf aZ, 1997, Piertney gf a/, 1999) that reported no signiAcant change in R after 8 

and 10 loci respectively. The results suggest that little useful information is being 

contributed by the tenth and eleventh loci. With regard to future studies on natural 

populations, this means that pairs of individuals could be assigned to relatedness 

categories with approximately the same degree of accuracy when 9 loci rather than 11 

have been used for statistical calculations. 

In terms of numbers of loci used, this study is comparable with other published works 

(see Table 2.1). The m^ority of studies have used fewer than 11 loci, very few have 

used more than 15. The cost of typing hundreds of samples at just one extra locus can 

be considerable, therefore a prior indication of how many loci are required at the start 

of the study would be extremely useful. Simulations based on previously collected 

allele frequency data are particularly applicable to determining the minimum number of 

loci required as they can be carried out prior to typing the samples of interest. 
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The rarefaction analysis indicates that R values may not be greatly affected if only 9 

loci a re u s e d r a the r t h a n 11. T h e resul ts f r o m the tes ts on k n o w n re la t ives a n d t he 

simulation data suggest that while there may be a small difference in the performance 

of groups with 9 and 11 loci, both behave in a similar fashion, and both outperform 

g r o u p s w i th f e w e r o r less va r i ab le loci . In gene ra l , w h e n c o n s i d e r i n g w h i c h loc i n o t to 

include, the results of this study indicate that it is preferable to include the most 

va r i ab l e loc i ava i l ab le , d i s c o u n t i n g t h o s e wi th the l o w e s t e x p e c t e d he te rozygos i t i e s . 

H o w e v e r , as d e m o n s t r a t e d b y t he resu l t s f r o m locus g r o u p A w h i c h c o n t a i n e d j u s t s ix 

of t h e m o s t v a r i a b l e loc i ava i lab le , sma l l n u m b e r s of h igh ly p o l y m o r p h i c loc i m a y 

produce biased estimates of relatedness. All groups of loci used in this study could 

discriminate between parent/o%pring pairs and unrelated individuals (Table 2.4). The 

results suggest when these are the only relatedness categories under investigation 

(perhaps in studies of brood parasitism), it is possible to use smaller numbers of less 

polymorphic loci. With the exception of group A, most groups of loci could also 

distinguish between full sib and unrelated pairs, again suggesting locus number and 

heterozygosity is less important in this situation. However none of the groups used 

could distinguish half sibs from any other category of relatedness, although the more 

polymorphic groups resulted in less overlap between categories. It would probably be 

unfeasible to type samples at enough loci to discriminate between half sibs and other 

relatedness categories such as cousins, as also noted by Brookfield and Parkin (1993). 

Queller and Goodnight's R is not the only relatedness estimator to have been developed 

for microsatellite data. Other estimators have been developed which employ different 

statistical methods, for example Lynch and Ritland (1999) and Ritland (1996), but have 

been less conmionly used in published studies thus far. A search of the Web of Science 

database (http://wos.mimas.ac.uk) revealed that the paper detailing Queller and 

Goodnight's (1989) estimator has been cited 193 times since 1996 while that of Ritland 

(1996) has been cited 16 times. The paper describing the statistic of Lynch and Ritland 

(1999) has been cited 13 times since publication. This current study has dealt with only 

the frequently used R statistic; two published reviews have compared all relatedness 

estimators (van de Casteele gf aZ, 2001; Lynch and Ritland, 1999). In both 

investigations it was found that the number of alleles per locus, the shape of the allele 

frequency distribution and the relatedness category (full-sib, half-sib, unrelated) 

influenced which estimator was more appropriate for a particular data set. This concurs 
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with the results obtained by this study, as both locus heterozygosity and relatedness 

c a t e g o r y h a v e an e f f e c t o n t he m e a n a n d r a n g e of R va lues g e n e r a t e d f o r pa i r s of 

known pedigree. 

2.4. j 

In conclusion, this study has found that there appears to be an upper limit to the number 

of loci tha t c a n b e c o n s i d e r e d ' u s e f u l ' w h e n ca l cu la t ing R , f o r t h e da ta set inves t iga ted 

this l imi t is a r o u n d 9 loci . Fac to r s such as locus var iabi l i ty a n d t h e c a t e g o r y of 

relationship under investigation should influence the choice of loci used for calculating 

relatedness estimators such as Queller and Goodnight's R. Investigations into the 

number of loci such as those carried out in this study are advisable prior to beginning 

large-scale relatedness studies so that typing at excess loci is not carried out. This study 

would provide extremely useful background information for future field based studies 

of Malawi cichlids. Good estimates of relatedness would allow field based studies of 

the heritability of quantitative traits (Ritland, 2000) particularly male traits that have a 

possible influence on male reproductive success in groups such as the mbuna. 
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2.6 Chapter 2 Appendix 

Table 2.5. P values returned by Genepop for tests of genotypic linkage disequilibrium between loci 
(null hypothesis of no significant linkage between loci). 

Locus 1 Locus 2 P-value S.E. 
Pzeb4 PzebS 0.87319 0.00168 
Pzeb4 UNH002 0.42692 0.01200 
PzebS UNH002 0.47226 0.00373 
Pzeb4 P a * 2 1.00000 0.00000 
Pzeb5 Pzebl 0.75682 0.00294 
Pzeb4 Pzebl 1.00000 0.00000 
PzebS Pzebl 1.00000 0.00000 
UNH002 P a * l 0.51732 0.00372 
Pzeb2 Pzebl 1.00000 0.00000 
Pzeb4 P«&2 1.00000 0.00000 
Pzeb5 Pzeb2 0.86436 0.00492 
UNH002 Pzeb2 0J^^12 0.00315 
Pzeb2 Pa&2 0.05251 0.00468 
Pzebl Pzeb2 0.69566 0.00976 
Pzeb4 UNH130 0 ^ & # 2 0.00943 
Pzeb5 UNH130 1.00000 0.00000 
UNH002 UNH130 0.30237 0.00302 
Pzeb2 UNH130 1.00000 0.00000 
Pzebl UNH130 1.00000 O^MWO 
P#&2 UNH130 1.00000 0.00000 
Pzeb4 UME003 0.79180 0.00835 
Pzeb5 UME003 1.00000 0.00000 
UNH002 UME003 0.24341 0.00333 
Pzet2 UME003 1.00000 0.00000 
P#&1 UME003 1.00000 0.00000 
Pzeb2 UME003 1.00000 &0MM0 
UNH130 UME003 1.00000 0.00000 
Pzeb4 DXTUCA-3 1.00000 0.00000 
Pa&5 DXTUCA-3 0.39889 0.00289 
UNH002 DXTUCA-3 1.00000 0.00000 
Pzeb2 DXTUCA-3 1.00000 0.00000 
Pzebl DXTUCA-3 1.00000 0.00000 
PaA2 DXTUCA-3 0.03131 0.00250 
UNH130 DXTUCA-3 1.00000 0.00000 
UME003 DXTUCA-3 1.00000 0.00000 
PzGb4 UNH106 1.00000 0.00000 
Pzeb5 UNHI06 0.24656 0.00000 
UNH002 UNH106 1.00000 0.00270 
PM&2 UNH106 1.00000 0.00000 
Pzebl UNH106 1.00000 0.00000 
P K b 2 UNH106 0.78103 0.00000 
UNH130 UNH106 1.00000 0.00832 
UME003 UNH106 1.00000 0.00000 
DXTUCA-3 UNH106 1.00000 0.00000 
Pzeb4 TmoMll 0J[9050 0.00955 
Pzeb5 TmoMll 1.00000 0.00000 
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Locus 1 Locus 2 P-value &E. 
UNH002 TmoMll 1.000(X) 0.00000 
Pzeb2 TmoMll 1.00000 0.00000 
Pzebl TmoMll 1.00000 0.00000 
Pzeb2 TmoMll 1.00000 0.00000 
UNH130 TmoMll 1.00000 0.00000 
UME003 TmoMll 1.00000 0.00000 
DXTUCA-3 TmoMll 1.00000 0.00000 
UNH106 TmoMll 1.00000 0.00000 

Table 2.6. Genotypes of the M. zebra females (1 and 4) and the M. zebra male (10) and offspring at 
the 11 Icoi. Data from Pzebl-5 and UNH002 taken from Knight et al (2000). 

ID PZEB4 PZEB5 UNH2 PZEBl PZEBl PZEB3 M i l UNH130 UME003 DXT3 UNH106 

1 127/131 129/129 207/223 170/184 265/265 314/320 207/221 209/243 131^33 149/153 

10 123/123 129/137 207/215 164/170 263/263 320%22 213/216 208/228 203/225 117^33 159/169 

IB 123/127 129/129 207/215 170/184 263/265 314/320 207/216 212/228 209/225 117H33 153/169 

ID 123/127 129/137 207/215 170/184 263/265 314020 207/216 224/228 209/225 131/133 149/159 

IF 123/131 129/129 207/215 170/184 263/265 314320 207/213 212/228 209/225 117^33 149/169 

4 123/131 137^37 211/293 194/228 245/263 314316 207/216 174/220 203/235 127/131 147/165 

4A 123/131 129/137 207/211 164/194 263/263 314/322 207/216 220/228 203/235 127/133 147/159 

4B 123/123 137/137 207/293 170/228 245/263 316320 213/216 174/208 225/235 117/127 165/169 

4D 123/123 129/137 207/211 170/228 263/263 314/320 213/216 220/228 203/225 117/131 147/169 

4G 123/123 129/137 215/293 170/228 245/263 316/322 213/216 208/220 203/225 117/131 159/165 

4H 123/131 129/137 211/215 170/194 263/263 314/322 207/216 174/208 203/225 131/133 147/169 

41 123/123 137/137 207/293 170/194 245/263 316/322 207/216 174/208 203/235 131/133 147/159 

4J 123/131 129/137 207/211 170/194 263/263 314/320 216/216 174/228 225/235 117/131 159/165 

4L 123/123 137/137 215/293 164/228 263/263 314/322 207/213 208/220 203/203 117/131 147/169 

4N 123/123 129/137 211/215 170/228 263/263 314/320 207/216 208/220 225/235 131/133 147/159 

4R 123/131 129/137 207/293 170/194 245/263 314/320 213^16 174/228 203/225 127/133 147/169 

4T 123/123 137/137 207/211 170/228 245/263 316/320 207/213 208/220 225/235 127/133 165/169 

Table 2.7. Genoypes of the M. callainos individuals (5- mother, 13 - sire) at the 11 loci used in this 
study. Data from Pzebl-5 and UNH002 taken from Knight et al (2000). 

ID PZEB4 PZEB5 UNH2 PZEB2 PZEBl PZEB3 UNH130 UME003 DXT3 UNH106 M i l 

5 123/133 123/129 211/223 251/279 220/252 316330 212/226 225/227 141/141 161/163 198/211 

13 133^33 123/129 197/211 245/265 174/210 31&328 226/226 205/227 131/139 145/161 208/208 

SB 133/133 129/129 197/211 245/279 174/220 31&330 226/226 205/227 139/141 161/163 208/211 

SL 133/133 129/129 211/211 265/279 174/252 318/330 212/226 205/225 131/141 145/163 198/208 

SM 133/133 123/129 211/211 251/265 210/220 31&330 226/226 225/227 139/141 161/161 198/208 
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Table 2.8. Allele frequencies at the 11 loci in M. zebra. Data for Pzebl-5 and UNH002 taken from van Oppen et al (1997b). 

PZEB4 PZEB5 DNH002 PZEBl PZEB2 PZEB3 vrii UNHISO UME003 DXT3 ONH106 

123 0 297 121 0.020 174 &102 134 0.005 204 0.005 314 0.204 199 0.028 174 0486 193 0436 103 0.010 127 0.033 
127 &317 123 0.029 179 0.015 136 0.005 206 0.005 316 l).032 201 &014 176 0410 197 0412 109 0410 129 0.078 

129 0.010 127 o.&ts 183 0.005 138 0.005 226 0.005 318 0 059 202 0056 178 0410 201 0412 111 0421 131 0.022 
131 0.094 129 0,794 189 0.005 142 0.005 227 0.049 320 0.425 207 0.042 182 0.048 203 0.048 113 0421 133 0.022 
133 0.168 131 &010 193 OAIO 144 0.020 229 0429 322 &177 209 0.014 184 0.029 205 0412 117 0482 145 0.233 

137 0.064 137 &132 195 0.010 148 11010 235 0.029 324 (1016 211 0469 186 0410 209 0.048 121 0.052 147 &033 

139 0.020 197 0.041 150 0.055 239 0.029 326 0.038 212 0.056 190 (1010 211 0.048 123 0452 149 0IM8 
141 0.005 199 0.015 152 11010 241 0.019 328 0.022 213 0XW3 198 0410 213 0471 125 0.021 151 0I%2 
143 OAIO 201 0.015 156 0.010 243 0.015 330 oan 214 0.014 202 0CM6 215 0.048 127 0JW4 153 L 0.089 
145 0.015 203 0.020 158 0.015 245 &019 334 0.011 215 0497 204 0495 217 0.024 129 0.021 155 0.033 

205 0.010 160 0.025 247 0 015 338 0.005 216 0442 206 0.086 219 0.024 131 &196 157 0U44 

207 0.117 162 0X85 249 0.019 217 0.056 208 0419 221 0.048 133 0.206 159 0IG6 

209 &036 164 0100 251 0IG8 218 0.042 210 0.029 223 0.060 135 0462 161 CUOll 

211 0.046 166 0.060 253 0.005 219 0.097 212 0429 225 0J31 137 0093 163 OUOll 

213 0 005 168 &030 255 0.019 220 0428 214 0.029 227 0.024 161 0.010 165 0IK7 

215 0.026 170 m^o 257 &M8 221 0CW2 216 0410 229 0495 169 0IG6 

217 0.020 172 &030 259 &089 222 0.042 218 0476 231 0.083 173 0.011 

219 0.020 174 0.020 261 0.044 223 0.028 220 0.029 233 0.060 

221 0.020 176 263 a i36 225 0.028 222 0.048 235 0.024 

223 0.015 178 0.04C 265 OaM 226 0428 224 &W5 237 0.036 

225 WMC 18C 0.015 267 &073 227 0442 226 &M7 241 0436 

227 0.056 182 0.09C 269 oa% 229 04% 228 0419 243 0012 

22S 0.031 184 0.02C 271 0.078 231 0414 23C 0410 245 0412 

231 0 041 186 oa% 273 00% 233 0414 232 0419 

23: 00% 18; 0.01! 27; &03C 234 0438 

23; 0.07' 19( 0.00; 271 0.03^ 24C 041C 
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PZEB4 PZEB5 UNH002 PZEBl PZEB2 PZEB3 VII1 UNH130 UME003 DXT3 UNH106 

237 0.020 192 &050 279 0.015 244 (1010 

239 0.031 194 ao lo 281 11015 

241 0.026 196 11010 286 0105 

243 0.026 200 (1015 

245 0.010 202 0.005 

247 0.020 204 &0W5 

249 0.010 206 0.005 

251 0.010 210 0.025 

293 0.005 212 0.015 

214 0.010 

216 0A05 

218 0.005 

220 0.005 

222 0.005 

224 0.005 

226 0.010 

228 0.005 

230 0.005 

234 0.010 

238 0.005 

240 0.005 

242 O.OIC 



Table 2.9. Allele frequencies of the 11 loci in M. coKomos. Data for Pzebl-5 and UNH002 taken from van Oppen ef aZ (1997b). 

PZEB4 PZEB5 UNH002 PZEB2 PZEBl PZEB3 DNH130 UME003 DXT3 UNHlOe M i l 

123 0.100 123 0.559 174 0.013 237 0.016 138 0.004 314 0.305 176 0.021 199 0.011 107 0.011 141 0.022 198.000 0.014 

131 0.439 129 0.441 189 0.017 239 0.029 150 0.030 316 0.114 178 0.011 203 0.011 115 0.065 145 0.011 200.000 0.014 

133 0.457 191 0.042 241 0.012 158 0.009 318 0.150 180 0.011 205 0.011 119 0.022 149 0.011 202.000 0.014 

137 0.004 193 0.021 243 0.012 160 0.026 320 0.314 182 0.053 207 0.011 123 0.022 151 0.033 203.000 0.014 

195 0.029 245 0.012 162 0.004 322 0.045 184 0.021 213 0.022 125 0.011 153 0.055 204.000 0.057 

197 0.042 247 0.041 164 0.026 324 0.009 190 0.011 215 0.011 127 0.109 155 0.132 205.000 0.014 

199 0.033 249 0.029 166 0.004 326 0.005 192 0.011 217 0.011 129 0.065 157 0.022 207.000 0.029 

201 0.013 251 0.037 168 0.038 328 0.018 194 0.043 219 0.067 131 0.130 159 0330 208.000 0.143 

203 0.058 253 0.041 170 0.047 330 0.018 196 0.011 221 0.011 133 0.054 161 0.187 209.000 0.014 

205 0.054 255 0.053 172 0.026 332 0.018 198 0.043 223 0.056 135 0.065 163 0.055 210.000 0.014 

207 0.067 257 0.020 174 0.038 342 0.005 200 0.011 225 0.167 137 0.087 165 0.033 211.000 0.014 

209 0.054 259 0.098 176 0.004 202 0.011 227 0.100 139 0.065 167 0.011 212.000 0.071 

211 0.042 261 0.049 178 0.017 204 0.032 229 0.100 141 0.152 169 0.088 213.000 0.014 

213 0.021 263 0.078 180 0.021 206 0.053 231 0.044 143 0.022 177 0.011 214.000 0.014 

215 0.025 265 0.127 182 0.030 208 0.011 233 0.033 145 0.022 215.000 0.057 

217 0.058 267 0.107 184 0.021 210 0.043 235 0.067 147 0.033 216.000 0.029 

219 0.050 269 0.102 186 0.013 212 0.032 237 0.044 149 0.054 218.000 0.071 

221 0.088 271 0.029 188 0,026 214 0.011 239 0.044 151 0.011 220.000 0.014 

223 0.046 273 0.041 190 0.038 216 0.021 241 0.089 223.000 0.014 

225 0.054 275 0.029 192 0.030 220 0.011 243 0.067 225.000 0.043 

227 0.033 277 0.008 194 0.043 222 0.064 245 0.022 227.000 0.114 

229 0.063 279 0.020 196 0.056 224 0.064 229.000 0.086 

231 0.033 281 0.008 198 0.03G 226 0.032 231.000 0.086 

233 0.013 200 0.034 228 0.117 232.000 0.014 

235 0.004 202 0.017 230 0.074 233.000 0.014 

s 



PZEB4 PZEB5 UNH002 PZEB2 PZEBl PZEB3 CJNH130 UME003 DXT3 UNH106 Mil 

237 0.013 204 0 026 234 0.021 248.000 0.014 

239 0.004 206 (1030 236 0.064 

241 0.008 208 &0%6 238 a032 

243 0.000 210 (1013 240 &032 

245 0.004 212 0.034 242 0.011 

214 0.004 244 oon 
216 0.013 246 0.011 

218 0.030 

220 0CG8 

222 0.034 

224 0.013 

226 0.009 

228 0.013 

230 0.004 

232 0.013 

234 0.009 

236 0.013 

240 0A13 

242 0.013 

244 0.009 

246 O.OOS 

252 0.004 

G \ UJ 



Chapter 3 - Allopatxic Populations and Mate Choice 

3 AUopatric Populations and Tests of Mate Choice 

3.1 Chapter Note 

T h i s c h a p t e r d e s c r i b e s r e sea rch ca r r ied out b y M . E . K n i g h t , C . J . A l l e n d e r a n d R. 

P o o l e . M . E . K n i g h t w a s r e s p o n s i b l e f o r e x p e r i m e n t a l d e s i g n a n d f i sh m a i n t e n a n c e . C. 

J . A l l e n d e r ca r r i ed ou t the m a j o r i t y of t he g e n o t y p i n g . R . P o o l e ca r r ied ou t s o m e 

genotyping as part of an undergraduate project. 

3.2 Introduction 

The existence of allopatric populations has presented problems in the definition of 

species. Mayr's (1942) Biological Species Concept uses reproductive isolation between 

populations to describe species but by definition it applies to sympatric populations and 

not to populations that are geographically isolated from one another. The Recognition 

Concept of Paterson (for example 1980) described species as groups of individuals 

sharing a Specific Mate Recognition System or SRMS. The SRMS is a collective term 

for the mechanisms whereby individuals perceive potential mates. Reproductive 

isolation arises when two populations have diverged in the SRMS. In the case of 

allopatric populations, this is proposed to be due to different selective pressures 

operating in different environments. However, the Recognition Concept does not 

address issues of hybrid inviability or sterility (Coyne gr aZ, 1988) and in practice it is 

difficult to assess divergence in the SMRS among allopatric populations. 

The taxonomic status of allopatric populations is especially relevant to the Malawi 

species flock. Current species richness estimates are in the range of 500 (van Oppen ef 

aZ, 1997) to over 1000 (Turner, 1999). The mbuna group of the Malawi flock is 

composed of relatively small rock dwelling cichlids. Mbuna are sexually dimorphic, 

males having bright breeding colours and exaggerated fins and females having 

relatively cryptic coloration. The males are usually highly territorial, with females 

visiting male territories in order to spawn. A great deal of research has focused on 

mbuna species as they occupy easily accessible shallow water habitats and populations 

are easily maintained in aquariums. Studies of mbuna populations in the wild and in the 
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laboratory have provided insight into evolutionary mechanisms that generate and 

maintain diversity (for example van Oppen gf a/, 1997 and 1998; Amegard gf aZ, 2000; 

Danley gf aZ, 2001; Knight gf aZ, 1998; Knight and Turner, 1999). In an initial survey, 

Ribbink gf aZ (1983) recorded 196 populations differing in male colour pattern, which 

they regarded as separate species. However, only 51 of these colour forms occur 

sympatdcally, meaning that they can be classified under the BSC as described above 

(Turner gf oZ, 2001). Species richness estimates for Lake Malawi obviously depend on 

whether allopatric colour forms really do represent good species. 

The question of reproductive isolation in mbuna species has already received much 

attention. Species that appear to be reproductively isolated in nature can be crossed to 

produce viable inter-specific and even inter-generic hybrids (e.g. Crapon de Caprona 

and Fritzsch, 1984; Albertson and Kocher, 2001; Knight gf aZ, 1998), although this only 

occurs under laboratory conditions. Reproductive isolation between sympatrically 

occurring species has also been demonstrated using laboratory tests (Knight gf aZ, 1998) 

and by comparing microsatellite allele frequencies in wild populations (van Oppen gf 

aZ, 1998). Field based direct tests of reproductive isolation would require unethical 

l a rge sca le t r ansp lan t s of ind iv idua l s . 

The problem of the taxonomic status of allopatric populations is particularly pertinent 

to the mbuna, as many mbuna 'species' exist as geographic races that differ only in 

male colour pattern (Ribbink gf aZ, 1983). Neighbouring allopatric populations have 

been shown to be genetically distinct from one another (van Oppen gf oZ, 1997; Markert 

gf aZ, 1999; Amegard gf aZ, 1999 Danley gf aZ 2001). Ribbink gf aZ (1983) provided the 

Orst survey of mbuna species, classifying them according to male colour pattern, and 

reported the existence of 196 species. However, Turner gf aZ (2001) point out 

inconsistencies in the assignment of speciOc status to certain populations, and go on to 

suggest that there may be as few as 51 valid species when only sympatrically occurring 

male colour forms are taken into account. StauH'er gf aZ (1997) redescribed several 

mbuna species using a slightly different approach involving morphology as well as 

male colour patterns. SpeciOc status was assigned to allopatric populations that were 

previously regarded as conspecific. Turner (1999) maintained that promotion of 

allopatric populations to species should not take place wiAout further investigations of 

breeding behaviour. 
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T h e current study examines the mate choice of two species of m b u n a , Metriaclima 

callainos and M. zebra. Both of these species exist as geograph ic races in dif ferent 

areas of the lake. M a l e colour pattern varies be tween races as c a n be seen in Figure 3.1. 

The locations of the populat ions used in this exper iment are s h o w n in Figure 3.2. It is 

unlikely that there is any gene f low be tween them as Boute i l lon (1998) found high 

genetic different ia t ion and extremely low levels of migrat ion u s i n g microsatel l i te based 

FST statistics. A demonstra t ion of reproduct ive isolation could a f f e c t their current 

conspecif ic status. T o this end, individuals f r o m each race w e r e a l lowed to mix freely 

in exper imental tanks. Eggs were r emoved f r o m brooding f e m a l e s and the paterni ty of 

of fspr ing was de te rmined using microsatell i tes. 

Figure 3.1. a) Male representatives of the Nkhata Bay race (Nkhata Bay population) and the 
Ruarwe population of M. zebra. The main differences are the yellow throat and black suhmarginal 
band in the dorsal fin of the Chilumba male and the dark cheek of the Nkhata Bay male. Photos 
taken by Ad Konings and reproduced with kind permission 

Ruarwe 

Figure 3.1 b. Male M. callainos of the Nkhata Bay and Ruarwe 'Pearly' races. Photos taken by Ad 
Konings and reproduced with kind permission 

Nkha ta Bav Ruarwe 'pearly' 
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Figure 3.2. Map of the northern half of Lake Malawi 
showing the location of the populations used in this 
study (shown in bold). 

R u a r v ^ 

\l;iKi R' 

^ Nkhata Bay 

/ 

3.3 Methods 

Laboratory tests of mate choice were performed on captive fish of the two species (M. 

caZZamoj' and M For each species, one male and ±ree to four females of each 

race were placed in experimental tanks measuring 61 x 46 x 153 cm. Clips from the 

soft rayed posterior of the dorsal fin were taken from males prior to the start of the 

experiment. The M. females were distinguished by using different colour morphs 

for each race. Female coloration is polymorphic in many mbuna species and this occurs 

in both the races used in this experiment. The colour pattern of females of M. caZ/amoj' 

differs in a similar way to the male coloration, which also allows females of the two 

races to be distinguished. Spawning sites were provided in each tank in the form of 

rocks and terracotta pots. The fish were then left to breed freely. Mouthbrooding 

females were isolated, stripped of their eggs and a fin clip was taken. Eggs were either 

preserved immediately or left to develop in a hatchery (in this case, fin clips of the fry 

were taken once they had reached 5 cm in length. With the exception of the first 
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repetitions, females were returned to the tanks. This was done to maintain female 

dens i t i e s a n d r e d u c e m a l e aggress ion . Al l gene t i c s a m p l e s w e r e p r e s e r v e d in D M S O 

buffer (Seudn gf oZ, 1991) 

The M. coZZamoj' experiment consisted of two repetitions, the first running from 

D e c e m b e r 1996 to Apr i l 1997 a n d the s e c o n d f r o m Apr i l 1 9 9 7 to N o v e m b e r 1998. Al l 

of t he adu l t s u s e d w e r e w i l d caugh t . T h e M. zebra e x p e r i m e n t cons i s t ed of t h r e e 

repetitions, the first from December 1996 to June 1997, and the second and third from 

J u n e 1997 to N o v e m b e r 1998. A d u l t s u s e d in t he f i rs t r epe t i t ion w e r e w i l d c a u g h t , bu t 

t h o s e u s e d in t h e s e c o n d a n d th i rd w e r e t he F1 gene ra t i on o f l abo ra to ry s t o c k b r o o d s . 

Maintenance of experimental tanks followed Knight gf aZ (1998). Tanks were kept on a 

12:12 light-dark cycle, and were illuminated with white fluorescent bulbs. 

.?. J . 2 GgMg Ac 

DNA was extracted using a proteinase K/chloroform protocol as described in Chapter 2 

(Rico gf oZ, 1992). In most cases the entire egg was homogenised and extracted, 

although if the larva was visible, the yolk sac was removed and discarded. Samples 

were resuspended in 200 |LiL lOmM Tris HCl. Due to the low amounts of DNA likely to 

be present in young eggs, DNA from these was resuspended in 100 pL. 

Loci used for paternity assignment were Pzebl (van Oppen gf aZ, 1997) and UNH130, 

UME003, DXT3, TmoMl land UNH106 (see Table 2.2, Chapter 2 for characteristics 

and original references to these loci). It was decided that the status of hybrid broods 

should be confirmed by at least two loci. Rep 1 for each experiment was originally 

analysed using Pzebl (R. Poole, Southampton University, undergraduate project 1998). 

Some of the results for the two reps were unclear, and required typing at further loci. 

PCR protocols followed those described in Chapter 2 of this report. PCR products were 

sized using an ABI377 DNA sequencer with a TAMRA labelled GeneScan 350 

internal size standard. Where samples failed to yield a PCR product or produced a great 

deal of stutter, a variety of means were used to attempt to correct the problem. 

Template DNA and primer concentration were both reduced and increased, magnesium 

levels in the PCR mix were varied and annealing temperatures and the number of PCR 
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cycles performed were also varied. Different brands of polymerase were also used, 

as was a proprietary kit for problem PCRs (FailSafe kit, Microzone Ltd) which 

contained various buffers and PGR enhancers (BSA and betaine). In an attempt to rid 

the DNA extract of PCR inhibiting compounds, aliquots of certain extracts were 

cleaned using PCR purification columns (Qiagen). Products were also run on the 

sequencer undiluted (usually they are diluted 20-50 fold before being loaded). 

Allele peaks were identified by eye from the electropherogram output of the sequencer. 

Paternity of the offspring was determined manually rather than through the use of a 

software package by comparing alleles present in each offspring to the maternal 

genotype and that of the potential fathers. 

3.4 Results 

Genotypes of parents and offspring can be found in the appendix at the end of this 

chapter. Not all broods have been amplified at all loci, sometimes because it was not 

necessary and sometimes because only certain loci would amplify. The results of the 

two experiments can be seen in Table 3.1 below. It is clear that hybridisation between 

the two M races has occurred - in Rep 2 of this experiment, 20 out of 25 

individuals in one brood from a Ruarwe female (female C 995) were sired by the 

Nkhata Bay male. The paternity of the remaining five individuals could not be 

asce r t a ined w i th the t w o loci u sed . H y b r i d b r o o d s m a y b e p r e s e n t in t he o t h e r 

repetitions, as results were inconclusive in a few cases due to PCR problems. However, 

in the other reps, if hybrids are present then the broods are the result of multiple 

paternity, as the sire of at least some of the individuals was clear. 

Hybridisation may have occurred in the M. caZZamoj' experiment as well, but again 

results are not conclusive due to PCR problems. In both of the potential hybrid M. 

caZZamoj broods, hybrids were identified at locus Pzeb 1, but genotypes at other loci 

did not agree. Certainly the m^ority of the broods appear to be the product of 

assortative mating. 
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^ . ^ . 2 f O f f 

In many cases in ±is experiment, amplification of PCR product from DNA extracted 

from eggs was not straightforward. Despite the measures described in the Methods 

sec t ion , P C R p r o d u c t s w e r e n o t ob t a ined f o r m a n y ind iv idua l s . A n e x t r e m e c a s e of th is 

c a n b e s een in R e p 2 of t h e M . zebra e x p e r i m e n t w h e r e n o p r o d u c t w a s o b t a i n e d f o r the 

m^ority of broods. In other cases the product was very 'messy' with large amounts of 

stutter or even more than two possible allelic peaks. Quite often, the yield of product 

was so low that allele sizes could not be easily determined using the sequencer. The 

quality and concentration of DNA extractions were tested on a 0.9% agarose gel 

s t a ined w i th e t h i d i u m b r o m i d e . H o w e v e r , the y ie ld of D N A e x t r a c t e d f r o m e g g s w a s 

often too low to be detected by this method. The presence of DNA in the extracts 

remained unknown in these cases. 

Table 3.1. Summary of results for all repetitions of both experiments. Population of origin of each 
female is as follows. RP - Ruarwe, NB - Nkhata Bay (both M. callainos), C - Ruarwe, NB - Nkhata 
Bay (both M. zebra). Numbers in brackets in 'Loci' column indicate the number of individuals 
amplifying at that locus, where this varied greatly from locus to locus. Notes on possible hybrids 
between the two races are as follows : 

1. Hybrids identified at Pzebl, most of these refuted by other loci. AmpliRcation 
messy and inconclusive. 

2. 6 hybrids according to Pzebl, 4 of these contradicted by UNH130. Others messy. 
3. Hybrids identified at Pzebl, but unable to amplify at any other locus. 
4. Hybrids identified at UNH130, but UME003 produced inconclusive results and did 

not confirm. 
5. 20 deRnite hybrids. Not clear from the 2 loci whether the remaining 5 are the result 

of multiple paternity. 
6. Messy, female sample failed to amplify. 

Female Brood 
Size 

N 
ampliOed 

Loci used Ambiguities Hybrids 

M. ca/Zamof Rep 1 

RP399 3 3 Pzebl, UNH130 No No 

RP401 4 1 UNH130 No No 
RP420 10 10 Pzebl No No 
NB 
318B 

5 5 Pzeb l No No 

NB421 13 11 Pzebl, UNH130, DXT3, 
UME003,M11 

Yes 

NB447 11 3 UNH130, DXT3, Pzebl No no 
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Female Brood 
Size 

N 
amplified 

Loci used Ambiguities Hybrids 

M. caZZafMOf Rep 2 

RP470 16 14 Pzebl, UNH130 No no 

RP564 14 12 Pzebl, UNH130 No no 

NB459 14 9 UNH130, Pzebl. DXT3, Ml 1 Yes ? Mofe 2 

NB505 3 3 Pzebl, UNH130 No No 
NB750 7 6 UNH130 No No 
NB767 7 7 UNH130 No No 
NB 
1292 

11 0 UNH130,DXT3,M11 ? 7 

M. Repl 

C313 15 14 Pzebl N o no 

C542 57 27 Pzebl. UNH130 (29) ? ? 1 possible 
— nof 

C318A 10 10 Pzebl UNH130 (5) No No 
NB406 10 5 Pzebl No ygf (J) 

NB469 18 16 Pzebl, DXT3 No No 
NB536 21 13 Pzebl Yes 
NB553 4 4 UNH130 No no 
M. Rep 2 

C785 16 0 All tried ? 

NB 802 22 0 All tried ? 

NB825 16 0 All tried ? 

NB 882 22 0 All tried ? 

C905 9 8 UNH130 (3), UME003 (8) Yes ? MOfg ^ 

NB925 25 0 All Tried ? 
C995 25 25 UNH130, DXT3 Yes ygf fgg 

note 5 
NB 
1021 

14 0 UNH130, DXT3, UME003. 
Mil 

Yes inconclusive 

M. zebra itep 3 

C843 9 5 UNH130, UME003 Yes ? 5'gg MOfg 6 

C854 26 17 UME003 No No 
C915 31 29 UNH130. DXT3 No No 
NB 946 5 5 UNH130, DXT3 No No 
NB978 16 9 UME003.M11 Yes inconclusive 
NB 
1036 

12 8 UME003 Yes inconclusive 

3.5 Discussion 

Despite the technical problems in genotyping offspring in this experiment, it is clear 

that the races of M. do not always mate assortatively under experimental 
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conditions. It is possible that females A-om both the Nkhata Bay and Ruarwe races 

p r o d u c e d h y b r i d b r o o d s , b u t the on ly b r o o d s h o w n to i nc lude h y b r i d s w a s f r o m a 

R u a r w e f e m a l e in R e p 2. T h e p r e s e n c e of hybr ids in o ther b r o o d s is poss ib le b u t 

paternity testing was inconclusive due to PGR problems. Possible hybrids have also 

b e e n i den t i f i ed in the M. callainos e x p e r i m e n t , in o n e b r o o d in e a c h repet i t ion . Aga in , 

the paternity of the offspring cannot be ascertained, but hybridisation cannot be ruled 

out. 

It is u n f o r t u n a t e tha t in R e p 2 of the M. zebra e x p e r i m e n t , t he o n l y broods tha t 

a m p l i f i e d w e r e d e f i n i t e o r p o s s i b l e hybr ids . T h i s p r e v e n t s an inves t iga t ion in to 

alternative explanations for the paternity of the broods, apart from that of random 

mating by the females. It is possible that females would have preferred to mate with the 

male of their own race, but that the other male was dominant in the experimental tank. 

Thus the female would not have had free choice of the males present. However, 

multiple paternity of the brood from female C 995 cannot be ruled out at the present 

time. If the Ruarwe male did sire some of the offspring in this brood, then the Nkhata 

Bay male would probably not have been in a position of complete dominance. Multiple 

paternity has been already demonstrated for field caught mouthbrooding females in 

Lake Malawi (Parker and Komfield 1996; Kellogg gf a/, 1997). It has been shown that 

male dominance can affect female mate choice in laboratory mate choice experiments 

on African cichlids (Chapter 4, this thesis, review by Turner gf aZ, 2(X)1). A further 

experiment testing the mate choice of females of several geographic races of M. 

where dominance effects are controlled for is currently under way (M.E. Knight, 

unpubl.). In this design, partitioning experimental tanks with a mesh that prevents the 

relatively large males from passing through, but allows free movement of the smaller 

females prevents male-male interactions. It should be noted that male dominance was 

not apparent in the study of Knight gf aZ (1998) where males of three different species 

were placed in the same tank. If male aggression was a problem in the current study of 

allopatric populations perhaps this indicates that males recognised each other as 

possible conspecific competitors. 

These preliminary results suggest that populations of the Nkhata Bay and Ruarwe 

forms of M. could interbreed, were it not for their geographic isolation from one 

another. Although divergence has been very recent (as assumed by their current 
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conspeciOc status), each population has developed variations in male colour pattern. 

According to the results of this study, these variations may not be important to females 

when choosing a mate, although the m^ority of the broods appear to be the result of 

in t ra - race m a t i n g s . H o w e v e r an e x p e r i m e n t a l t a n k is n o t l ike t h e na tura l e n v i r o n m e n t of 

the f i sh . T h i s c a n b e an advan tage , f o r e x a m p l e d i f f e r ences in m i c r o h a b i t a t u s e and 

seasonality (possible isolating mechanisms) can be disregarded (Knight gf aZ, 1998). 

Tanks are a delimited environment where Gsh densities and movements may not equate 

t o t h o s e u n d e r na tu ra l cond i t i ons a n d th i s m a y resu l t in ' a r t i f i c i a l ' b e h a v i o u r . In 

add i t ion , C a r l e t o n et al ( 2000) has r ecen t ly d e m o n s t r a t e d tha t s o m e M a l a w i c ich l ids are 

c a p a b l e of d e t e c t i n g U V w a v e l e n g t h s - the i l l umina t i on p r o v i d e d m a y n o t m a t c h that of 

the natural environment. However, tests of assortative mating in sympatric populations 

(Knight gf oZ, 1998) produced results that concurred with field-based differences in 

population allele frequency distribution (van Oppen gf aZ, 1997). This study used the 

same set up so perhaps environmental conditions in the experimental tanks do not 

disrupt female mate choice. 

Is it possible to determine the specific status of all allopatric populations of mbuna in 

Lake Malawi? The rapid and ongoing nature of divergence within the lake suggests that 

one is likely to frequently come across intermediate cases where it is not possible to 

determine specific status. Indeed, it has been stated by Mayr (1942) that 'every species 

definition can be only an approach and should be considered with some tolerance' 

(cited in Coyne gf oZ, 1988). Male colour pattern alone may not be enough to isolate 

populations. Seehausen (1996) suggested that specific status should not be awarded due 

to variation in male colour pattern alone, but only in cases where at least one other 

parameter varied as well, for example anatomy or ecology. However, laboratory based 

experiments of mate choice can highlight the degree of reproductive isolation present, 

and hint at the possible outcome of environmental changes which would bring two such 

populations into the same habitat patch. 

The tentative results of this experiment indicate a possible lack of reproductive 

isolation between the M. zg^rn races tested. This would mean that not all allopatric 

populations, even those differing clearly in male colour, should be regarded as valid 

species, and estimates for species richness of the Malawi flock should be consequently 

reduced. 
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3.5.1 Problems with PCR 

A g r ea t m a n y o f f s p r i n g gene ra t ed b y this e x p e r i m e n t f a i l ed t o y i e ld a P C R p roduc t , or 

generated products of such low quality that they could not be scored. There are several 

possible reasons why this happened. 

Perhaps the most obvious reason for a lack of PCR product is that the eggs may have 

b e e n in fe r t i l e ( eggs w e r e n o t m i c r o s c o p i c a l l y e x a m i n e d f o r t h e p r e s e n c e of an e m b r y o 

b e f o r e ex t rac t ion) . It is a l so p o s s i b l e tha t ve ry y o u n g eggs c o n t a i n e d t oo l i t t le D N A to 

extract properly, given the rather basic extraction protocol. It is known that 

microsatellite genotyping errors can be caused by extremely low template DNA 

concentrations (Taberlet gf aZ, 1996). It became obvious during the course of this 

experiment that some loci worked only on certain broods, however, parental genotypes 

were obtained for each locus tested, ruling out the possibility of null alleles. The loci 

used appear to have different requirements in terms of minimum DNA concentration or 

quality. 

Another possible reason for PCR failure is that PCR inhibiting compounds were 

extracted from the samples along with the DNA. One solution to this is to dilute the 

DNA (and inhibitor) before PCR. Whilst diluting DNA extracted from fin clips 

generally resulted in amplification, diluting DNA Aom eggs was rarely successful, 

possibly due to little of no DNA being present in the extracts. Cleaning the extracts 

with purification columns was also generally unsuccessful, even when the procedure 

was used to increase the concentration of the DNA. It is possible that the PCR system 

used (Reagents, brand of 7 ^ , PCR temperature profile) was not correctly optimised for 

very small quantities of DNA. Parameters were altered in an attempt to increase 

product yield, but overall, none proved successful. Contamination of PCR reactions by 

extraneous DNA becomes an important issue when dealing with very low 

concentrations of template DNA. This may explain some of the cases of non-specific 

products, or where more than two alleles ampliOed at a locus. 
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In order to test whether the PGR system as a whole was at fault, the samples that had 

been c l a s s i f i e d as of a m b i g u o u s pa t e rn i ty (Tab le 3 .1) were s e n t to a n o t h e r l abora to ry 

(Dr M a r t i n T a y l o r , U n i v e r s i t y of E a s t A n g l i a ) f o r fu r the r a t t e m p t s at P G R 

a m p l i f i c a t i o n . F a i l u r e of s a m p l e s t o a m p l i f y in a s e c o n d l a b o r a t o r y w o u l d ind ica t e that 

s o m e a spec t of t he t e m p l a t e D N A p r e v e n t s s u c c e s s f u l P G R . C u r r e n t m a t e c h o i c e 

s tud ies ( M . E . K n i g h t , u n p u b l i s h e d da ta ) n o w a l low eggs to d e v e l o p f o r s ix days b e f o r e 

p r e s e r v a t i o n in o rde r to inc rease t he a m o u n t of D N A ava i l ab l e f o r ex t rac t ion . 
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Genotypes for parents and offspring in all repetitions of both experiments. Some alleles deviate from the 2 bp differences in size associated 
with dinucleotide repeats. This is due to the conversion of the output from the ABI sequencer (given to two decimal places) to a whole number, 
therefore alleles that differ only by 1 bp should be regarded as the same allele. Locus M i l exhibited both odd and even sized alleles, therefore 
the 1 bp differences seen at this locus are not an artefact. The rare non-parental alleles seen in a few broods are regarded as a de-novo 
mutation of the microsatellite or as a PGR or genotyping error. Alleles in italics have originated from an inter-race mating. 

Rep 1 

M. callainos 

Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 Pzebl Pzebl M i l M i l UME003 UME003 

446 RPMALE 221 263 112 127 170 250 192 225 
450 NBMALE 181 227 129 135 160 202 208 227 
399 mother brood 62 RP 204 221 162 166 
400A brood 62 204 263 164 250 
400B brood 62 204 263 160 168 
400C brood 62 204 221 164 164 

401 mother brood 63 RP 184 217 182 222 
697 brood 63 218 221 
698 brood 63 
699 brood 63 
700 brood 63 
420 mother brood 73 RP 178 178 
436 brood 73 170 180 

437 brood 73 170 180 

438 brood 73 170 180 

452 brood 73 170 178 
711 brood 73 178 254 
712 brood 73 170 176 

713 bmiod73 178 250 

714 brood 73 170 176 

715 brood 73 176 250 

716 brood 73 176 250 

I 
w 

I 
I 
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M. callainos 

Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 Pzebl Pzebl M i l M i l UME003 UME003 
446 RPMALE 221 263 112 127 170 250 192 225 
450 NBMALE 181 227 129 135 160 202 208 227 
318B mother brood 53 NB 182 208 
319 brood 53 160 182 
661 brood 53 182 200 
662 brood 53 182 202 
663 brood 53 160 182 
664 brood 53 160 208 
421 mother brood 74 NB 221 115 129 160 176 204 220 
422A brood 74 
422B brood 74 221 227 115 129 160 176 220 227 
42%: brood 74 160 160 792 ??MESS 
42ZD brood 74 
422E brood 74 192 221 772 J27 139 ;68 176 J92 211 
423A brood 74 221 227 115 129 158 176 208 220 
423B brood 74 115 727 135 160 176 
423C brood 74 164 176 
423D brood 74 162 176 
423E brood 74 
424A brood 74 174 160 
424B brood 74 115 162 176 
424C brood 74 129 131 160 160 208 220 
447 mother brood 77 NB 231 237 127 152 152 180 
448A brood 77 

448B brood 77 
448C brood 77 
448D brood 77 227 237 129 152 158 180 
448E brood 77 
449A brood 77 

449B brood 77 178 162 20? 
449C brood 77 12939 
449D brood 77 

oo 
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M. callainos 

Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 Pzebl Pzebl M i l M i l UME003 UME003 
446 
450 

RPMALE 
NBMALE 

221 263 
181 227 

112 127 
129 135 

170 250 
160 202 

192 225 
208 227 

449E 
449F 

brood 77 
brood 77 

150 200 

M. co&zinof Rep 2 
Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl M i l M i l 
434 RPMALE 184 196 123 141 146 176 210 223 
435 NBMALE 209 225 127 148 184 200 199 204 
470 mother brood 87 RP 221 225 188 202 
717 brood 87 196 221 
718 brood 87 196 225 186 142 176 
719 brood 87 184 225 202 146 
720 brood 87 215 225 174 202 
721 brood 87 184 221 146 188 
722 brood 87 

723 brood 87 184 221 146 202 
724 brood 87 196 221 174 188 
725 brood 87 196 221 174 202 
726 brood 87 174 188 
727 brood 87 196 225 176 188 
728 brood 87 196 225 174 202 
729 brood 87 184 221 174 188 
730 brood 87 184 221 174 202 
731 brood 87 174 202 
732 brood 87 184 225 176 202 



M. callainos Rep 2 
Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl M i l M i l 
434 RPMALE 184 196 123 141 146 176 210 223 
435 NB MALE 209 225 127 148 184 200 199 204 
564 mother brood 97 RP 221 225 188 204 
565A brood 97 784 142 n 6 
565B brood 97 
565C brood 97 142 184 
566A brood 97 
566B brood 97 142 186 
566C brood 97 142 186 
567A brood 97 176 202 
567B brood 97 196 221 174 202 
567C brood 97 184 221 174 202 
568A brood 97 
568B brood 97 184 225 146 202 
568C brood 97 144 202 
56&A brood 97 196 221 174 202 
56&B brood 97 146 188 
569C brood 97 174 188 
459 mother brood 81 NB 195 221 129 148 174 222 9 1 
460A brood 81 210 229 
460B brood 81 127 148 
460C brood 81 127 129 222 184 204 223 
4600 brood 81 127 129 184 222 204 227 
460E brood 81 127 129 774 774 
461A brood 81 774 204 223 
461B brood 81 
461C brood 81 204 227 
461D brood 81 774 222 199 213 223 
46IE brood 81 129 148 774 222 199 223 
462A brood 81 127 148 
462B brood 81 194 225 127 129 774 222 204 223 
462C brood 81 774 774 
462D brood 81 127 129 774 774 199 213 223 
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M. ca/kmoj: Rep 2 
Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl Mi l M i l 
434 RPMALE 184 196 123 141 146 176 210 223 
435 NBMALE 209 225 127 148 184 200 199 204 
505 mother brood 88 NB 203 221 188 206 
507 brood 88 209 221 186 186 
508 brood 88 221 225 184 184 
509 brood 88 204 209 188 200 
750 mother brood 112 NB 176 231 
751 brood 112 225 231 
752 brood 112 209 231 
753 brood 112 209 231 
754 brood 112 176 209 
755 brood 112 209 231 
756 brood 112 
757 brood 112 176 225 
767 mother brood 117 NB 176 231 
768 brood 117 216 231 
769 brood 117 176 225 
770 brood 117 225 231 
771 brood 117 225 231 
772 brood 117 176 225 
773 brood 117 216 231 
774 brood 117 225 231 
775 brood 117 176 215 
776 brood 117 
1292 mother brood 142 NB 192 262 121 157 193 229 231 
1293 brood 142 192 231 
1294 brood 142 

1295 brood 142 
1296 brood 142 

1297 brood 142 

1298 brood 142 
1299 brood 142 

1300 brood 142 1 1 
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M. callainos Rep 2 
Sample no. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl M i l M i l 
434 RPMALE 184 196 123 141 146 176 210 223 
435 NBMALE 209 225 127 148 184 200 199 204 
1301 brood 142 
1302 brood 142 
1303 brood 142 

oo 
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M. zebra Rep 1 
Sample No. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl 
162 MALEC 185 241 139 148 144 164 
163 MALENB 217 243 133 137 182 204 
313 mother brood 51 C 172 216 
314A brood 51 144 172 
314B brood 51 144 216 
314C brood 51 144 215 
314D brood 51 164 216 
315A brood 51 164 172 
315B brood 51 144 172 
315C brood 51 164 172 
315D brood 51 144 216 
316A brood 51 164 172 
316B brood 51 164 216 
316C brood 51 164 172 
316D brood 51 144 216 
317A brood 51 164 172 
317B brood 51 144 172 
317C brood 51 164 216 
317D brood 51 

542 mother brood 94 C 186 233 144 162 
543B brood 94 144 144 
543C brood 94 144 144 164 
543D brood 94 162 162 
543E brood 94 142 162 
541F brood 94 233 241 144 162 
544A brood 94 184 233 144 144 
544B brood 94 184 186 144 144 
544C brood 94 184 186 144 162 
544D brood 94 144 144 
544E brood 94 144 162 
544F brood 94 142 164 
545A brood 94 162 162 
545B brood 94 144 16 

545C brood 94 233 241 144 162 184 
545D brood 94 144 144 
545E brood 94 144 162 
545F brood 94 233 241 144 164 
546A orood 94 142 164 
546B brood 94 233 241 144 12 
546C srood 94 144 144 164 
546D ]rood 94 142 142 
546E %mod94 86 241 144 162 
546F irood 94 86 144 164 
547A ]rood 94 86 164 164 
547B ]rood 94 84 144 144 
547C %mod94 84 233 162 162 
547D brood 94 86 241 162 162 
547E arood 94 84 233 144 164 
547F MUod94 86 241 144 162 
548A ]rood 94 142 162 
548B )rood 94 142 142 164 
548C )rood 94 186 241 162 144 
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M. zebra Rep 1 
Sample No. Sample ID UNH130 UNH130 DXT3 DXT3 PZEBl PZEBl 
162 MALEC 185 241 139 148 144 164 
163 MALENB 217 243 133 137 182 204 
548D brood 94 184 186 144 144 164 
548E brood 94 186 142 164 
548F brood 94 184 186 144 160 
54&A brood 94 233 144 164 
549B brood 94 184 162 162 
549C brood 94 144 162 
549D brood 94 144 144 
549E brood 94 186 241 162 162 
549F brood 94 142 142 
550A brood 94 184 162 162 
550B brood 94 142 164 
550C brood 94 142 164 
550D brood 94 184 233 144 144 
550E brood 94 144 164 
550F brood 94 186 241 142 164 
551A brood 94 186 241 164 162 
551B brood 94 144 164 
551C brood 94 144 164 
551D brood 94 144 162 
55113 brood 94 142 164 
551F brood 94 164 164 
552A brood 94 233 241 144 12 
552B brood 94 144 144 
552C brood 94 233 241 144 144 184 
552D brood 94 144 144 
318A mother brood 52 C 185 209 162 194 
651 brood 52 144 14 
652 brood 52 162 162 
653 brood 52 162 162 
654 brood 52 208 241 144 162 
655 brood 52 144 162 194 
656 brood 52 144 196 
657 brood 52 184 162 142 200 
658 brood 52 208 241 144 192 
659 brood 52 184 241 144 194 
660 brood 52 184 144 164 
406 mother brood 66 NB 174 190 
40%A 3rood 66 174 166 
407B ]rood 66 
407C Drood 66 
407D ]rood 66 176 164 
407E jrood 66 174 144 
408A )rood 66 144 174 
408B jrood 66 174 164 
408C arood 66 
408D 3rood 66 

4Mm Drood 66 
469 nother brood 86 NB Z09 227 137 133 142 166 
4 n A jrood 86 209 133 137 142 202 
47m %uod86 227 133 137 166 182 
4 n c jrood 86 
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M. zebra Rep 1 
Sample No. Sample ID UNH130 UNHISO DXT3 DXT3 PZEBl PZEBl 
162 MALEC 185 241 139 148 144 164 
163 MALENB 217 243 133 137 182 204 
472A brood 86 227 133 137 168 184 
472B brood 86 209 137 142 182 
472C brood 86 209 137 133 168 204 
473A brood 86 -

473B brood 86 227 133 137 142 204 
473C brood 86 227 133 137 142 182 
474A brood 86 209 133 137 166 204 
474B brood 86 -

474C brood 86 227 133 142 182 
475A brood 86 209 133 137 142 204 
475B brood 86 227 133 137 142 204 
474C brood 86 209 133 137 142 204 
476A brood 86 227 133 142 182 
476B brood 86 209 133 137 168 182 
476C brood 86 142 182 
476D brood 86 227 137 168 204 
536 mother brood 93 NB 166 168 
537A brood 93 168 
537B brood 93 
537C brood 93 
537D brood 93 164 202 
537E brood 93 168 742 204 
53&A brood 93 164 742 
538B brood 93 168 146 178 
538C brood 93 164 204 
538D brood 93 168 176 
53&E brood 93 

53&B brood 93 
539C brood 93 
539D brood 93 744 164 
539E brood 93 
540B brood 93 166 180 
540C brood 93 
540D ]rood 93 146 166 
540E %mod93 
541B ]rood 93 740 166 202 
541C Drood 93 746 164 
541D )rood 93 746 166 204 
553 mother brood 95 NB 185 215 
556 brood 95 185 243 
557 ]rood 95 185 217 
558 ]rood 95 215 243 
559 3rood 95 Z15 243 
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M. zebra 
Rep 2 
Sample Sample ID UNH130 UNH130 DXT3 DXT3 UME003 UME003 Mi l M i l 
no. 
783 MALEC 184 233 121 1^1 222 220 221 
784 MALENB 202 218 129 131 226 230 221 225 
785 mother brood 118 C 208 214 
786 brood 118 

787 brood 118 

788 brood 118 

789 brood 118 

790 brood 118 

791 brood 118 
792 brood 118 

793 brood 118 

794 brood 118 

795 brood 118 

796 brood 118 
797 brood 118 

798 brood 118 

799 brood 118 
800 brood 118 

801 brood 118 
802 mother brood 119 NB 220 232 210 238 
803 brood 119 

804 brood 119 
805 brood 119 
806 brood 119 

807 brood 119 

808 brood 119 

809 brood 119 

810 brood 119 
811 brood 119 

812 brood 119 
813 brood 119 
814 brood 119 

815 brood 119 

816 brood 119 
817 brood 119 
818 # o o d l l 9 
819 Drood 119 

3rood 119 

821 wood 119 
822 3rood 119 

823 3rood 119 
824 Moodll9 
825 mother brood 120 NB 210 216 218 230 
826 ]rood 120 
827 Drood 120 

828 3rood 120 

829 Drood 120 
830 irood 120 
831 )rood 120 
832 irood 120 
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M. zebra 
Rep 2 
Sample Sample ID UNH130 UNH130 DXT3 DXT3 UME003 UME003 M i l M i l 
no. 
783 MALEC 184 233 121 131 222 220 221 
784 MALENB 202 218 129 131 226 230 221 225 
833 brood 120 

834 brood 120 

835 brood 120 

836 brood 120 

837 brood 120 

838 brood 120 
839 brood 120 

840 brood 120 

841 brood 120 

842 brood 120 

882 mother brood 123 NB 216 228 
883 
884 

brood 123 
brood 123 

885 brood 123 

886 brood 123 

887 
888 
889 

brood 123 
brood 123 
brood 123 

890 brood 123 

891 brood 123 

892 brood 123 
893 brood 123 

894 brood 123 

895 brood 123 

896 brood 123 
897 
898 

brood 123 
brood 123 

899 brood 123 

900 brood 123 
901 brood 123 
902 brood 123 

903 brood 123 

904 brood 123 
905 mother brood 124 C 214 234 153 234 
906 Drood 124 
907 3modl24 202 214 238 236 
908 ]rood 124 202 234 234 
909 ]rood 124 202 234 234 238 
910 Drood 124 234 
911 ]rood 124 234 238 
912 Drood 124 234 153 
913 orood 124 234 238 
914 ]rood 124 234 
952 mother brood 127 NB 218 220 220 230 
953 Drood 127 

954 ]rood 127 
955 3rood 127 
956 irood 127 

957 )rood 127 
958 )rood 127 
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M. zebra 
Rep 2 
Sample Sample ID UNH130 UNH130 DXT3 DXT3 UME003 UME603 M i l M i l 
no. 
783 MALEC 184 233 121 131 222 220 221 
784 MALE NB 202 218 129 131 226 230 221 225 
959 brood 127 

960 brood 127 

961 brood 127 

962 brood 127 
963 brood 127 

964 brood 127 

965 brood 127 

966 brood 127 

967 brood 127 
968 brood 127 
969 brood 127 

970 brood 127 

971 brood 127 

972 brood 127 

973 brood 127 
974 brood 127 

975 brood 127 

976 brood 127 

977 brood 127 

995 mother brood 129 C 184 234 125 131 
996 brood 129 202 234 
997 brood 129 184 208 129 131 
998 brood 129 202 234 125 131 
999 brood 129 184 
1000 brood 129 234 131 
1001 brood 129 202 234 125 129 
1002 brood 129 184 27& 125 131 
1003 brood 129 184 273 125 129 
1004 brood 129 277 234 125 129 
1005 brood 129 202 234 125 129 
1006 brood 129 184 202 125 131 
1007 brood 129 202 234 129 131 
1008 brood 129 202 234 129 131 
1009 brood 129 202 234 131 
1010 arood 129 202 234 125 129 
i o n ]rood 129 202 234 131 
1012 Drood 129 184 125 131 
1013 xood 129 129 131 
1014 ]rood 129 184 27& 125 129 
1015 )rood 129 184 202 125 129 
1016 ]rood 129 202 234 125 129 
1017 3rood 129 184 129 131 
1018 arood 129 125 129 
1019 orood 129 234 131 
lOM w M d ^ 2 9 202 234 125 129 
1021 Tiother brood 130 NB Z02 212 129 ?? Z26 244 219 221 
10% )rood 130 125 129 228 
1&% )rood 130 132 208 220 
lOM jrood 130 

1&# irood 130 113 129 
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M. zebra 
Rep 2 
Sample Sample ID UNHISO UNH130 DXT3 DXT3 UME003 UME003 M i l M i l 
no. 
783 MALEC 184 233 121 131 222 220 221 
784 MALENB 202 218 129 131 226 230 221 225 
1026 brood 130 206 
1027 brood 130 

1028 brood 130 

1029 brood ISO 

1030 brood 130 234 238 208 221 
1031 brood 130 

1032 brood 130 

1033 brood 130 
1034 brood 130 

1035 brood 130 

M. zebra 
REP3 
Sample Sample ID UNH130 UNH130 DXT3 DXT3 UME003 UME003 M i l M i l 
no. 
781 MALEC 214 233 121 146 222 220 221 
782 MALENB 211 219 129 131 226 209 229 

843 mother brood 121 C 220 232 7 ? 

844 brood 121 207 
845 brood 121 

846 brood 121 207 214 
847 
848 

brood 121 
brood 121 

207 214 

849 brood 121 

850 brood 121 

851 brood 121 

852 brood 121 

853 brood 121 

854 mother brood 122 C 184 186 125 131 222 144 
855 brood 122 121 131 222 144 
856 brood 122 125 146 222 
857 brood 122 222 
858 brood 122 
859 brood 122 220 144 
860 brood 122 222 
861 brood 122 222 

862 brood 122 
863 brood 122 220 222 

864 brood 122 222 

865 brood 122 222 144 

866 brood 122 222 144 

867 
868 
869 

brood 122 
brood 122 
brood 122 222 

870 brood 122 222 220 

871 brood 122 222 204 

872 brood 122 
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M. zebri I 
REPS 
Sample Sample ID UNH130 UNH13C DXT3 DXT3 UME003 UME003 M i l M i l 
no. 
781 MALEC 214 233 121 146 222 220 221 
782 MALENB 211 219 129 131 226 209 229 
873 brood 122 

874 brood 122 

875 brood 122 222 
876 brood 122 220 144 
877 brood 122 

878 brood 122 222 
879 
880 

brood 122 
brood 122 222 144 

881 brood 122 220 144 
915 mother brood 125 C 184 186 125 146 
916 brood 125 184 214 
917 brood 125 186 214 
918 brood 125 186 214 
919 brood 125 186 233 
920 brood 125 184 213 
921A brood 125 186 214 
921B brood 125 186 233f 
922 brood 125 186 214 
923 brood 125 186 233 
924 brood 125 

925 brood 125 184 233 121 146 
926 brood 125 184 211 121 146 
927 brood 125 186 233 
928 brood 125 186 214 
929 brood 125 184 214 
930 brood 125 186 214 
931 brood 125 186 214 
932 brood 125 184 214 
933 brood 125 184 233 
934 brood 125 184 233 
935 brood 125 184 214 
936 brood 125 186 233 
937 Drood 125 186 214 
938 Drood 125 184 214 
939 ]rood 125 184 214 
940 Drood 125 186 214 
941 ]rood 125 186 214 
942 ]rood 125 186 214 
943 )rood 125 186 214 
944 )rood 125 184 
945 ]rood 125 
946 mother brood 126 202 133 141 

947 jrood 126 202 211 131 133 
948 )rood 126 Z02 219 131 133 
949 jrood 126 Z02 219 129 133 
950 jrood 126 131 141 
951 )rood 126 131 141 
978 I 

r 
nother brood 128 108 224 108 221 

92 



Chapter 3 - Allopatric Populations and Mate Choice 

M. zebra 
REP3 
Sample Sample ID UNH130 UNH130 DXT3 DXT3 UME003 UME003 M i l M i l 
no. 
781 M A L E C 214 233 121 146 222 220 221 
782 M A L E N B 211 219 129 131 226 209 229 
979 brood 128 208 226 229 221 
980 brood 128 224 226 209 
981 brood 128 224 226 
982 brood 128 224 226 209 221 
983 brood 128 220 226 221 
984 brood 128 220 224 204 208 
985 brood 128 219 224 226 209 
986 brood 128 224 226 209 229 
987 brood 128 209 223 
988 
989 

brood 128 

brood 128 

990 brood 128 

991 brood 128 

992 brood 128 

993 brood 128 
994 brood 128 

1036 mother brood 131 
NB 

202 222 

1037 brood 131 202 220 235 
1038 brood 131 202 220 226 
1039 brood 131 226 232 
1040 brood 131 220 226 

brood 131 

1042 brood 131 

1043 brood 131 

1044 Drood 131 

1045 Drood 131 226 235 
1046 Drood 131 

1047 Drood 131 226 
1048 Drood 131 235 
1049 5rood 131 226 235 
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4 Mate Choice of Cichlid Fish from Lake Victoria 

4.1 Chapter Note 

This chapter is the result of jo int research by C.J. Allender and O. Seehausen. O. 

Seehausen carr ied out experimental design, f i sh maintenance and behavioural 

observat ions together with Mart ine M a a n and Rober t Fraser. C.J . Al lender carried out 

D N A extract ion and microsatell i te genotyping. 

4.2 Introduction 

4.2.1 Lake Victoria 

Lake Vic tor ia (Figure 4.1) is one of the three Great Lakes of Eas te rn Afr ica . It is the 

third largest lake on Earth, and was fo rmed by upl i f t of the a r ea to the west of the 

current lake, which caused ponding of the wes tward f lowing r ivers in the region. This 

is in contrast to lakes Ma lawi and Tanganyika that were f o r m e d by water accumulat ion 

in deep r if t val leys and are 785m and 1470m in depth respect ively. Lake Victoria is 

relat ively shal low with a m a x i m u m depth of 7 0 m and has a s u r f a c e area of 70 000 km^ 

(Martens, 1997). The large surface area and shal low depth of t he lake allow complete 

mix ing of the water co lumn, unl ike Lakes Malawi and Tanganyika , and this permits 

fish to occupy any depth habitat within the lake. 

Figure 4.1. Lake Victoria and surrounding lakes. Lake Victoria has a maximum width of 320 km 
and a maximum length of 400 km. The relative locations of Lakes Victoria, Malawi and 
Tanganyika may be seen in Figure 1.2. 
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4.2.2 TTzg czcAZffi:; Viicforfa 

Lake Victoria is also home to a large radiation of cichlids. Seehausen gf aZ (1997b) 

e s t i m a t e t he n u m b e r of spec ies p r e sen t as > 5 0 0 . T h e t e rm ' s u p e r spec ies f l o c k ' has 

b e e n u s e d in t he c a s e of L a k e Vic to r i a d u e to t he inc lus ion of spec i e s f o u n d in 

s u r r o u n d i n g l akes a n d r ivers ( G r e e n w o o d , 1984) . R e c o n s t r u c t i o n of the p h y l o g e n y of 

th is f l o c k h a s p r o v e d d i f f i c u l t d u e to a l ack of va r ia t ion in t h e m a r k e r s s u r v e y e d , f o r 

e x a m p l e S a g e et al ( 1 9 8 4 ) f o u n d in t e r spec i f i c d i f f e r e n c e s of j u s t 0 . 0 0 6 d e t e c t a b l e 

subs t i t u t ions p e r l ocus in a su rvey of 10 a l l o z y m e loci . D N A s e q u e n c i n g h a s p r o v i d e d 

m o r e ins igh t ; B o o t o n et al ( 1999 ) s u g g e s t e d a p o l y p h y l e t i c o r i g i n of the L a k e Vic to r i a 

flock based on sequence data from the ribosomal RNA internal transcribed spacer one. 

In th is s tudy , p h y l o g e n e t i c ana lys i s r e su l t ed in a s e q u e n c e f r o m L a k e E d w a r d c lus te r ing 

wi th in the L a k e V i c t o r i a s e que nc e s , a n d t he au tho r s a t t r ibu ted th i s to ' r e i nvas ion b y the 

p r o d u c t s of ea r l i e r c l a d o g e n e s i s e v e n t s ' . T h e s e resu l t s c o n t r a s t t h o s e of M e y e r et al 

(1990) who suggested a monophyletic origin for the species flock within Lake Victoria. 

However, their conclusions were based on a limited number of samples with none from 

other lakes in the region. In a more thorough investigation, Nagl gr aZ (2000) proposed 

a more complex scenario as they detected seven mitochondrial DNA haplotypes at a 

r eg iona l l eve l . E n d e m i c h a p l o c h r o m i n e c ich l ids f r o m L a k e V i c t o r i a fel l i n to a s ing le 

haplogroup, but this grouping was not a monophyletic assemblage and also included 

species found in other lakes and rivers. However, a large proportion of Lake Victoria 

endemics clustered into one subgroup within this haplogroup. The authors concluded 

that while a significant radiation took place within the lake from a single founding 

population, the contemporary flock is the result of the divergence of several ancestral 

lineages. This may also explain the fact that molecular evidence dates the radiation of 

the modem flock at around 200000 years ago (Meyer gr aZ, 1990), geological evidence 

suggests modem Lake Victoria was dry as little as 15000 years ago (Johnson gf aZ, 

1996). 

The species flock of Lake Victoria also contains a group of rock-dwelling cichlids 

similar in ecology to the mbuna of Lake Malawi. This group of fish is described by the 

local name 'mbipi' and the species composition and ecology of the mbipi have been 

described in detail by Seehausen (1996). Like the mbuna of Lake Malawi, the mbipi are 

sexually dimorphic maternal mouthbrooders, and they exhibit geographical variation in 
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m a l e c o l o u r pa t t e rns , a n d p o l y m o r p h i s m s are o f t e n p re sen t w i t h i n a p o p u l a t i o n . A s in 

Lake Malawi, given the enormous diversity in both colour patterns and ecology in 

c ich l ids f r o m L a k e Vic to r ia , q u e s t i o n s m u s t b e a sked r e g a r d i n g m e c h a n i s m s of 

spec ia t ion a n d i n d e e d w h a t cons t i tu te s a spec ies in th is g r o u p . P o s t - z y g o t i c i so la t ion 

appea r s to b e l im i t ed as v i ab l e h y b r i d s c a n b e gene ra t ed in t h e l abo ra to ry ( S e e h a u s e n et 

al, 1997a) . S e e h a u s e n a n d van A l p h e n (1999) p r e sen t e v i d e n c e f o r the o c c u r r e n c e of 

bo th a l lopa t r i c a n d s y m p a t r i c spec ia t ion t h r o u g h a p lo t of n u m b e r s of c lo se ly re la ted 

spec ies pa i r s aga ins t a m o u n t of g e o g r a p h i c r a n g e over lap . A b i m o d a l d i s t r ibu t ion w a s 

de t ec t ed w i th t he la rges t n u m b e r s of spec i e s pa i r s ex i s t ing in a l m o s t c o m p l e t e s y m p a t r y 

or a l lopa t ry , w i t h re la t ive ly f e w pa i r s h a v i n g in t e rmed ia te l e v e l s of r a n g e ove r l ap . A 

p o s s i b l e m e c h a n i s m of s y m p a t r i c spec ia t ion w a s ind ica ted a s d i s r u p t i v e s e x u a l 

se lec t ion o n m a l e c o l o u r pa t t e rns b y the au thors as spec ies p a i r s w h i c h ex i s t in 

sympatry differ more than allopatric pairs in male colour (the trait under selection) in 

the way that has been shown to affect female preference (Seehausen and van Alphen, 

1998; S e e h a u s e n et al, 1999). T h e spec i f i c s ta tus of c o l o u r m o r p h s w i th in p o p u l a t i o n s 

is not often obvious. Seehausen gf aZ (1999) investigated the genetics of mate 

preference and colour patterns in different colour morphs of AAgocAro/MM 

omnicaeruleus. T h e y c o n c l u d e d tha t the m o r p h s r e p r e s e n t e d o n e or ig ina l and t w o 

incipient species with reduced gene flow between them due to mate preference and 

highly distorted sex ratios in broods from certain crosses. 

The approach of comparing ecological observations with behavioural experiments in 

the laboratory appears to be a useful approach for testing reproductive isolation 

between colour morphs. Field sampling allows assessment of potential differences in 

habitat use, food intake and reproductive timing (Seehausen ef aZ, 1999). Microsatellite 

typing of population samples may reveal isolation implied by differences in allele 

frequencies (for example van Oppen gf aZ, 1998). Carefully designed laboratory 

experiments on mate choice may reveal the presence of pre-zygotic barriers to gene 

flow between colour morphs (Knight gf oZ, 1998; Seehausen and van Alphen, 1998; 

Seehausen gf aZ, 1999 and reviewed by Turner gf aZ, 2001). In addition, it may be 

possible to generate hybrids of two different colour morphs in order to examine mate 

preference and viability (Seehausen, unpublished). 
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4.2.3 Aims 

Pundamilia pundamilia ( S e e h a u s e n a n d B o u t o n , 1998) and P. nyererei ( W i t t e and 

W i t t e - M a s s , 1985) r ep re sen t a s y m p a t r i c spec ies pa i r of r o c k d w e l l i n g c i ch l i d s f r o m 

L a k e V ic to r i a . T h e y are v e r y s imi la r in a p p e a r a n c e apar t f r o m t h e dorsa l a r e a of m a t u r e 

s e x u a l l y ac t ive m a l e s ( red in P. nyererei and b lue in P. pundamilia - see F i g u r e 4 .2) . 

A s the i r L a t i n n a m e s imp ly , t h e y h a v e a l r eady b e e n f o r m a l l y d e s c r i b e d as s epa ra t e 

spec ies a l t h o u g h S e e h a u s e n a n d v a n A l p h e n (1998) no t e tha t in s o m e pa r t s of the i r 

r a n g e t h e y b e h a v e as c o l o u r m o r p h s of the s a m e spec i e s a n d in o the r s as s e p a r a t e 

spec ies . H y b r i d s b e t w e e n t he t w o spec ies are eas i ly g e n e r a t e d in the l a b o r a t o r y bu t a re 

no t n o r m a l l y o b s e r v e d in t he na tu ra l e n v i r o n m e n t e x c e p t in a r e a s of g rea t ly r e d u c e d 

water clarity (Seehausen gf aZ, 1997a). The aim of this study is to test for reproductive 

i so la t ion b e t w e e n the t w o spec i e s u s i n g mic rosa te l l i t e b a s e d p a t e r n i t y a s s i g n m e n t of t he 

offspring generated from four mate choice trials. The utility of microsatellite loci 

originally isolated from species from Lake Malawi and elsewhere is assessed for this 

purpose. In addition, partial microsatellite typing of broods from F1 hybrids of these 

t w o s p e c i e s is u s e d as an ind ica t ion of m a t e p r e f e r e n c e in o r d e r to c o m p a r e rea l m a t i n g 

patterns of F1 hybrid females with behavioural indicators of hybrid mate preference. 

This allows investigation of the heritable basis of female preference, and also permits 

the assumptions of a model of sympatric speciation by sexual selection to be tested, 

n a m e l y tha t f e m a l e p r e f e r e n c e is a s ing le locus trai t w i th c o m p l e t e d o m i n a n c e (as in the 

m o d e l of T u r n e r and B u r r o w s , 1995) . 

4.3 Methods 

J . 7 ^ gf-wp 

Two different designs were used during the course of this experiment. A number of f . 

and hybrid females were presented with a choice of three males 

(one from each species and one hybrid). The design was varied in order to allow or 

prevent interaction between the males. This was achieved by partitioning the 

experimental tank into three sections with a mesh which prevented the large males from 

moving out of their respective section, but which allowed the smaller females 

unrestricted access to any male. Removing the mesh partitions (an 'open' design) 
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Figure 4.2. Representatives of the species used in this study, a) P. pundamilia male, b) P. nyererei 
male. The contrast between the dorsal areas of these fish is immediately apparent, c) P. pundamilia 
females. P. nyererei females are very similar to P. pundamilia apart from subtle differences in head 
anatomy, d) Male hybrid between P. pundamilia and P. nyererei. Photos taken by O. Seehausen, 
reproduced with kind permission. 

permit ted male interaction. The exper iment was subdivided in to f o u r trials, details of 

which m a y be f o u n d in Table 4.1. Females were a l lowed to s p a w n f ree ly , and then eggs 

were r emoved af ter 3 to 7 days of mouthbrooding . Fin cl ips f r o m the adult f ish and 

eggs or f ry were preserved in absolute ethanol . T h e s tandard l eng th of each male was 

measured and an index of coloration was recorded as fol lows. T h e h u e and intensity of 

pigmentat ion of the do r sum of each ma le was assigned a score o f -1 to 3, -1 

represent ing blue, 0 dull, 1 slightly red, 2 red, 3 intensely red. T h e co lour score 

recorded represents the mean of scores ass igned to each f ish b y at least two researchers. 

The exper iment consis ted of four separate trials. Each tested assor ta t ive mat ing 

be tween the f ema les of the dif ferent species and also examined h y b r i d m a t e preference. 

Some males and females were used twice in d i f ferent trials (see T a b l e 4.1) . Absolu te 

mate choice of all P. pundamilia and P. nyererei f emales was a s s e s s e d b y microsatel l i te 

genotyping their entire brood. A pre l iminary investigation of t he m a t e pre fe rence of Fi 

hybrid females was carried out by part ial ly typing all of the b r o o d s resul t ing f r o m one 

trial (Trial 2.1) of the experiment . 
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4. J . 2 

Samples were washed Aoroughly with Millipore water before a standard proteinase 

K/chloroform extraction protocol was carried out (Rico gf aZ, 1992, see Chapter 2). 

Prior to ext rac t ion , as m u c h of the yolk sac as poss ib le was r e m o v e d f r o m the larva. 

Y o u n g e g g s wi th no vis ible larvae were extracted in their en t i re ty . D N A w a s 

r e suspended in 2 0 0 fxL Tr i s -HCl b u f f e r ( l O m M ) apart f r o m tha t f r o m very y o u n g eggs 

which was r e suspended in lOOfiL of the s a m e buf fe r . 

T h e P G R pro toco l s and procedures descr ibed in Chapter 2 w e r e fo l lowed. F ive 

microsa te l l i te loci previous ly op t imised f o r Ma lawi c ichl ids w e r e tested on t w o b roods 

to de t e rmine wh ich were the mos t po lymorph ic in these V ic to r i a species; U N H 1 3 0 , 

UME003, DXTUCA3, UNH106 and Ml 1 (see Table 2.2 for locus characteristics and 

original references). Two loci (UNH106 and DXTUCA-3) were not variable enough 

amongst the males tested to provide good assignments of paternity (data not shown). 

The remaining three loci exhibited high levels of variation and were thus used to type 

the rest of the broods in the experiment. 

An assay of the amount of genetic variation present in the laboratory populations of f . 

and f . was carried out by calculating allele frequency and 

heterozygosity for the three loci used in this study. Genotype data for all the adults 

from the mate choice experiments was included along with data collected for 10 males 

not invo lved in the trials. Individuals that had not been u n a m b i g u o u s l y iden t i f ied 

during the trials were excluded from these calculations (there were two cases of 

dubious identification of females as either f . f . Mygrerg; or F1 hybrid as 

they are very similar in appearance). 

In an a t tempt to de te rmine if it was necessary to type every ind iv idua l in e ach b rood to 

obtain an accurate estimate of mate preference, the BROOD program (Dewoody ef aZ, 

2000) was used to generate one hundred simulated broods based on the combined allele 

frequencies of the f a n d f p o p u l a t i o n s . The genotypes of the 

parents for each brood were generated randomly based on the observed allele 

frequencies, assuming Hardy-Weinberg equilibrium. The offspring genotypes resulted 

from Mendelian inheritance of parental alleles. Broods were simulated with a 
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m a x i m u m of three sires, as this was the n u m b e r of ma les p re sen t in each exper imenta l 

tank. E a c h b rood was r e sampled one hundred t imes to de t e rmine the n u m b e r of 

o f f sp r ing that had to be typed be fo re all parental alleles were r ecovered ( inc lud ing 

those that are ident ical in state). The m e a n across all broods g ives the pa rame te r N* , 

and due to the n u m b e r of b roods generated, 9 5 % conf idence in tervals of this pa ramete r 

m a y also be calcula ted. Th is will p rov ide an indicat ion of the n u m b e r of o f f s p r i n g that 

shou ld be typed f r o m each b rood to be reasonably certain that all paternal a l le les have 

been detec ted . B r o o d s of 4 0 and 50 o f f sp r ing w e r e s imulated, a s suming an equa l 

paternal cont r ibu t ion of three males . In addit ion, the n u m b e r of m a l e s and the i r relat ive 

cont r ibut ions were var ied whils t ho ld ing brood size constant at 50 of fspr ing . 
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1 Trial t Female Nin Males Present Design Notes 
ID brood SL CS SL CS SL CS 

1.1 B1 34 B1 78 -1 R1 77 3 H I 77 1 0 
B2 4 B1 78 -1 R1 77 3 H I 77 1 0 

1.2 B1 31 B7s 91 -1 R4s 80 1.5 P 
R1 19 B7s 91 -1 R3s 84 3 P 
R2 25 B7s 91 -1 R3s 84 3 P 
R9 1** B7s 91 -1 R3s 84 3 P 

2.1 2B1 43 B1 78 -1 R1 77 3 H2 78 1 o 
2B2 50 B2 68 -1 R1 77 3 H2 78 1 0 R1 Dominan t 
2B3 48 B4 88 -1 R1 77 3 H2 78 1 P 

2B4 65 B4 88 -1 R1 77 3 H2 78 1 P 
2R?2 50 B4 88 -1 R1 77 3 H2 78 1 p 

2.2 2B 30 Bis 79 -1 R2s 85 3 p ID Problem 

2R?2 34 Bis 79 -1 R2s 85 3 p 

Table 4.1. Details of the four trials of the experiment. Species ID as follows ; B = P. pundamilia, R = P. nyererei, H = hybrid. An ID problem is noted for female 2B in 
trial 2.2 as two fin clips were provided with the brood which were revealed as coming from different individuals after genotyping. The clip with the genotype 
compatible with the offspring was assumed to have come from the mother of this brood. O denotes an open design, P a partitioned design. ** the majority of the 
brood from female R9 in Trial 1.2 was lost prior to preservation apart from a single individual. SL - standard length of male (mm). CS - colour score (see text for 
description). Only females that spawned are listed. 
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Trial Female Nin Males Present Design Notes 
ID brood SL CS SL CS SL CS 

2.1 2H1 14 "Bl 78 -1 R1 77 3 "H2 "78 1 0 

2H2 26 B3 - 9 0 ? R1 77 3 H2 78 1 0 

2H3 11 B3 - 9 0 7 R1 77 3 H2 78 1 P 

2H4 17 B4 88 R1 77 3 H2 78 1 P 
2H5 32 B4 88 R1 77 3 H2 78 1 P 

2 m 34 B4 88 R1 77 3 H2 7 8 1 P ID problem 
2H7 28 B4 88 R1 77 3 H2 78 1 P 

2H9 18 B4 88 R1 77 3 H2 78 1 P 

2H11 33 B4 88 R1 77 3 H2 78 1 P Preservation 

2H12 28 B4 88 -1 R1 77 3 H2 78 1 P 

problem? 

Table 4.2 Number of females and brood sizes of the F1 hybrid females from Trial 2.1. Species identification as Table 4.1. The brood of 
female 2H11 was noted to be particularly poorly preserved upon extraction. Female 2H6 was thought to be a misidentiGed 
but comparison of the three locus genotype for this female with the genotypes of known f . and i Individuals 
revealed alleles present in both species. This female was therefore reassigned as a hybrid. O denotes and open experimental design, P a 
partitioned design. SL - standard length of male (mm), CS - colour score(see text for description). ? indicates colour score was not 
recorded. 
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4.4 Results 

T h e loci c h o s e n w o r k e d relat ively wel l in the species f r o m L a k e Vic tor ia used in this 

s tudy, desp i te the fac t that they w e r e or iginal ly isolated f r o m Oreochromis niloticus, 

MefriacZzma and the Tanganyikan cichlid TropAgW:; moorH. However, the stutter 

pat tern assoc ia ted wi th U M E 0 0 3 alleles was no ted to be less e a s y to interpret than 

when this locus was used on Lake Malawi species (Chapter 2 and 3). The results from 

UNH130 were occasionally difficult to interpret as well as either no or only a single 

allele amplified. Locus M i l did not always provide interpretable information and has 

there fore b e e n used in a l imited n u m b e r of b roods in this s tudy . 

Genotype data from adults used in the study and other individuals from the laboratory 

population reveals that eight alleles are present at UNH130 and nine alleles are present 

at UME003. Figure 4.3 shows there are six species speciHc alleles at locus UNH130 

and seven species specific alleles at UME003. Both species have a single allele in 

common at each locus. The frequency distributions for each locus are not continuous as 

the alleles exhibit a large amount of size variation; UNH130 alleles range in size from 

180 - 266 bp and UME003 has a size range of 199 - 257 bp. Alleles present in the f . 

nygrgrgf population are at the extremes of the size range for both loci whereas f . 

alleles are more similar in size. 
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Figure 4.3. Allele frequency distributions for the P. pundamilia and P. nyererei laboratory 
populations at a) IJNH130 and b) UME003. At UNH130, each species has three unique and one 
shared alleles. The situation is similar for UME003 where both species also share one allele, but the 
remainder are species specific. 
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4.4. j Mafg CAofce q/"?. pundamilia P. nyererei 

The genotypes of parents and offspring can be found in the Appendix to this chapter. A 

summary of the results of the paternity assignment may be seen in Table 4.3. Out of a 

total of eight f . /pw/iJam/Zfa broods tested (all from different females), seven were sired 

by the f . pMrnakm/Zfa male present at the time. However, allele sharing by the hybrid 

and f . pwWamzVfo male meant that it could not be ascertained whether three of these 
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broods were the product of a sole mating with the f . pwrnfa/wf/fa male or multiple 

pate rn i ty . O n e P. pundamilia (B2, Tr ia l 2 .1) f e m a l e m a t e d w i t h a P. nyererei m a l e and 

this occurred under a non-partioned design where behavioural observations indicated 

the almost total dominance of the f . nyergrg; male in the tank. At the time of spawning 

of th is f e m a l e , t he P. nyererei m a l e h a d e x t e n d e d its territory i n to a lmos t t he en t i r e t ank 

unt i l the P. pundamilia m a l e defended an a rea of on ly 2 0 c m in d i a m e t e r (O. S e e h a u s e n , 

pers . c o m . ) . T h i s s t u d y gene ra t ed f i v e P. nyererei b r o o d s f r o m f o u r d i f f e r e n t f e m a l e s . 

O f t hese f i ve , t w o a p p e a r e d t o b e s i red b y the P. pundamilia male p r e sen t in t he tank. 

U n f o r t u n a t e l y on ly o n e ind iv idua l w a s p r e s e r v e d f r o m o n e o f t he b r o o d s ( R 9 Tr ia l 1.2) 

so it is i m p o s s i b l e t o k n o w if this b r o o d w a s of m i x e d pa te rn i ty . T h e r e a r e t h r ee 

instances of possible multiple paternity among f . pwMffa/MfZfa and f . nygrergi broods, 

all from Trial 2.1. In each case the potential for multiple paternity is suggested by a 

single individual in each brood with an ambiguous genotype. In one case this is due to 

the presence of a putative null allele (brood B2), and in the two others the ambiguity is 

caused by conflicting information provided by the two loci (B3 and R2?). 

Eleven different broods from ten different hybrid females were partially typed for this 

study (Table 4.4). Of these, three were sired by a f . nygrgre; male, seven were sired by 

a f . pwm/amfZfa male and one was sired by both. Uncertainty in paternity assignment in 

one brood (2H1) was due to an apparent conflict between loci; however this conflict 

may be due to the presence of a null allele at locus UNH130. The only other individual 

with uncertain paternity only ampliAed at locus UNH130; the f . pMTK&zmiZfa male and 

P. Mygygygf male shared an allele at this locus. 

4.4.5 BROOD simulations 

Mean N* (the number of offspring that should be typed from each brood before all 

parental alleles are detected) varied depending on both the size of brood and the 

number of sires and their relative contributions (Table 4.3). It can be seen that a higher 

number of males with unequal contributions means that more individuals from each 

brood need to be typed. This is also reflected in the histograms of mean N* (Figure 

4.4) that exhibit a more skewed distribution as paternal contributions become less 

equal. 
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Table 4.3. N* statistics generated by BROOD for various brood sizes and paternal contributions. 

N in 
brood 

Number of sires and relative 
contributions 

Mean N* SD N* 95% N* 

50 3(1:1:1) 15.19 5 J 6 25.47 
50 2(2:1) 10.51 4.92 19.93 
50 3 (4:1:1) 16J^ 7.69 2^72 
40 3 (1:1:1) 15.59 5 J 3 24.7 

Figure 4.4. Histograms of cumulative values of N* based on 100 resamplings of 100 simulated 
broods. Mean N* and the upper 95% CI are marked. A) Results from broods of 50 individuals 
sired equally by three males. B) Results from broods of 50 individuals sired by 3 males in a 4:1:1 
ratio. 
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Table 4.4. Summary of results for P. pundamilia (B) and P. nyererei (R) females from the four trials. Paternity of offspring was categorised as ambiguous if PCR 
products from one or more loci failed to discriminate between males. The main source of ambiguity resulted from P. pundamilia and hybrid males sharing alleles. 
Another source of ambiguity was the occasional amplification of none or a single allele in offspring either due to errors in PCR or due to the presence of null alleles. 

Trial Female Nin Males Loci used (N typed) Nnot typed N ambiguous Paternity 
brood Present UNH130 UME003 M i l at any locus B B O R H R ? 

1.1 B1 34 B1,R1,H1 31 31 3 5 26 5* 
B2 4 3 3 1 0 3 

1.2 B?1 31 B7s, R4s 28 30 0 0 31 
R1 19 B7s, R3s 18 18 1 2 14 2R/B 
R2 25 B7s, R3s 24 24 0 0 25 
R9 1* B7s, R3s 1 1 0 0 1+ 

2.1 B1 43 B1,R1,H2 41 41 0 0 43 
B2 51 B2,R1,H2 50 50 0 2 0 48* 1 R/B 
B3 48 B4, R1,H2 42 31 3 19 26 18* IR/B'' 
B4 65 B4, R1,H2 62 54 1 18 45 18* 
R?2 51 B4, R1,H2 41 50 0 1 50 1 R/B^ 

2.2 2B 30 Bis, R2s 30 28 0 0 30 

1 2R?2 34 Bis, R2s 34 34 0 , 0 34* 

Notes on Table 4.3. 
*- only a single individual of this brood was preserved as offspring were lost before they were stripped from the female 
- a null allele is suspected in these broods at locus IINH130, originating from the f . wj'ererei population 

* - the mother, f . or hybrid males shared alleles at the two loci used making it impossible to assign paternity with 
certainty 
a - paternity cannot be assigned with certainty as the two loci give conflicting results 
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Table 4.5. Results of partial typing of broods from 11 F, hybrid females from trial 2.1 and 1 hybrid female from Trial 2.2. Ambiguities arose from allele sharing by 
males or PCR errors and null alleles. The brood from female 2H2 represents one definite case of multiple paternity. 

Trial Female Males Nin N Loci Used (N typed) N Paternity 
Present brood Typed ambiguous 

UNH130 UME003 M i l B B o r H R O R H R 
2.1 2H1 14 10 8 9 8 8̂  2 

2H2 B3. R1,H2 26 17 17 15 0 2 15 

2H3 B3, R1,H2 11 10 10 9 0 10 

2H4 B4, Rl, H2 17 15 15 15 14 0 15 

2H5 B4, R1,H2 32 19 17 19 0 19 

2H6* B4, Rl, H2 34 33 31 33 1 32 
2H7 B4, Rl, H2 28 15 13 14 0 15 
2H9 B4, Rl, H2 18 16 16 16 0 16 

2H11 B4, Rl, H2 33 14 10 13 0 14 

2H12 B4, R1,H2 28 16 13 15 1 15 1* 

2.2 '2R1'* Bis, R2s 50 44 44 42 0 44 

Notes on Table 4.4. 

* - 2R1' and 2H6 refer to the same female which was used in both Trial 2.1 and 2.2 and was identified in Trial 2.2 as a f . Mj'erergf 
female. In both trials the entire brood from this female was typed. However, the two locus microsatellite genotype of this female 
suggested she was misidentiRed and was actually a hybrid. 

- a null allele is suspected in this brood - if this is the case then all 10 of the individuals typed were sired by the f . /zj'ereref male. 

this individual amplified at only one locus. The hybrid and f . males shared an allele at this locus therefore the paternity of 
this individual cannot be assigned with certainty. 
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4.5 Discussion 

J . 7 q/ 'MfcrofafgZZzfg 

T h e loci c h o s e n a l l o w e d u n a m b i g u o u s a s s i g n m e n t of pa t e rn i t y in m o s t cases . In a lmos t 

all cases , P. nyererei a n d P. pundamilia m a l e s c o u l d b e d i s t i n g u i s h e d w i th ce r ta in ty 

d u e to t h e f a c t tha t s ix ou t of e igh t ( U N H 1 3 0 ) a n d s even ou t o f n i n e ( U M E 0 0 3 ) al le les 

w e r e s p e c i e s spec i f i c . H o w e v e r , if a h y b r i d m a l e w a s p r e sen t (Tr ia l 1.1 a n d 2 .1 ) it w a s 

o f t e n no t p o s s i b l e to d i s t ingu i sh b e t w e e n all t h ree ma les . T h i s w a s d u e t o t h e re la t ive ly 

l o w i n t r a s p e c i f i c var ia t ion of the loci u sed . A s a c o m p a r i s o n , a s u r v e y of 2 4 w i l d 

c a u g h t M . zebra i nd iv idua l s r evea l ed 2 2 a l le les at locus U N H 1 3 0 a n d 15 a l l e les at 

UME003 (data from Chapter 2). The differences in locus variabity between the 

V i c t o r i a n a n d M a l a w i spec ies p r o b a b l y r e f l ec t t w o fac ts . O b v i o u s l y c a p t i v e popu l a t i ons 

s u f f e r a loss of gene t i c var iab i l i ty as t h e y a re f o u n d e d b y a s m a l l n u m b e r of ind iv idua ls . 

S e c o n d l y , b o t h loci w e r e o r ig ina l ly i so la ted f r o m n o n - V i c t o r i a n c i ch l ids a n d o n e w o u l d 

expect a decrease in variability to be observed in more distantly related species. While 

the hybrid male cannot be ruled out as contributing to some broods (Table 4.3) the fact 

tha t t he ' u n i q u e ' h y b r i d m a l e a l le le (i.e. t he al lele no t sha red w i t h a n y o t h e r m a l e 

present) has not been detected in any of the broods in question suggests it was not 

successful in siring any broods. However, a more variable locus would be required to 

confirm this. A lack of any PGR products and the occurrence of improbable 

homozygotes (for example where the mother does not share any alleles with the 

po ten t i a l f a the r s ) i nd ica t e the p r e s e n c e of nu l l a l le les . S u c h a s i tua t ion e x i s t s at locus 

UNH130 where a null allele is apparent in several broods (B3 and B4 Trial 2.1 and 

2H1, see tables 4.5d and 4.5e in appendix). Null alleles can introduce error into 

paternity assignment experiments due to false exclusion of potential fathers (Jones gf 

aZ, 1998). Future studies involving microsatellite based paternity assignment in these 

species should either avoid UNH130 or redesign the primers to enable amplification of 

all alleles. 

The results of this study also may have implications for managing laboratory stock 

populations to maintain levels of genetic diversity, f . pwmiamfZm and f a r e 

not endangered species, but a small founding population (in the case o f f . 
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< 1 0 i n d i v i d u a l s and P. nyererei - 2 0 ind iv idua l s ) c o u p l e d w i t h t he r e d u c e d e f f e c t i v e 

p o p u l a t i o n s ize a s soc i a t ed w i th r ep roduc t i ve success of a f e w d o m i n a n t m a l e s a l lows 

f o r a r a p i d loss of d ivers i ty . T h e t w o Pundamilia p o p u l a t i o n s s tud ies h e r e h a v e b e e n 

captive bred for nine years and approximately six to eight generations. Fiumera ef aZ 

( 2 0 0 0 ) f o u n d tha t 19% of ini t ial mic rosa te l l i t e a l le les w e r e los t w i th in f o u r gene ra t i ons 

of c a p t i v e b r e e d i n g in the e n d a n g e r e d spec ies Prognathochromis perrieri. T h e au thors 

r e c o m m e n d e d t h e pe r iod i c r e m o v a l of d o m i n a n t m a l e s f r o m the b r e e d i n g p o p u l a t i o n in 

o rde r to a l l o w o t h e r m a l e s to r ep roduce . 

J. 2 jorfafz vg MafzMg ? 

T h e mic rosa t e l l i t e t yp ing r e v e a l e d th ree b r o o d s that w e r e t h e p r o d u c t of i n t e r s p e c i f i c 

matings. One mating (female B2, Trial 2.1) occurred in a non-partitioned experimental 

design w h e n t he P. nyererei m a l e ( the d o m i n a n t sire of t he b r o o d ) w a s o b s e r v e d to b e 

almost c o m p l e t e l y b e h a v i o u r a l l y d o m i n a n t ove r the P. pundamilia m a l e . In s i tua t ions 

like this the female may not be able to mate with the male she prefers due to male-male 

interactions (Turner gf aZ, 2001). However, two other broods were the result of matings 

b e t w e e n P. nyererei females a n d a P. pundamilia ma le , a n d t h e s e o c c u r r e d u n d e r a 

partitioned design that permitted free choice for the females. In these cases one may 

conclude that there are no complete pre-zygotic barriers to hybridisation between these 

two species, or that the experimental design was flawed in some way that distorts 

female choice. More specifically, an explanation for the heterospecific matings is that 

the f m a l e s used were often larger than the f . nygygrgz TMaZef; this was the 

case in 10 out of the 13 pairings. The largest size difference occurred in the B7s/R3s 

pair used in Trial 1.2 (91mm compared to 84mm) and both heterospecific matings o f f . 

females when these were the only males in the tank. The Grst explanation of a 

lack of reproductive isolation seems unlikely as previous mate choice experiments have 

found assortative mating in situations of free female choice (Seehausen, 1997). In 

addition, hybrids are not normally observed in the natural environment of these species 

except in areas of particularly poor visibility (Seehausen gf aZ, 1997a). Turner gf oZ 

(2001) state that it is difficult to demonstrate non-assortative mating in laboratory tests 

of mate choice as the environment under which females are choosing their mates may 

be very different to the natural conditions the fish have evolved under. One aspect of 

this is the confined environment of the experimental tank and the limited choice of 
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males available to females. The results of this experiment may indicate that pre-zygotic 

i so la t ion is ve ry f r a g i l e in th is spec ies pa i r and b r e a k s d o w n w h e n n o c o n s p e c i f i c m a l e 

is ava i l ab l e w h i c h m a t c h e s the h e t e r o s p e c i f i c m a l e (in t e rms of s i ze or ac t iv i ty) . 

Whether any of the factors discussed above is the correct explanation for the 

h e t e r o s p e c i f i c m a t i n g s s h o u l d b e tes ted in f u r t h e r e x p e r i m e n t s u s i n g l a rger t anks and 

m o r e t h a n o n e m a l e f r o m each spec ies is ava i l ab le to c h o o s e f r o m . T h e resu l t s of m a t e 

c h o i c e tes ts such as th i s a re idea l ly b a c k e d u p b y d a t a on t he h a b i t a t u s e a n d e c o l o g y of 

the spec i e s in q u e s t i o n , as we l l as a l le le f r e q u e n c y da ta fo r n a t u r a l p o p u l a t i o n s at a 

n u m b e r of loc i in o rde r to e s t i m a t e t he a m o u n t of g e n e flow b e t w e e n t h e m . 

S e v e n of t h e e l e v e n b r o o d s p r o d u c e d b y t he h y b r i d f e m a l e s w e r e t he resu l t of m a t i n g s 

wi th a P. pundamilia m a l e . M u l t i p l e pa te rn i ty of b r o o d s c a n n o t b e ru led o u t d u e to the 

f ac t tha t o n l y 10-20 i nd iv idua l s f r o m e a c h b r o o d w e r e typed . T h i s h o w e v e r p r o v i d e s a 

good indication of mate preference and does detect multiple paternity in one case 

(b rood 2 H 2 ) . F o u r b r o o d s w e r e the resul t of h y b r i d f e m a l e s m a t i n g wi th t h e P. nyererei 

male. Of these, one was of mixed paternity. Two of the f . nygrgrg; sired broods were 

produced under a partitioned design; the f . Mygrerg; male was not behaviourally 

d o m i n a n t in t h e s e c a s e s o r in the t w o m a t i n g s tha t t o o k p l a c e u n d e r an o p e n 

experimental design. These results suggest that F1 hybrid female mate preference lies 

between the preferences of the two parental species. If the parental species are fixed for 

preference alleles, the hybrid female behaviour is consistent with incomplete 

dominance of 'blue' ( f . preference. The results of this study concur well 

with behavioural indices of hybrid female preference. F1 hybrid females did not 

exhibit a significant preference for f . nygrerg; or f . pwMc/amzZza males but were 

observed to respond slightly more to the f . males (O. Seehausen, pers. 

com.). A comparison of the two indices of mate preference (behavioural and 

microsatellite based) reveals an extremely similar pattern between the two parental 

species and the F1 hybrids (Figure 4.5). 
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Figure 4.5. Comparison of behavioural and microsatellite based indices of mate preference in P. 
pundamilia, P. nyererei and F1 hybrid females. Error bars indicate two standard deviations. 
Behavioural data were collected by O. Seehausen and R. Eraser. 
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a) Mate preference of females based on a behavioural parameter [(proportion of red male 
"lateral display" that elicited female "approach")-(proportion of blue male "lateral display" 
that elicited female "approach")]. From left: f . mj'frgrm, F1 hybrids, f . 
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b) Mate preference of females based on microsatellite determined paternity of offspring. From 
left; P. nyererei, F1 hybrids. P. pundamilia. 

From Table 4.3, it appears that around 25 members of a brood of 50 offspring should 

be typed in order to be 95% confident that all parental alleles have been detected, if 

three males have an equal contribution to the paternity of a brood. When three males 

provide unequal (4:1:1) contributions to the paternity of a brood the number of 

offspring requiring typing increases to around 29 (brood size of 50). If only two males 

sire a brood, then the number of offspring that should be typed decreases to around 19. 
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Based on these results, broods B1 (Trial 1.1), B3 and B4 (Trial 2.1) are almost certainly 

the result of a single mating with a f m a l e as the 'unique' allele belonging 

t o t he h y b r i d m a l e is no t de t ec t ed , e v e n a f t e r the w h o l e b r o o d h a s b e e n typed . It is 

d i f f i c u l t to in te rpre t the resu l t s of the s imu la t i ons in t e rms of t h e m i n i m u m n u m b e r of 

o f f s p r i n g tha t shou ld b e t y p e d f r o m each b r o o d , b e c a u s e th is r e q u i r e s k n o w l e d g e of the 

p r o p o r t i o n of o f f s p r i n g s i red b y each m a l e in the ca se of m u l t i p l e pa te rn i ty . F o r tes ts of 

m a t e p r e f e r e n c e , t y p i n g u p to 29 m e m b e r s ( 5 8 % ) of a b r o o d o f 5 0 ind iv idua l s shou ld 

s u f f i c e . O f the h y b r i d b r o o d s w a s typed , wi th the excep t ion o f b r o o d s 2 H 7 , 2 H 1 1 and 

2H12, the proportion typed was equal or greater than 58%, therefore one may assume 

tha t t he resu l t s f o r the s a m p l e of the b r o o d t y p e d r e f l ec t the p a t e r n i t y of the w h o l e 

b r o o d . H o w e v e r , n o ca se s of mu l t i p l e pa te rn i ty b y t h r ee m a l e s w e r e de t ec t ed d u r i n g all 

the trials, but there are three cases where a second male may have sired a single 

individual from a brood. Instances such as these may not be detected unless the whole 

brood was typed, but in tests of mate preference (rather than absolute mate choice), 

detecting a single individual with alternate paternity is not important. It may therefore 

be appropriate to type a small number of individuals from each brood (for example 19 

o f f s p r i n g f r o m a b r o o d of 50) as this wi l l still p r o v i d e the s a m e i n f o r m a t i o n w i th 

reduced effort. 

This study has indicated the utility of microsatellite loci originally isolated from non 

Victorian cichlids in the study of species of f ww&zmfZfa, although the results seem to 

indicate the presence of one or more null alleles at locus UNH130 in the f . Mygrgrg; 

population. The importance of experimental design that eliminates male dominance 

problems is also highlighted, as is the importance of the quality (size and activity) of 

the males used. Both microsatellite typing of offspring and behavioural indices of mate 

preference indicate that F1 hybrid females studied have intermediate mate preferences 

relative to the parental species. This refutes the assumption that single locus complete 

dominance of female preference traits is necessary for sympatric speciation by sexual 

selection as proposed in the model of Turner and Burrows (1995). 
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4.7 Appendix 

Table 4.5 a, b, c, d and e. Genotypes of adults and resulting offspring from the four trials. Only one 
allele is indicated for homozygotes. Paternity was assigned on the basis of agreement between two 
loci; if the two loci gave conflicting results then paternity is assigned as ambiguous, however if only 
one locus of the pair was unclear (e.g. only one allele amplified) and was not in conflict with the 
other locus then paternity was assigned with certainty. An 'f" after an allele meant it had a very 
low intensity (<50 relative fluorescence units) on the ABI gel. 

Table 4.5a. Trial 1.1 

Individual UNH130 UNH130 UME003 UME003 M i l M i l Paternity 
B1 male 208 234 231 227 219 
R1 male 180 199 217 214 
HI male 234 225 239 210 219 

B1 female 224 234 231 239 219 
Bl/A 208 234 227 239 B 
Bl/B 224 234 231 B 
Bl/C 208 234 231 B 
Bl/D 224 234 231 B 
Bl/E 208 234 227 239 B 
Bl/F 234 231 239 B/H 
Bl/G 208 234 231 B 
Bl/H 234 227 239 B 
Bl/I 234 227 239 B 
Bl/J 224 234 231 239 B/H 
BL% 208 224 231 B 
Bl/L 224 234 231 B 
Bl/M 208 224 231 B 
Bl/N 234 227 231 B 
BUG 208 224 231 239 B 
Bl/P 208 234 227 239 B 
BUQ 208 234 231 B 
Bl/R 224 234 231 239 B/H 
]B1/S 224 234 231 239 B/H 
Bl/T 208 234 231 239 B 
Bl/U 224 234 231 B 
Bl/V 234 227 239 B 
Bl/W 234 231 B 
Bl/X 208 234 231 B 
Bl/Y 208 234 231 239 B 
Bl/Z 234 231 239 B/H 
Bl/AA 208 224 231 B 
Bl/BB 234 227 239 B 
Bl/CC 224 234 231 B 
Bl/DD 224 234 231 B 
BUEE 234 231 B 
Bl/FF 7 
Bl/GG ? 
B2 224 234 227 239 219 
B2/1 224 234 231 239 B 
B%% 208 224 227 239 B 
B2/3 208 224 231 B 
B2/4 
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Table 4.5b. Trial 1.2. The brood of female R1 in this trial proved difficult to amplify and results 
were therefore only obtained for one locus. In the absence of any other data, paternity has been 
tentatively assigned using only locus UNH130. All except one individual of the brood of female R9 
were lost before DNA extraction. 

Individua I Males Presen (UNH130 UNH130 UME003 UME003 Paternity 

B7s male 208 232 223 231 
R3s male 180 199 217 
R4s Male 180 266 217 

B?1 B7s, R4s 234 231 239 
1371/1 208 234f 231 239 B 

208 234 231 239 B 
1371/3 208 234 231 B 

BnM 232 234 231 223 B 
208 234 227 239 B 

B n # 232 234 223 239 B 

B n n 232 234 231 239 B 

1371/8 208 234 231 223 B 

B n # 232 234 223 239 B 
B71/10 208 234 231 B 
1)71/11 208 234 223 239 B 
B71/12 232 234 231 B 

EI71/13 232 234 231 B 
B71/14 231 239 B 
B71/15 232 234 231 239 B 

B71/16 208 234 231 239 B 

B71/17 232 234 231 239 B 

B7L18 208 234 231 239 B 

B71/19 208 234 223 239 B 
B71/20 208 234f B 

B7L%1 208 234 223 239 B 
B71/22 232 234 231 239 B 
B71/23 208 234 231 B 
Bn^w 231 B 

B71/25 208 234 231 223 B 

B71/26 208 234 231 B 

B71/27 231 B 

B71/28 232 234 231 223 B 

B71/29 232 234 231 B 

B7L30 208 234 231 B 

1371/31 232 Z34 231 239 B 

R1 B7s, R3s 180 Z17 257 
Rl/1 WW 208 223 257 B 

Rl/2 208 180 231 257 B 

Rl/3 WW )32f 231 B 

RI/4 208 180 231 257 B 

Rl/5 ^Of '32 223 257 B 

Rl/6 I80.4f 231 257 B/R 

Rl/7 8M ;08 157 B 

Rl/8 80 217 : 3\ B/R 
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Individual Males Present UNH130 UNH130 UME003 UME003 Paternity 

B7s male 208 232 223 231 

R3s male 180 199 217 

R4s Male 180 266 217 

Rl/9 180 232 217 231 B 

Rl/10 232 217 223 B 

Rl/11 208 217 223 B 

Rl/12 7 

Rl/13 180 232 B 

Rl/14 208 180 223 257 B 

Rl/15 180 232 223 257 B 

Rl/16 180 208 217 223 B 

Rl/17 180 232 217 231 B 

Rl/18 180f 232 B 

Rl/20 180 232 217 231 B 

R2 B7s, R3s 180 266 217 257 

R2/I 180 266 217 R 

R2/2 180 217 R 

R2/3 180 217 257 R 

R2/4 180 266 199 217 R 

R2/5 180 199 257 R 

R2/6 180 199 217 R 

R2/7 199 217 R 

R2/8 180 266 199 217 R 

R2/9 180 R 

R2/10 180 266 217 R 

R2/11 180 266 199 R 

R2/12 180 217 R 

R2/13 180 217 257 R 

R2/14 180 217 R 

R2/15 180 199 257 R 

R2/16 266 199 257 R 

R2/17 180 217 257 R 

R2/18 180 266 199 257 R 

R2/19 266 199 217 R 

R2/20 180 217 R 

R2/2I 266 199 R 

R2/22 180 217 R 

R2/23 180 266 199 217 R 

R2/24 180 199 217 R 

R2/25 180 266 199 217 R 

R9 180 217 257 

R9/1 208 223 257 

Table4.5c. Trial 2.1. 

Individual Males present UNH130 UNH130 UME003 UMEOOS Paternity 

B1 male 
B2 male 

208 
208 

234 
224 

231 
231 
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B3Male 224 232 223 231 

B4 male 208 234 231 

H2 male 234 266 225 239 

Rl male 180 199 217 

2B1 Bl , R1,H2 208 224 231 

2B1/1 224 231 B 

2B1/2 208 224 B 

2B1/3 208 224 231 B 

2B1/4 208 224 231 B 

2BLG 231 B 

2B1/6 208 224 231 B 

2Bb7 208 224 231 B 

2B1/8 208 224 231 B 

2B1/9 208 231 B 

2B1/10 208 224 231 B 

2B1/11 208 231 B 

2B1/12 208 224 231 B 

2B1/13 277 224 231 B 

2Bin4 208 231 B 

2B1/15 208 231 B 

2B1/16 208 231 B 

2B1/17 208 224 231 B 

2B1/18 208 224 231 B 

2B1/19 208 224 231 B 

2BL%0 208 224 B 

2B1#1 208 224 231 B 

2B1/22 208 231 B 

2B1/23 208 224 2^! B 

2BL%4 208 z n B 

2B1/25 208 231 B 

2BLa6 208 224 231 B 

2BL%7 208 224 231 B 

2BL%8 208 224 231 B 

2B1/29 208 224 231 B 

2B1/30 208 231 B 

2BLG1 208 231 B 

2B1/32 208 224 231 B 

2B1/33 208 224 231 B 

2B1/34 224 231 B 

2B1/35 224 231 B 

2B1/36 208 224 231 B 

2Bin7 224 231 B 

2B1/38 208 224 231 B 

2B1/39 224 231 B 

2B1/40 208 224 231 B 

2B1M] 224 231 B 

2B1/42 208 231 B 

2B1/43 231 B 

2B2 B2, Rl, H2 224 234 231 239 

2B2n 224 217 231 R? 

2B2/2 234 199 239 R? 

2B%3 180 224 199 231 R 
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Individua 1 Males presen (UNH130 UNH130 UME003 UME003 Paternity 
B1 male 208 234 231 
B2 male 208 224 231 
B3 Male 224 232 223 231 
B4 male 208 234 231 
H2 male 234 266 225 239 
R1 male 180 199 217 

2B2/4 234 217 239 R? 
2B2# 180 234 199 231 R 

2B2/6 224 199 239 R? 
2B2/7 180 234 199 239 R 

2B2# 180 234 199 239 R 

2B%9 180 234 199 239 R 

2B2^0 180 234 199 231 R 

2B2/11 224 199 239 R? 
2 B 2 n ^ 224 199 239 R? 
2B2/13 180 217 231 R 

2B%14 224 217 231 R? 
2B2/15 180 234 199 231 R 

2&%16 180 224 217 239 R 

2B%T7 180 224 217 231 R 
2B2mg 224 199 239 R? 
2B2/19 224 217 239 R? 
2B2%0 224 199 231 R? 
2B2%1 224 231 B/R 
2B2%2 224 217 231 R? 
2B2%3 180 224 217 231 R 

2B2%4 180 234 217 231 R 

2B2%5 234 217 :%9 R? 
2B2%6 180 224 217 231 R 
2B2%7 180 224 199 231 R 
2B2%8 180 234 199 231 R 
2B%29 180 234 231 R 

2B2G0 180 234 217 239 R 
2B2#1 180 234 231 R 

2B2G2 180 234 217 239 R 

2B2%3 234 217 239 R? 
2B2/34 234 199 239 R? 
2B2G5 224 199 239 R? 
2B2G6 234 217 231 R? 
2B2G7 180 224 199 239 R 
2B2G8 180 324 217 239 R 

2B2G9 234 199 7 

2B2M0 180 224 217 239 R 

2B2/41 224 217 231 R? 
2B2M2 224 217 239 R? 
2B2/43 224 in 231 R? 
2B2/44 80 234 99 R 
2B2/45 124 .17 239 R? 
2B2M6 .24 .17 231 R? 
2B2/47 : 80 234 2 A1 231 R 

2B2/48 80f 234 99 231 R 
2B2/49 1 80 234 99 231 R 
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Individual Males present UNH130 UNH130 UME003 UME0Q3 Paternity 

B1 male 208 234 231 
B2 male 208 224 231 

B3 Male 224 232 223 231 

B4 male 208 234 231 
H2 male 234 266 225 239 

R1 male 180 199 217 

2B2#0 180 234 217 231 R 

2B2M8B 199 231 R 

2B3 B4, R1,H2 208 234 231 239 

2B3/1 7 

2&%2 208 234 BorH 

2&%3 208 234 231 B 

2B&% 208 234 231 B 

2B3# 208 234 B ORH 

2B&% 231 B 

2B&9 234 231 B 

2B3/8 208 234 231 B 

2B3# ? 

2B3/10 208 B 

2B3ni 208 234 231 239 BORH 

2B3n2 234 BORH 

2B3/13 208 231 B 

2B3/14 234 231 B 

2B3/15 234 BORH 

2B3/16 224 234 231 239 BORH 

2B3^7 208 234 231 239 B ORH 

2B3n8 234 231 B 

2B3/19 208 234 231 B 

2B3#0 231 B 

2B3%U 208 234 231 B 

2B3/22 208 231 B 

2B3%3 234 199 231 B/R 

2B3%4 208 231 B 

2B3%5 208 234 231 239 B ORH 

2B&%6 208 231 239 B 

2B3/27 208 234 231 B 

2B3#8 234 231 B 

2B3%9 234 231 239 B O R H 

2B3G0 208 234 B ORH 

2B3G1 208 234 231 239 B ORH 

2B3/32 208 234 231 239 B ORH 

2B3/33 208 234 231 B 

2B3G4 208 234 231 239 B ORH 

2B3/35 208 234 231 239 BORH 

2B3G6 208 234 231 239 BORH 

2B3/37 231 B 

2B3/38 208 234 231 B 

2B3/39 208 234 231 B 

2B3M0 208 234 231 B 

2B3M1 234 231 B 

2B3/42 208 228 B 

2B3/43 ? 
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Individua 1 Males presen «UNH130 UNH130 UME003 UME003 Paternity 
B1 male 208 234 231 
B2 male 208 224 231 
B3 Male 224 232 223 231 
B4 male 208 234 231 
H2 male 234 266 225 239 
Rl male 180 199 217 

2B3/44 208 231 B 
2B3/45 208 234 231 239 BORH 
2B3/46 208 231 239 B 
2B3/47 208 234 231 239 B ORH 
2B3/48 208 234 231 239 BORH 

2B4 (2H8) B4, Rl, H2 224 234 231 239 
2B4/1 208 234 231 239 BORH 
2B4% 234 231 239 B ORH 
2B4/3 208 224 231 239 B 

2&W4 208 224 231 B 

2B45 208 224 231 239 B 

2B4% 208 234 231 B 

2&W7 234 BORH 

2B4% 208 224 B 

2B4/9 208 234 231 B 
2B4nO 208 224 231 B 

2B4/11 234 231 B 
2B4n2 224 234 231 B 

264^3 224 234 231 B 

2B4n4 208 224 231 239 B 

2B4/15 208 224 231 B 

2B4^6 208 224 231 239 B 
2B4n7 208 224 231 239 B 

2B4n8 224 234 231 B 

2B4n9 224 234 231 239 BORH 
2B4%0 234 231 B 

2B4#1 231 239 BORH 

2B4%2 234 231 B 

2B4%3 234 231 239 B ORH 

2B4%4 208 224 231 239 B 

2B4%5 208 234 231 239 B 

2B4%6 234 231 B 

2B4Q7 224 234 231 B 

2B4%8 208 224 231 B 

2B4%9 208 224 B 

2B4/30 208 234 231 B 

2B4ai )08 234 231 B 

2B4G2 >24 234 231 239 B ORH 

2B4#3 124 234 231 239 B ORH 

2B4#4 108 234 231 B 

2B4/35 3̂4 231 B 

2B4/36 .34 231 B 

2B4/37 .08 224 231 B 

2B4/38 .08 224 231 239 B 

2B4/39 2 34 231 239 B O R H 1 
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Individua 1 Males presen (UNH130 UNH130 UME003 UME003 Paternity 
B1 male 208 234 231 
B2 male 208 224 231 
B3 Male 224 232 223 231 
B4 male 208 234 231 
H2 male 234 266 225 239 
Rl male 180 199 217 

2B4/40 234 231 239 B ORH 
2B4/41 224 234 231 239 BORH 
2B4/42 224 234 B ORH 
2B4/43 234 231 B 

2B4/44 208 234 231 B 

2B4/45 208 224 231 B 

2B4/46 208 224 231 239 B 

2B4/47 224 234 231 B 

2B4/48 224 234 231 B 

2B4W9 234 231 239 BORH 
2B4#0 224 234 231 239 B ORH 
2B4#1 231 239 B ORH 
2B4#2 208 234 231 239 B 

2B4#3 224 234 231 B 

2B4#4 234 231 B 

2B4#5 234 231 B 

2B4#6 208 234 231 239 B 

2B4#7 208 224 231 239 B 

2B4#8 234 B ORH 
2B4#9 208 234 B 
2B4/60 208 224 B 

2B4#1 224 234 B ORH 
2B4#2 234 B 

2B4#3 208 B 
2B4#4 ? 

2B4%d 224 234 B ORH 

2R?2 B4, R1,H2 180 199 217 
2R%V1 180 217 231 B/R 
2R72/2 180 199 R 
2R?%3 180 199 R 

2R72/4 180 R 

2R72/5 180 Z17 R 
2R72/6 180 199 R 
2R72/7 180 199 R 
2R72/8 180 Z17 199 R 

2R72/9 180 199 R 

2R72/10 180 [99 217 R 

2R72/11 180 217 R 

2R72/12 80 99 R 

2R72/13 80 99 R 

2R72/14 80 117 R 
2R72/15 80 99 217 R 
2R72/16 80 99 R 

2R72/17 99 217 R 

2R72/18 80 99 217 R 
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Individual Males present UNH130 UNH130 UME003 UME003 Paternity 
B1 male 
B2 male 
B3Male 
B4 male 
H2 male 
R1 male 

208 
208 
224 
208 
234 
180 

234 
224 
232 
234 
266 

231 
231 
223 
231 
225 
199 

231 

239 
217 

2R72/19 
2R72/20 
2R72/21 
2R72/22 
2R72/23 
2R72/24 
2R72/25 
2R72/26 
2R72/27 
2R72/28 
2R72/29 
2R72/30 
2R72/31 
2R72/32 
2R72/33 
2R72/34 
2R72/35 
2R72/36 
2R72/37 
2R72/38 
2R72/39 
2R72/40 
2R72/41 
2R72/42 
2R72/43 
2R72/44 
2R72/45 
2R72/46 
2R72/47 
2R72/48 
2R72/49 
2R72/50 
2R72/5I 

180 
180 
180 
180 
180 
180 

180 

80 
80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 

80 
80 
80 

180 
180 

199 
200 
217 
199 
199 
199 
217 
217 
217 
199 
217 
199 
217 
199 
199 
199 
199 
199 
199 
199 
199 
199 
199 
217 
199 
199 
199 
199 
199 
199 
199 
199 
199 

217 

217 

217 

217 

217 
217 
217 
217 

217 

217 
217 

217 

R 
R 

R 
R 

R 

R 

R 

R 

R 

R 

R 
R 
R 

R 

R 

R 

R 

R 

R 
R 

R 
R 

R 

R 

R 

R 

R 

R 
R 

R 

R 
R 

R 

Table 4.5d. Trial 2.2 
Individual UNH130 UNH130 UME003 UME003 M i l M i l Paternity 
Bis male 208 224 231 217 219 
R2s Male 266 199 225 214 

2B* 208 234 199 231 
2B/1 208 231 B 
2B/2 208 234 231 B 
2B/3 208 224 231 B 
2B/4 208 231 B 
2B/5 208 224 231 B 
2B/6 208 231 B 
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Individual UNH130 UNH130 UME003 UME003 M i l M i l Paternity 

Bis male 208 224 231 217 219 

R2s Male 266 199 225 214 

2B/7 208 234 231 B 

2B/8 224 234 231 B 

2B/9 208 224 231 B 

2B/10 208 234 231 B 

2B/11 224 234 231 B 

208 234 231 B 

2B/13 208 234 231 B 

2B/14 208 224 231 B 

2B/15 224 234 231 B 

26^6 208 224 231 B 

2B/17 224 234 231 B 

2B/18 208 224 231 B 

2B/19 208 231 B 

2B/20 208 224 231 B 

2B#1 208 234 B 

2B/22 224 234 231 B 

2&%3 208 234 231 B 

2&%4 208 224 231 B 

2B^5 208 224 231 B 

2B/26 224 234 231 B 

2B#7 224 234 231 B 

2B/28 208 234 231 B 

2B#9 208 234 231 B 

2B#0 208 224 B 

2R?2 180 266f 199 217 214 

2R72/1 180 266 214 R 

2R72/2 180 214 R 

2R72/3 214 R 

2R72/4 214 R 

2R72/5 214 R 

2R72/6 180 214 R 

2R72/7 180 214 R 

2R72/8 266 214 R 

2R72/9 266 214 R 

2R72/10 180 266 214 R 

2R?2ni 180 214 R 

2R72/12 214 R 

2R72/13 180 266 214 R 

2R72/14 180 214 R 

2R?2n5 180 214 R 

2R72/16 180 214 R 

2R?2n7 180 266 214 R 

2R72/18 180 214 R 

2R72/19 180 266 214 R 

2R72/20 266 214 R 

2R72/21 180 214 R 

2R72/22 266 214 R 

2R72/23 180 214 R 

2R72/24 180 266 R 
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Individual UNH130 UNH130 UME003 UME003 M i l M i l Paternity 

Bis male 208 224 231 217 219 

R2s Male 266 199 225 214 

2R72/25 214 R 

2R72/26 214 R 

2R72/27 180 214 R 

2R72/28 180 214 R 

2R72/29 180 214 R 

2R72/30 180 266 214 R 

2R72/31 214 R 

2R72/32 266 214 R 

2R72/33 214 R 

2R72/34 180 266 214 R 

Table 4.5e. Paternity of broods from F1 hybrid females, Trial 2.1 

Individual Males Present UNH130 UNni30 UME003 UME003 M i l M i l Paternity 

Bl male 208 234 231 231 219 219 

B2 male 208 224 231 231 217 219 

B3Male 224 232 223 231 210 210 

B4 male 208 234 231 231 219 219 

H2 male 234 266 225 239 210 214 

Rl male 180 199 217 214 214 

2H1 Bl , Rl, H2 208 208 210 219 

2H1/1 175 214 219 RORH 

2H1/2 180 214 219 RORH 

2H1/3 180 210 214 RORH 

2H1/4 208 214 219 RORH 

2H1/5 210 214 RORH 

2H1/6 180 208 214 219 RORH 

2H1/7 210 214 R 

2H1/8 208 210 214 RORH 

2H1/9 180 210 214 RORH 

2H1/10 180 208 R 

2H2 B3, Rl , H2 180 224 199 217 210 219 

2H2/1 180 217 217 214 219 R 

2H2/2 180 224 217 217 210 214 R 

2H2/3 224 199 217 210 214 R 

2H2/4 224 217 217 214 219 R 

2H2/5 224 217 217 210 210 B 

2H2/6 180 199 199 214 219 R 

2H2/7 180 199 217 210 214 R 

2H2/8 180 199 217 R 

2H2/9 180 217 217 R 

2H2/10 224 199 199 214 219 R 

2H2/11 224 199 217 214 219 R 

2H2/12 180 232 217 231 210 219 B 

2H2/13 224 199 199 214 219 R 

2H2/14 180 180 199 199 210 214 R 

2H2/15 224 232 199 223 210 219 B 

2H2/16 180 224 199 217 214 219 R 
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Individual Males Present UNH130 UNH130 UME003 UME003 M i l M i l Paternity 

B1 male 208 234 231 231 219 219 
B2 male 208 224 231 231 217 219 
B3Male 224 232 223 231 210 210 
B4 male 208 234 231 231 219 219 
H2 male 234 266 225 239 210 214 
Rl male 180 199 217 214 214 

2H2/17 180 224 199 217 214 219 R 

2H3 B3, Rl , H2 180 208 217 225 
208 232 225 231 B 

2H3# 180 224 223 225 B 

2H%3 180 232 223 225 B 

2H3/4 ? 

2H3/5 180 224 225 231 B 

2H%G 208 232 217 231 B 

2H%7 180 224 225 231 B 

2H%% 180 224 223 225 B 

2H3/9 180 224 B 

2H3/10 180 224 217 231 B 

2H3/11 180 224 225 231 B 

2H3/12 9 

2H4 B4, Rl , H2 208 208 217 225 210 219 
2H4/1 208 231 225 210 219 B 

2H4/2 208 231 225 210 210 B 

2H^3 234 234 231 225 210 210 B 

2H4/4 7 

2H4/5 234 234 217 231 219 219 B 

2H4/6 208 217 231 210 219 B 

2H4/7 208 234 217 231 210 219 B 

2H4/8 208 231 225 210 210 B 

2H4/9 208 231 225 219 219 B 

2H4/10 208 231 225 219 219 B 

2H4/11 208 231 225 219 219 B 

2H4/12 208 234 225 231 219 219 B 

2H4/13 208 234 231 225 210 210 B 

2H4/14 208 234 231 225 219 219 B 

2H4/15 234 234 231 225 210 210 B 

2H4/16 7 

2H4/17 208 234 217 231 B 

2H5 180 208 217 225 
2H5/1 180 180 217 225 R 

2H5/2 180 180 199 217 R 

2H5/3 208 199 225 R 

2H5/4 180 180 199 217 R 

2H5/5 180 180 111 225 R 

2H5/6 180 180 199 217 R 

2H5/7 180 208 217 217 R 

2H5/8 180 2W8 111 225 R 

2H5/9 [99 217 R 

2H5/10 7 

2H5/11 80 208 99 225 R 

2H5/12 80 208 99 225 R 

2H5/13 80 iM pn7 225 R 
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Indi vidua Males Present UNH130 UNH130 UME003 UME003 M i l M i l Paternity 
B1 male 208 234 231 231 219 219 
B2 male 208 224 231 231 217 219 
B3 Male 224 232 223 231 210 210 
B4 male 208 234 231 231 219 219 
H2 male 234 266 225 239 210 214 
Rl male 180 199 217 214 214 

2H5/14 180 180 199 225 R 
2H5/15 180 208 199 217 R 
2H5/16 180 180 199 217 R 
2H5/17 208 199 217 R 
2H5/18 180 208 199 217 R 
2H5/19 199 217 R 
2H5/20 208 199 225 R 

2H6 B4, R1,H2 186 208 199 217 
2H6/1 208 199 217 7 

2H&2 186 208 217 231 B 

2H6/3 186 208 199 231 B 

2H6/4 186 234 199 231 B 

2H6/5 208 234 217 231 B 

2H&6 186 208 199 231 B 

2H&7 186 234 199 231 B 

2H&8 186 234 217 231 B 

2H6/9 186 208 217 231 B 

2H6/10 186 208 199 231 B 

2H6/11 186 208 199 231 B 

2H6/12 186 234 199 231 B 

2H6/13 208 199 231 B 

2H6/14 208 234 199 231 B 

2H6/15 208 199 231 B 

2H6/16 186 208 199 231 B 

2H6/17 185 234 199 231 B 

2H6/18 185 208 199 231 B 

2H6/19 208 217 231 B 

2H6/20 185 234 217 231 B 

2H6/21 185 234 199 231 B 

2H6/22 185 208 217 231 B 

2H6/23 ? 

2H6/24 185 234 217 231 B 

2H6/25 Z08 234 217 231 B 

2H6/26 185 208 199 231 B 

2H6/27 208 217 231 B 

2H6/28 231 7 

2H6/29 85 234 199 231 B 

2H6/30 185 208 [99 231 B 

2H6/31 108 234 99 231 B 

2H6/32 85 2W8 99 231 B 

2H6/33 .08 234 99 231 B 

2H6/34 99 23] B 

2H7 I M, RI, H2 ] 80 224 2 !17 225 
2H7/1 2 24 234 2 17 231 B 

2H7/2 1 80 208 2 17 231 B 

2H7/3 2 24 208 B 
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Individual Males Present UNH130 UNH130 UME003 UME003 M i l M i l Paternity 
B1 male 208 234 231 231 219 219 
B2 male 208 224 231 231 217 219 
B3Male 224 232 223 231 210 210 
B4 male 208 234 231 231 219 219 
H2 male 234 266 225 239 210 214 
R1 male 180 199 217 214 214 

2H7/4 225 231 B 
2H7/5 217 231 B 
2H7/6 234 234 231 231 B 
2H7/7 208 224 217 231 B 

2H%% 180 234 217 231 B 

2H7/9 208 224 225 231 B 

2H7/10 208 224 217 231 B 
2H7/11 180 234 217 231 B 

2H7/12 208 224 225 231 B 
2H7/13 224 234 216 231 B 
2H7/14 ? 

2H7/15 208 224 217 231 B 
2H7/16 180 208 231 225 B 

2H9 B4, R l ^ 180 208 217 225 
2H&1 180 234 216 231 B 

2H&% 180 208 216 231 B 

2H&3 208 234 216 231 B 

2H&% 180 208 225 231 B 
2HW5 180 234 225 231 B 

2H9/6 208 234 225 231 B 

2H9/7 180 234 216 231 B 

2H9/8 180 208 225 231 B 

2H&9 180 234 217 231 B 

2H9/10 208 234 217 231 B 

2H9/11 208 234 225 231 B 

2H9/12 180 234 225 231 B 

2H9A3 180 234 225 231 B 

2H9/14 180 208 217 231 B 

2H9/15 208 208 217 231 B 

2H9/16 208 234 225 231 B 

2H11 180 180 214 219 
2H11/1 180 214 R 

2H11/2 180 R 

2H11/3 180 214 R 

2H11/4 214 219 R 

2H11/5 214 R 

2H11/6 180 214 219 R 

2H11/7 214 219 R 

2H11/8 180 214 R 

2H11/9 180 214 219 R 

2HI1/10 80 214 R 

2H11/1] 80 214 R 

2H11/12 80 214 R 

2H11/13 80 214 R 

2H11/14 7 

2H11/15 1 
7 
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Individual Males Present UNH130 UNH130 UME003 UME003 M i l M i l Paternity 

B1 male 208 234 231 231 219 219 
B2 male 208 224 231 231 217 219 
B3 Male 224 232 223 231 210 210 
B4 male 208 234 231 231 219 219 
H2 male 234 266 225 239 210 214 
R1 male 180 199 217 214 214 

2H11/16 214 R 

2H12 180 208 199 217 
2H12/1 208 234 217 231 B 

2H12/2 199 231 B 

2H12/3 180 208 217 231 B 

2H12/4 180 234 217 231 B 

2H12/5 208 208 217 231 B 

2H12/6 180 208 199 231 B 

2H12/7 180 208 199 231 B 

2H12/8 208 234 217 231 B 

2H12/9 208 199 231 B 

2H12/10 208 217 231 B 

2H12/11 217 231 B 

2H12/12 180 234 B O R H 

2H12/13 208 234 199 231 B 

2H12/14 180 208 217 231 B 

2H12/15 208 234 199 231 B 

2H12/16 180 234 1 217 231 B 

Table 4.5f. Paternity of brood from female 2R1 Trial 2.2, the same female revealed by 
genotype to be 2H6 in Trial 2.1 

Individual UNH130 UNH130 UME003 UME003 Paternity 

Bis male 208 224 231 
R2s Male 266 199 225 

2R1 186 208 199 217 
2R1/1 208 224 B 

2R1/2 186 224 B 

2R1/3 186 208 217 231 B 

2R1/4 208 199 231 B 

2R1/5 208 199 231 B 

2R1/6 208 217 231 B 

2R1/7 208 217 231 B 

2R1/8 211 217 231 B 

2R1/9 208 217 231 B 

2R1/10 208 224 217 231 B 

2R1/11 208 217 231 B 

2R1/12 208 224 217 231 B 

2R1/13 208 224 217 231 B 

2R1/14 186 208 217 231 B 

2R1/15 186 224 199 231 B 

2R1/16 186 208 217 231 B 

2R1/17 208 199 231 B 

2R1/18 208 224 217 231 B 
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Individual UNH130 UNH130 LmfEW03 UME003 Paternity 

Bis male 208 224 231 
R2s Male 266 199 225 

2R1/19 186 208 199 231 B 
2R1/20 208 224 199 231 B 

2R1/21 208 224 217 231 B 
2RL%3 208 199 231 B 
2RL%4 208 224 217 231 B 
2R1/25 186 208 217 231 B 

2RL%6 186 224 217 231 B 
2RL%7 186 224 217 231 B 
2Rl/%8 208 224 217 231 B 
2RL%9 186 224 217 231 B 
2R1/30 208 224 199 231 B 
2R1/31 186 208 199 231 B 
2RLg2 208 224 217 231 B 
2R1/33 186 208 199 231 B 
2R1/34 186 208 199 231 B 
2RL35 208 199 231 B 
2R1/36 208 199 231 B 
2R1/37 208 224 217 231 B 

2RL38 208 199 231 B 

2R1/39 186 208 199 231 B 
2R1M0 208 224 199 231 B 

2R1/41 186 208 217 231 B 

2R1/42 186 224 217 231 B 

2R1/43 186 224 199 231 B 

2R1/44 186 208 217 231 B 
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5 Using Microsatellites to Reconstruct the Phylogeny of Lake 

Malawi Cichlid Fish 

5.1 Introduction 

As discussed in the General Introduction to this thesis, inter- and intra-lake phylogenies 

h a v e b e e n r e c o n s t r u c t e d u s i n g a va r i e ty of m o l e c u l a r m a r k e r s . W h i l e t h e s e h a v e b e e n 

s u c c e s s f u l in r e s o l v i n g d e e p d ive rgences , the re la t ionsh ips w i t h i n and b e t w e e n c l ades 

wi th in l akes h a v e p r o v e d m o r e d i f f i cu l t to de t e rmine . H o w e v e r , s o m e p r o g r e s s has 

b e e n m a d e in th i s area . N i s h i d a (1991) de sc r i bed the p o l y p h y l e t i c o r ig in of t he e n d e m i c 

cichlids of Lake Tanganyika using data from allozyme electrophoresis. In contrast, 

Sage gf a/ (1994) were unable to resolve relationships between haplochromine cichlids 

from Lake Victoria due to a lack of variability in the nine allozyme markers used. 

These two studies reflect the fact that slow evolving markers such as allozymes are best 

used to study ancient divergences; the Tanganyikan flock is thought to be at least 

twenty times older than the Victorian flock (see table 1.1, Chapter 1 for references). 

Fast mutating mitochondrial genes have been employed in several phylogenetic studies 

of African cichlids. The earliest of these studies (Meyer gf aZ, 1990; Meyer 1993 - see 

Figure 1.3, Chapter 1) attempted to determine phylogenetic relationships between the 

three species flocks. Mitochondrial genes were also sequenced by Idid gf aZ 

(unpublished, some data in Shaw gf aZ, 2000) to investigate the intra-lake structure of 

the Malawi species flock (Figure 5.1). Six clades were found, each with high levels of 

statistical support. Five of these clades correspond with the Rve clades determined by 

Meyer (1993). However, as Figure 5.1 shows, there is very little intra-clade 

phylogenetic structure. A similar study was carried out on the Lake Victoria super flock 

by Nagel gf aZ (2000) who determined that the species present in modem Lake Victoria 

do not represent a monophyletic group. Mitochondrial DNA was also used in an 

attempt to ascertain the phylogenetic relationships between several mbuna species 

(Moran and Komfield, 1995). However, the rapid evolution of this group has left 

shared ancestral polymorphisms caused by incomplete lineage sorting, and this 

confounds any attempt at phylogenetic analysis. 
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T h e ex t r eme ly rapid d ivergence that has occurred within t he m b u n a clade m e a n s that 

marke r s wi th h igh muta t ion rates are required. K o m f i e l d a n d Pa rke r (1997) tes ted a t w o 

locus microsate l l i te data set f o r the s t rength of phy logene t i c s ignal it conta ined . 

P h e n o g r a m s w e r e constructed based on matr ices of genet ic d i s t ance be tween the 

spec ies used . W i t h jus t t w o loci they were able to demons t r a t e that congener ic species 

in t he m b u n a c lade c lus tered together to the exclus ion of spec ie s f r o m d i f fe ren t genera. 

T h e resul ts w e r e not pe r fec t in that the re la t ionships b e t w e e n t w o species of the genus 

Melanochromis we re never fu l ly resolved. Howeve r , as the au thors poin ted out, this 

was no t surpr i s ing because t w o loci is an ex t remely small n u m b e r with which to 

recons t ruc t phy logene t i c re la t ionships . 

There are several examples of robust phylogenies based entirely on microsatellite data 

in the published literature. It appears that microsatellites are able to provide information 

on evo lu t ionary re la t ionships be tween closely related species , and mos t of the 

phylogenies published are of such groupings. Petren gf aZ (1999) used data from sixteen 

loci to estimate the phylogeny of thirteen species of Darwin's Rnches from the 

Galapagos Islands. The phylogeny provided useful information about the biogeography 

and order of divergence within this group of species. Bowcock gf a/ (1994) used thirty 

microsatellite loci to examine relationships between fourteen indigenous populations of 

humans from Gve continents. The phylogeny of the DrofopAiZa species 

complex was estimated using thirty-nine dinucleotide loci by Harr gf oZ (1998). 

5.7.7 A/fMf 

Data from up to 39 loci have been used for published microsatellite based phylogenetic 

studies. However, KomOeld and Parker (1997) demonstrated the phylogenetic potential 

of a two locus data set on Malawi cichlids. This study aims to explore the phylogenetic 

potential of data combined from three pre-existing six locus data sets. The biological 

usefulness of the resulting trees will be assessed using known information on the 

species included, for example relationships between species determined using other 

markers (e.g. Figure 5.1) and current taxonomic classifications. Three different genetic 

distance statistics as well as a variety of tree building methods will be tested. 
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Figure 5.1. Phylogeny of Malawi cichlids based on a combination of NAD2 and D loop sequences. 
Taken from Idid et al (unpublished manuscript). The six clades of Malawi cichlids are marked. R -
Rhamphochromis-, D - Diplotaxodon; A - Astatotilapia-, C - Copidochromis', M - mbuna; B -
Benthic. 
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5.2 Methods 

J.2.7 

Three previously collected datasets were combined for the purpose of phylogenetic 

analysis. O n e contained data fo r mbuna (rocky shore fish) popula t ions located around 

Nkhata Bay, the second related to mbuna populations at Cape Manulo, Mara Rocks and 

Ruarwe . T h e third dataset included three populations of pe lagic Diplotaxodon, two of 

D. limnothrissa and one of D. macrops. Species, populat ion loca t ion and sample sizes 

are given in Table 5.1.The locat ions of the populat ions sampled can be seen in Figure 

5.2. All three data sets contained allele frequencies at six loci; Pzebl, Pzeb2, Pzeb3, 

Pzeb4, P z e b 5 and U N H 0 0 2 . All m b u n a samples were typed a n d analysed on the same 

ALF (Pharmacia) sequencer at the University of East Anglia. The 

samples were typed on the same model of sequencer at the University of Hull. 

However, to ensure compatibility between the data sets, certain mbima samples were 

typed on bo th machines and the allele sizes compared. For s o m e of the loci it was 

necessary to ac^ust the allele size given by the sequencer at Hull in order to ensure 

compatibility with the data collected at UEA (genotyping and corrections carried out by 

P. Shaw). 

Table 5.1. Identity, collection locality and sample size for the 36 populations included in the 
phylogenetic analysis. Previously published references pertinent to each data set are as follows. O -
van Oppen et al (1997), B - Bouteillon (1998), S - Shaw et al (2000) 

Species Populat ion Location Abbreviation Reference N 

species 'Band' Nkukuti Point Bandnk 0 53 
Ruarwe Bandrw B 24 

species 'Black' Nkukuti Point BLnk 0 77 
TropAgop.; species 'Rust' Nkukuti Point Runk 0 51 
rmpAgopj species 'Deep' Nkukuti Point Dank 0 61 

'39' - South East Arm Dmac s 66 
D. '38' - South East Arm Dlim s 57 

'4' - Northern offshore D1 s 59 
TropAgopf species 'deep' Nkukuti Point Denk 0 61 
Mg/riacZima zg6ra species Ruarwe Gorw B 40 
'gold' Nkukuti Point Gonk 0 50 

M. caZ/amof Cape Manulo Cobcm B 65 
Chindazowa Point Cobchi 0 67 
Chirandu Point Cobchr 0 81 
Mara Rocks Cobmr B 62 
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Species Population Location Abbreviation Reference N 

Mwafufu Cobmwa O 45 
Nkukuti Point Cobnk 0 121 
Ruarwe Cobrw B 57 

M. zg6ra Cape Manulo BBcm B 53 
Chindazowa Point Bbchi O 59 
Chirundu Point BBchr O 54 
Mara Rocks BBmr B 80 
Nkukuti Point BBnk O 104 
Ruarwe BBrw B 59 

species 'mauve' Cape Manulo Macm B 37 
Chindazowa Point Machi O 47 
Chirundu Point Machr O 46 
Mara Rocks Mamr B 58 
Nkukuti Point Mank O 119 
Ruarwe Marw B 43 

species 'olive' Chindazowa Point Olchi 0 61 
Chirundu Point Olchr o 50 
Mara Rocks Olmr B 53 
Mwafufu Olmwa O 30 
Nkukuti Point Olnk B 110 
Ruarwe Olrw B 39 
Cape Manulo 01cm B 29 

J.2.2 

Allele frequencies at the six loci were used to calculate a statistic of genetic distance 

between pairs of populations. A variety of such genetic distance measures have been 

described, and they are based on a number of assumptions about the mechanism of 

microsatellite mutation. Four genetic distance measures were chosen for this study; 

these reflect the m^or categories of mutation models described in the General 

Introduction. The Dc (chord distance, Cavalli-Sforza and Edwards, 1967) and Dps 

(proportion of shared alleles, Stephens gf aZ, 1992) both assume no particular model of 

mutation. T h e genetic d is tance measu re of Ne i (1972) is b a s e d on the Inf in i te Alleles 

Model originally developed for allozyme data. Delta mu (Goldstein gf aZ, 1995b) 

assumes all loci to mutate in a stepwise manner. These four distances were calculated 

using the software package MICROSAT (written by E. Minch, available from 

http://hpgl.stanford.edu/projects/microsat/). In order to assess the statistical significance 

of the trees generated from the matrices of distance statistics, 1000 bootstrap replicates 

(see Felsenstein, 1985) were carried out using MICROSAT by resampling allelic data 

with replacement from each locus. 
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J.2 .3 Trgg 

The me thods available for tree construct ion f r o m distance d a t a are somewhat l imited at 

the current t ime. Cluster analyses such as U P G M A can be app l ied to matr ices of 

genetic dis tances but these produce ultrametric trees; it is a s s u m e d that all l ineages 

have d iverged equal amounts (Swof ford et al, 1996). Ne ighbour -Jo in ing (Saitou and 

Nei , 1987) has been shown to be applicable under a wide r a n g e of condit ions (Takezaki 

and Nei , 1996) and does not assume equal divergence a m o n g taxa (Swofford et al, 

1996), and was therefore chosen for this study. Trees were cons t ruc ted f r o m each of the 

1000 dis tance matr ices produced by M I C R O S A T for each d is tance statistic us ing the 

N E I G H B O R program included in the P H Y L I P v3.6 so f tware package (Felsenstein, 

1993). A m^ority rule consensus tree was then produced using the program 

CONSENSE, also included in the PHYLIP software package. The consensus tree for 

each distance measure was drawn using Tree View v 1.6.5 (written by R. Page, available 

f r o m ht tp: / / taxonomt.zoology.gla .ac.uk/rod/rod.html) . In each tree, the D. macrops 

population was selected as an outgroup as suggested by previous molecular evidence 

(Figure 5.1) and differences in its ecology and morphology. Only one population was 

required as an outgroup, therefore the two D. /fmnofArMja populations were omitted 

from this part of the analysis. 

J.2.^ f C A 

Principal Components Analysis can be used to assess similarities between populations 

without attempting to infer ancestral relationships. The software package PCAGEN 

(written by J. Goudet, available from http://www.unil.ch/izea/softwares/pcagen.html) 

was used to determine the number of significant components of variation within the 

data for all 36 populations and to plot ordinations of the significant components. 
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Figure 5.2 Locations of mbuna populations sampled. Lower map shows relative locations of 
populations within Nkhata Bay. 
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5.3 Results 

The loci used were highly variable both within and among populations. In the 36 

popula t ions ana lysed 21, 12, 48, 53, 66 and 27 d i f fe ren t a l le les were de tec ted at the loci 

Pzeb4, Pzeb5, UNH002, Pzeb2, Pzebl and Pzeb3 respectively. Even though each locus 

was originally isolated from M. they all amplify well in different genera within 

the mbuna and a lso in bo th species of the m o r e dis tant ly re la ted Diplotaxodon. 

There is de tec tab le phylogenetic s t ructure present within the d a t a set, a l though m a n y of 

the nodes in the resulting trees (see Figures 5.3 to 5.6), particularly the deeper nodes 

have no s tatist ical support . T h e tree topo logy appears to be v e r y m u c h dependen t on the 

genetic distance statistic employed. However, some groups of conspecific populations 

do cluster together consistently. These groups include the M. populations 

sampled from the vicinity of Nkhata Bay, The Trop/igopf 'mauve' populations A-om 

Nkhata Bay, the 'olive' group as a whole, and the M caZZamof group from 

Nkhata Bay. 

The distance measures based on particular models of microsatellite mutation (delta mu 

and N e i ' s d i s tance) p e r f o r m e d relat ively poor ly in that they p r o d u c e d t rees that 

clustered many non conspecific and non sympatric populations (Figures 5.3 and 5.4). 

The non mutation model dependent measures of Dps and Dc were successful in 

clustering conspecific populations, mostly to the exclusion of others (Figures 5.4 and 

5.5). In terms of bootstrap support, the tree based on the delta mu distance had the least 

support with a mean support for each node of 35.9%. The trees based on Nei's distance 

and Dps had similar mean bootstrap values of 40.4 and 40.6% respectively. The best 

supported tree in terms of the mean bootstrap for each node was based on the Dc 

distance measure (47.6%). 

It was noted that M. species 'gold' from Nkukuti Point, M. from Mara 

Rocks and species 'band' from Ruarwe consistently failed to group 

together with conspecifics. MICROSAT was used to examine numbers of alleles and 

heterozygosities at each of the six loci in these populations in an attempt to explain 
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their unexpec ted posi t ions in the phylogeny. These data are s h o w n in Table 5.2, 

together with those from the nearest neighbourmg population sampled. It can be seen 

that three loci (Pzebl, Pzeb4 and Pzeb5) appear to be markedly less variable both in 

terms of numbers of alleles and heterozygosity in the Nkukuti Point population of M. 

species 'gold' than in the Ruarwe population. Allele frequency distributions for 

both these populations can be seen in figure 5.7. The two species 'band' 

populations also differed in heterozygosity at three loci. A comparison of the Mara 

Rocks M. caZZamof population with the Cape Manulo one does not reveal such 

immedia te ly apparent d i f ferences as can be seen in table 5.2. There were no m a j o r 

visual differences in allele frequency distributions (data not shown) . 

The P C A revealed that the variation in the data was part i t ioned into three s ignif icant 

components that accounted for 30%, 25% and 12% of the variation respectively. A plot 

of the first two of these components is shown in Figure 5.9 and reveals two very 

distinct clusters, one of M. caZ/omof and the other of TropAgopf species 'olive'. Other 

clusters are formed by M. populations and TropAgopf species 'mauve' 

populations from the Nkhata Bay area. Both M. caZZamof from Mara Rocks and M. 

species 'gold' do not cluster with conspecifics in this ordination. The three 

Diplotaxodon populat ions do not f o r m a group distinct f r o m the mbuna. An unrooted 

representation of the tree shown in Figure 5.6 reveals that while the D. macropf 

population does not cluster within any of the main mbuna clades, it has a shorter branch 

length than expected for such an obviously different species (Figure 5.8). 

Table 5.2. Heterozygosities and number of alleles present at each of the six loci. GONK and 
GORW represent Nkukuti Point and Ruarwe M. zebra species 'gold, COBCM and COBMR 
represent Cape Manulo and Mara Rocks populations of M. callainos. The Nkukuti Point and 
Ruarwe populations of Tropheops 'band' are represented by BANDNK and BANDRW. Sample 
size for each population is shown in brackets. 

Population Pzeb4 PzebS UNH002 Pzeb2 Pzebl Pzeb3 
No. GONK (50) 3 4 27 19 8 4 
alleles GORW (30) 10 6 18 22 25 6 

COBCM (65) 5 5 22 20 39 9 
COBMR (62) 7 3 21 23 34 13 
BANDNK (53) 7 4 25 25 40 7 
BANDRW (24) 6 5 22 20 26 4 

HE GONK 0.40 0.49 0.95 0.93 0.70 0.68 
GORW 0.80 0.68 0.91 0.92 0.93 0.68 
COBCM 0.68 0.21 0.91 0.91 0.95 0.79 
COBMR 0.47 0.20 0.90 0.90 0.96 0.81 
BANDNK 0.51 0.41 0.94 0.94 0.96 0.64 
BANDRW 0.69 0.57 0.94 0.93 0.94 0.47 
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Figure 5.3. M^ority rule NJ tree constructed using the delta mu distance measure of 
(Goldstein gf oZ (1995b). Abbreviations for each population may be found in table 5.1. 
The figures on the nodes represent the number of times each node was recovered in 
1000 bootstrap replicates. 
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Figure 5.4. Majority rule NJ tree constructed using Nei^s (1972) distance measure. Abbreviations 
for each population may be found in table 5.1. The figures on the nodes represent the number of 
times each node was recovered in 1000 bootstrap replicates. 
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Figure 5.5. Majority rule NJ tree constructed using the Dps distance measure of Stephens ef aZ 
(1992). Abbreviations for each population may be found in table 5.1. The figures on the nodes 
represent the number of times each node was recovered in 1000 bootstrap replicates. 
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Figure 5.6. Mfyorlty rule NJ tree constructed using the Dc distance measure of Cavalli-Sfbrza and 
Edwards (1967). Abbreviadons for each population may be found in table 5.1. The figures on the 
nodes represent the number of times each node was recovered in 1000 bootstrap replicates 
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Figure 5.7. Allele frequency distributions for the two populations of M. zebra species 'gold'. 
Differences in distributions between the populations can be seen at most of the loci. 
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Figure 5.8. Unrooted representation of the majority rule NJ tree produced using the Dc distance 
measure. Population names and their abbreviation may be found in Table 5.1. 
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Table 5.3. Species, collection location and numbers for the populations included in the ordination 
shown in Figure 5.8. 

Species Location Abbreviation Number in 
PCA plots 

Colour in 
PCA plots 

sp. 'band' NK BANDNK 1 purple 
M. CHI BBCm 2 blue 

M. CHR BBCHR 3 blue 
NK BBNK 4 blue 

sp. 'black' NK BLNK 5 grey 
M. caZZamof cm COBCm 6 green 
M. ca/ZamO:; CHR COBCHR 7 green 
M. caZZamof MWA COBMWA 8 green 
M. ca/Zamof NK COBNK 9 green 

sp. 'deep' NK DENK 10 dark green 
M. sp 'gold' NK GONK 11 aqua 
TropAgopf sp. 'mauve' C H I MAcm 12 pink 
TrppAgop^ sp. 'mauve' CHR MACHR 13 pink 
TropAgopf sp. 'mauve' NK MANK 14 pink 
rrop/igop^y sp. 'olive' cm OLCm 15 red 
Tropheops sp. 'o l ive ' CHR OLCHR 16 red 
TropAgopiy sp. 'olive' MWA OLMWA 17 red 
TropAgopj sp. 'olive' NK OLNK 18 red 
TropAgopj' sp. 'rust' NK RUNK 19 orange 
D. '4' - DLIM4 20 black 
D. limnothrissa '38' - DLIM38 21 black 

D. /Macrop̂y - DMAC 22 black 
rropAgopf sp. 'band' RW BANDRW 23 purple 
M. zg6ra sp. 'gold' RW GOLDRW 24 aqua 
TropAgopf sp. 'mauve' CM MACM 25 pink 
TropAgopf sp. 'mauve' MR MAMR 26 pink 
TropAgop^ sp. 'mauve' RW MARW 27 pink 
TropAgopĵ  sp. 'olive' CM OLCM 28 red 
7'ropAgopj' sp. 'olive' MR OLMR 29 red 
Trop/zgop^ sp. 'olive' RW OLRW 30 red 

M. CM COBCM 31 green 
M. MR COBMR 32 green 
M. caZZamoj' 'pearly' RW PEARW 33 green 
M.zg6ro CM BBCM 34 blue 
M.zg6ra MR BBMR 35 blue 
M. zgZ)ra RW BBRW 36 blue 
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5.4 Discussion 

.5. 7 fg J (C A'gnaZ 

T h e trees in Figures 5.3 to 5.6 show that there is some level of phylogenet ic signal 

apparent in the data sets because there is biologically mean ing fu l in format ion in the 

tree structure. Conspec i f ic populat ions tend to fall into clusters to the exclusion of 

others (for example, species 'olive' and the MgfnocZf/Ma species both group 

together) . H o w e v e r the boots t rap values at most of the nodes are ex t remely low, and 

hence there is very little supporting evidence for any particular tree structure. Inter-

specif ic and inter-generic relat ionships in particular are not wel l resolved. T h e different 

genet ic dis tance statistics used produced variable results. De l t a m u produced the tree 

with the least biological meaning, with clades consisting of populations of different 

species (Figure 5.3). The Dc and Dps statistics performed reasonably well, and 

produced broadly similar trees with three clades consist ing of the Metriaclima 

populations and the 'olive' and 'mauve' ZropAgopf populations. That the tree topology 

is very dependent on the genetic distance statistic employed is not surprising. Each 

genet ic dis tance measure has its own assumptions, not only regard ing mode ls of 

microsatellite mutation but also about parameters such as evolutionary rates among 

popula t ions and populat ion size. One would therefore not expec t t hem to behave 

similarly for a given dataset. T h e mutat ion model dependent measures , part icularly 

delta mu do not appear to be suitable for further use with this dataset. This may be due 

to the fact that two of the six loci used in this study have a complex repeat tract (Table 

2.2, Chapter 2) and are thus extremely unlikely to mutate in a stepwise manner. Non-

stepwise mutation has been clearly demonstrated to occur at locus Pzeb4 by van Oppen 

gf aZ (2000). Similarly the Infinite Alleles Model assumed by the distance of Nei (1972) 

may be unsuitable to predict the patterns of evolution of the loci used in this study. The 

mixture of repeat tract types (perfect and complex) means that it is unlikely that any 

single mutation model will adequately describe patterns of change at each locus. This 

may explain why Dps and Dc, which do not make any assumptions about modes of 

mutation, produce trees with the highest support in terms of bootstrap values and which 

make the most biological sense (clustering of conspeciRc populations). 
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J. 2 'O wf/ymg' f qp w/af 

It is hard to talk about aberrant popula t ions w h e n deal ing wi th such i l l -def ined trees, 

but three populations do not consistently cluster with conspecifics. The M. 

species ' go ld ' popu la t ion f r o m Nkuku t i Po in t ( "gonk") a lmos t never c lus tered in the 

MgrnocZfma clade, instead appearing in the groups (Figures 5.3 and 5.6). 

Only us ing the D p s and N e i ' s (1972) d is tance statistics (F igures 5.4 and 5.5) does this 

popula t ion pa i r wi th its conspec i f ic one f r o m R u a r w e ( "gorw") . In order to invest igate 

the reason fo r this, he terozygosi t ies and allele f r e q u e n c y dis t r ibut ions at all six loci 

were c o m p a r e d b e t w e e n the t w o popula t ions (see F igure 5 .7 and Tab le 5.2). It is 

immediately apparent that there are m^or differences in heterozygosity at loci Pzeb4, 

P z e b 5 and P z e b l . In addi t ion, there are obv ious d i f fe rences in allele f r e q u e n c y 

dis t r ibut ion, par t icular ly at P z e b l , Pzeb2 , P z e b 4 and U N H 0 0 2 . T h e odd f r e q u e n c y 

dis t r ibut ion at P z e b 1 fo r the ' g o n k ' popula t ion had been n o t e d p rev ious ly by van 

Oppen aZ (1997) who hypothesised a 'selective sweep' had occurred at that locus. 

The authors ruled out a population bottleneck as the other Ave loci had allele numbers 

and size ranges comparable with the other mbuna populations from that location. 

However, when the two M. species 'gold' populations are compared, there are 

m^or differences at more than one locus. Locus UNH002 in the 'gonk' population also 

appears to h a v e had its s ize range severely rest r ic ted at s o m e po in t in the past d u e to the 

narrow size range present. The lower diversity and heterozygosity of the 'gonk' 

population compared to the 'gorw' is not due to sample size differences - the 'gonk' 

sample size was 50 individuals, compared to the 30 individuals making up the 'gorw' 

sample. It is possible that demographic changes such as bottlenecks may have 

influenced allele sizes and frequencies in the 'gonk' population, as there are striking 

differences of both in more than one locus. In contrast, the M. caZZamoj' population 

from Mara Rocks also rarely clustered with conspeciRcs. However when allele 

frequency distributions (not shown) and heterozygosities (Table 5.2) were compared 

with the neighbouring population from Cape Manulo, striking differences as found in 

the M. species 'gold' comparison were not found. In this case it is difficult to 

hypothesise a reason for this population's failure to cluster with conspecifics. Mara 

Rocks provides an extremely isolated habitat patch - migration to and from 

neighbouring populations is probably extremely limited. Bouteillon (1998) found 

smaller Fst values between the M. caZZaZ/wj populations of the Nkhata Bay area than 
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the nor the r ly popula t ions . This is not surpr is ing cons ider ing t he greater geograph ic 

d is tances and habi ta t d iscont inui t ies be tween C a p e Manu lo , R u a r w e and M a r a Rocks . 

T h e r e f o r e o n e migh t expec t such popula t ions to cluster less cons is ten t ly wi th 

conspec i f ics . T h e fa i lure of the two Tropheops ' b and ' popu la t ions to c luster in all of 

the trees p r o d u c e d w a s also invest igated by examin ing the n u m b e r of al leles and 

heterozygosities at each locus (Table 5.2). However, the sample sizes of these two 

populations were very different (53 from Nkukud Point and 24 from Ruarwe). This 

difference arose due to the exclusion of samples from the Ruarwe population that were 

not typed at aU six loci. The m^or differences in the number of alleles present at Pzebl 

and Pzeb2 could thus be at least partially explained by differences in sample size. The 

reason for the differences in heterozygosity is less clear. It should be noted that 

Ribbink gf aZ (1983) classified the TropAgopf 'band' population at Ruarwe as a 

different species, the results of this study indicate that this may be correct. 

It is notable that throughout the analyses carried out, particularly the PCA, the 

populations did not form a obvious outgroup to the mbuna species 

(Figure 5.9). Instead, the three populations clustered within the mbuna. A 

second PCA omitting the M. and rmpAeopf 'olive' clusters also failed to 

cluster the populations distinctly from the remaining mbuna populations 

data not shown. The four trees shown in Figures 5.3 to 5.6 are drawn having manually 

identified D. as an outgroup to the mbuna populations. This is justified based 

on other evidence such as the mtDNA tree of Idid gf aZ (unpublished. Figure 5.1) which 

shows to form a separate, distinct clade from the mbuna. The data 

provided by allele frequencies at six microsatellite loci do not result in the same 

structure. It is unlikely that is recently diverged from an mbuna ancestor 

as the two groups have a vastly different morphology and ecology. It is possible that 

the six locus data set is unable to provide the resolution to examine relationships 

between the mbuna species and more distant groups such as the pelagic cichlids. 

However this result may indicate the extreme rapidity of lineage divergence that 

occurred in Lake Malawi, and thus the relative genetic similarity of the m^or cichlid 

clades within the lake. 
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A l though microsate l l i tes have been success fu l ly used to e s t ima te the phy logeny of 

several g roups of c losely related species , their use in the recons t ruc t ion of evolu t ionary 

his tor ies is no t s t ra ight forward . Microsate l l i tes have not b e e n u s e d to s tudy the 

phylogenetics of more distantly related organisms. One possible reason for this is that 

phy logene t i c signal is lost over longer per iods of t ime due to t h e h igh muta t ion ra te of 

such s tretches of repet i t ive D N A . T h e r e also appears to be an u p p e r and l ower 

b o u n d a r y to the n u m b e r of repeats per allele. Obvious ly , the n u m b e r of repeats canno t 

d rop be low zero wi thout the microsate l l i te locus d i sappea r ing al together . Al le les with 

small numbers of repeats also seem to be less susceptible to mutation in terms of loss or 

addition of repeats (Taylor gf aZ, 1999). An upper boundary is likely to be present 

simply because alleles with extremely large numbers of repeats are never observed 

(Goldstein and Pollock, 1997), and because at certain loci, abnormally large expanses 

of simple tandem repeats are deleterious (see review by Kashi and Soller, 1999). The 

existence of an unde f ined uppe r threshold to the n u m b e r of r e p e a t s poss ib le at a 

particular locus is of even greater importance in the light of some published studies 

which report that microsatellite mutation is biased towards increasing rather than 

decreasing repeat number (Goldstein and Pollock, 1997). It has also been noted that 

large alleles are more mutable than smaller ones. (Jin gf oZ, 1996) 

The nature of the repeat region plays an important factor in determining mutation rates. 

Interruptions to the repeat region appear to stabilise it, preventing further mutational 

strand slippage (Taylor gf aZ, 1999). The base composition of the repeat motif also 

influences mutation rate. Bactrog ĝ  aZ (2000) found that GT/CA repeats have the 

highest mutation rates, and AT/TA the lowest. There is also some suggestion that 

tetranucleotides have a higher mutation rate than dinucleotides (Weber and Wong, 

1993). The loci used in the present study are of a variety of types, from perfect 

uninterrupted repeats to interrupted and extremely complex repeat tracts. It is unlikely 

that a single genetic distance statistic could reflect the mutation mechanisms and rates 

occurring in all six loci. This is perhaps why the statistics which make no assumption 

about mutation models (Dc and Dps) have performed better than delta mu, which 
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a s sumes the S M M . Paektau etal (1997) f o u n d similar results w h e n test ing var ious 

d is tance measu re s . T h e authors at t r ibuted this to the higher v a r i a n c e of s tepwise 

muta t ion b a s e d measures wh ich m a k e s t h e m less use fu l to s t udy short per iods of 

evo lu t ionary t ime. Interest ingly they also f o u n d no statistic c o u l d dis t inguish be tween 

c lose sister species and a species wh ich d iverged f r o m them a l o n g per iod of t ime 

be fo re t h e y split. Other s tudies have sugges ted that s imply m e a s u r i n g allele s izes within 

a population overlooks a great deal of other sequence changes, both within the repeat 

and the flanking regions (Orti, Pearse and Avise, 1997; Angers and Bematchez, 1997). 

For any of these reasons, it is poss ib le that the phylogenet ic s igna l r egard ing the 

relationship between and the mbuna has been diminished over 

evo lu t ionary t ime. T h e h igh muta t ion rate of microsatel l i te loc i c o m b i n e d with 

restrictions on allelic divergence (upper and lower boundaries to the number of repeat 

units) means that only a limited amount of phylogenetic distance can be represented by 

allele f r equenc ie s . T o test this, it w o u l d be use fu l to include a n o t h e r ou tg roup in the 

analysis external to both the mbuna and Such an outgroup would ideally 

be a species not present in the Lake Malawi flock. An alternative explanation for the 

relat ive s imi lar i ty of the m b u n a and the Diplotaxodon species u s e d is that the manua l 

correction of data collected from different sequencers could have been faulty, and real 

differences between the allele frequencies of the mbuna and pelagic cichlids erased. 

Estoup and Angers (1998) have suggested that robust phylogenies may be estimated 

from microsatellite data provided that all loci used match certain criteria. Loci with 

high numbers of repeats should not be included as these tend to have mutation rates that 

are too high. Loci with interrupted and complex repeat tracts are also deemed 

unsuitable as it is unlikely that mutation patterns will follow the stepwise mutation 

model. The authors suggest that at least 25 loci with less than 20 repeat units that show 

a uniform evolutionary rate across the relevant taxa are required for phylogenetic 

analysis of distantly related populations. For the analysis of closely related populations 

and species the authors suggested that locus type was not as important as locus number. 

However, it is obvious that isolating and testing the required loci would be an 

extremely lengthy procedure. 
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.5.4. J CoMcZufzoMf 

Despi te the potential p roblems described above, the present s tudy has indicated the 

phylogenet ic potent ial of microsatell i tes, particularly when c o m b i n e d with a non-

muta t ion mode l dependent distance statistic such as Dc. Six loci is recognised as an 

ext remely small number with which to at tempt phylogenet ic reconstruct ion. A tree with 

higher levels of bootstrap support might be found if the n u m b e r of loci used was 

doubled, or even tripled. However , with around f i f ty to one h u n d r e d individuals per 

popula t ion to type, this would represent a highly labour and cos t intensive exercise. 

Microsatel l i tes might therefore be more usefu l when analys ing small groups of closely 

related populat ions or species in order to prevent costs b e c o m i n g prohibit ive. In this 

context, microsatellites could be used to study relationships within a particular species 

group such as Trop/igopj' 'mauve' or 'olive' or the MgfnacZfma species within the 

mbuna. 
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5.6 Chapter 5 Appendix 

Details of genetic distance statistics: 

Nei (1972) 

^ ? Plmi Plmi 
D = -ln 

( Z Z Z Pz J ) ' ' " 

W h e r e m is s u m m e d over loci, i is s u m m e d over alleles and Pimi is the f r equency of the 

ith allele at the mth locus in population 1. 

Cavialli-Sfoza and Edwards (1967) Chord Distance 

D^ = 
4 S ( 1 - £ P , ™ ' ° P 2 J " ) 

Where m indexes loci, I is summed over alleles at the mth locus and a is the number of 
alleles at the mth locus. 

Delta mu squared (Goldstein ef of, 1995) 

Ddmu = (mu(A)-mu(B))^ 

Where mu (A) is the mean allele size for population A 

Proportion of shared alleles 

i:MIN(P(A(i)), P(B(i))) 
Dps = 

Dps is defined as the mean of the minima of the relative frequencies of alleles in the 
taxa being compared. N represents the total number of alleles for all loci. 
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6 Testing parallel evolution of colour patterns in the mbuna using 

AFLPs 

6.1 Introduction 

O n e ou t s tand ing at tr ibute of the m b u n a cichl ids of L a k e M a l a w i is the e n o r m o u s 

variety of colour patterns present within this group. Much of this variation occurs in 

male colora t ion, wh ich is thought to f o r m the basis fo r f e m a l e m a t e cho ice in non pair 

forming East African cichlids (e.g. Knight gr aZ, 1998; Seehausen gf aZ, 1997). These 

colour patterns evolve rapidly; Owen gf aZ (1990) suggest that the southern end of the 

lake was dry as little as 250 years ago, which could mean that the endemic colour forms 

present in this area have evolved since the subsequent lake level rise. Many 

morphologically and ecologically similar species pairs differ only in male coloration 

(Ribbink gf aZ, 1983), suggesting that divergence of male colour frequently occurs with 

speciation events (Seehausen gf aZ, 1999a). Differences in male colour patterns form 

the basis of the current intra-generic taxonomy in the mbuna (Ribbink gf aZ, 1983). 

H o w e v e r , there is a degree of variat ion in co lour pat tern b e t w e e n al lopatr ic populations 

of the same putative species, and the current lack of potential for geneflow between 

these populations makes assigning specific status difficult. A few examples of dines in 

colour pattern have also been recorded (Amegard gf oZ, 1999; Ribbink gf aZ, 1983). 

Deutsch (1997) found there was more variability in colour hue between members of a 

species complex (a group of similar species within a genus) than between species 

complexes, and also noted that similar colours may be found within different 

complexes and even genera. Seehausen gf aZ (1999b) hypothesised that this repeated 

occurrence of similar coloration across genera was the result of disruptive sexual 

selection. The fact that colours appear to evolve rapidly coupled with the very real 

ecological and morphological differences that exist between genera suggest that colour 

patterns found in more than one genus/species complex are likely to have evolved more 

than once in parallel. Parallel evolution has been defined as 'the evolution of similar or 

identical features independently in related lineages' (Futuyama, 1986 p554). However, 

in order to test hypotheses of colour pattern evolution in Lake Malawi a robust 

phylogeny is required. This has proved difficult to obtain even after the advent of DNA 

sequencing and molecular markers due to a lack of variation an incomplete lineage 
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sorting in the genes examined (Meyer, 1993). The extremely short period of 

evolu t ionary t ime over wh ich m b u n a genera and species c o m p l e x e s have d iverged 

m e a n s that m a n y molecu la r markers do no t muta t e at a high e n o u g h rate to reflect 

d ive rgence events . Rap id ly muta t ing marke r s such as microsatellites may p r o v e 

appl icable to this p r o b l e m as they appear to be ideal fo r r econs t ruc t ing the evolu t ionary 

history of recently diverged groups (see previous chapter and references therein). 

H o w e v e r , de t e rmin ing evolu t ionary re la t ionships amongs t l a r g e n u m b e r s of 

popula t ions / spec ies represents a t ime c o n s u m i n g and costly e x e r c i s e as la rge n u m b e r s 

of ind iv iduals need to be typed at m a n y loci (Es toup and A n g e r s , 1998). Th i s cer ta inly 

seems to be the case fo r the mbuna , as d i scussed in the p r ev ious chapter . A F L P s (the 

name is derived from the PGR amplification of restriction fragment length 

polymorphisms) are a relatively new class of molecular marker originally developed by 

Vos gr aZ (1995). A brief summary of the methods behind AFLPs is given in the 

General Introduction to this thesis. AFLPs have already been used in a number of 

phylogenetic studies of closely related organisms (Sharbel gf a/, 2000; Wilding ef aZ; 

2001; Giannas i et al, 2001 ; Parsons and Shaw, 2001) . In the f i r s t inves t iga t ion to uti l ise 

AFLPs on African cichlids Albertson ef aZ (1999) examined speciation and trophic 

divergence wi th in mbuna genera col lected f r o m sites at the s o u t h e r n end of L a k e 

Malawi. They were able to determine relationships within and between the four genera 

studied and although intrageneric branch lengths were short, the resulting tree was 

statistically well supported. AFLPs are therefore a class of marker that appears to be 

suitable for phylogenetic reconstruction and hypothesis testing. This study aims to use 

AFLPs to provide a robust phylogeny of mbuna species from a variety of geographic 

locations within the lake. This phylogeny will be used to test the hypotheses of parallel 

evolution of four colour traits. By testing species from a wide geographic range it will 

also provide indications of the phylogenetic levels (intra/inter specific and generic) that 

are best resolved by AFLP data. This will provide valuable information for the 

planning and execution of other similar studies on the mbuna. 
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6.2 Methods 

6.2.1 Traits and species used 

Five colour traits were selected for investigation. Of these trai ts , four were ma le based 

(yel low chest, red dorsal fin, yel low ground colouration and blue ground coloration) 

and one was f ema le based (bright whi te or orange coloration). T h e female trait is more 

complex as m a n y m b u n a species or populat ions are po lymorph ic fo r f ema le colour; 

whilst mos t individuals have a cryptic coloration with dark ver t ical bars, a minor i ty 

exhibit a br ight orange or a blotched coloration. However , in s o m e species, the cryptic 

form wi th vertical bars is absent, and it is this lack of a barred f o r m which is be ing 

tested. Table 6.1 shows the original collection locale and presence or absence of the 

trait for each species used in the study. The locations of col lection sites are also 

indicated in F igure 6.2. Three representatives of each species /populat ion were used. 

Several outgroups were included to test the recovery of deeper phylogenetic 

relationships. These were OrgocAro/MM four species o f cichlids from Lake 

Victoria (see Table 6.1) and sp (a lake Malawi non-mbuna). The 

total number of samples in the study was limited to 64 as this was the maximum 

number that could be run on a single gel on the A B I 3 7 7 sequencer (this avoids 

problems associated with scoring bands across different gels). 

Table 6.1 Presence and absence of the traits tested and geographic locations for the populations 
used in this study. Photographs or representatives from each population may be seen in Figure 6.2. 
With regard to white/orange females, + indicates that the population is fixed for the trait, -/+ 
indicates the trait is polymorphic in the population. ? indicates unknown whether white/orange 
trait occurs in this population.* M. zebra (Mara Rocks and Ruarwe) is also known as M. fainzillberi 

Species Used Collection locale Yellow Yellow Blue Red White 
Chest ground ground Dorsal /orange 

coloration coloration fin females 
MefnacZima co/ZofMOf Nkhata Bay - - + - + / -

M Mara Rocks - - + - + / -

M caZZazMOf 'pearly' Ruarwe - - - - + 
M.gj'f/zerae Mozambique - - - - + 
M. 'gold' Nkhata Bay + + - - -

species'olive' Nkhata Bay + + - - -

M. tenefof Mazinzi Reef - - + - -

M. ze6ra Chisumulu - - + - 7 
M. zeAra Cape Manulo - - + - ? 
M. zetm Mazinzi Reef - - + - ? 
Tropheops 'mauve blue' Ruarwe - - + - -

Lab stock - - + - - / + 
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Species Used Collection locale Yellow Yellow Blue Red White 
Chest ground 

coloration 
ground 
coloration 

Dorsal 
Gn 

/orange 
females 

M. em/MAof Mphanga Rocks - - + + -

M. sandaracinos Nkhudzi hills - - + + -

M. aurora 9 + - + - _ 

M. Mara Rocks + - + - 7 
M. Ruarwe + - + - ? 
M. jcoMJfo/MacAM.; Kanchedza Island + - + - -

Mara Rocks + + - - -

Tropheops 'mauve aurora' Ruarwe + - + - -

Oreochromis niloticus Lab stock 
Rhamphochromis sp 
Neochromis omnicaeruleus 

Lake Malawi 
Lake Victoria 

Neochromis species Lake Victoria Outgroups 
unicuspid scraper 
Pundamilia pundamilia Lake Victoria 
f . Myererez Lake Victoria 

Figure 6.1. Sampling locations for populations used in this study. 

MiihahgaRocks 

Ruarwe 

C ^ e Manulo 

Nkhata Bay 

Rocks 

ChisumUlu 

Kan diedza Island 

Mazinzi Reef 

khudzi Hills 
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b) Blue ground coloration (male) - other than seen in a), c) and d) 
M. zebra - Cape Manulo' 

! i | i r 

Tropheops 'mauve blue 

M. zebra Chisumulu' 

M. zebra Mazinzi Reef' 

Labeotropheus fuellebomi^ 

M. benetos^ 
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b) Red dorsal fin (male) 

M. emmiltos^ 

M. sandaracinos^ 

c) yellow ground coloration (male) 

M. zebra 'gold'' 

Tropheops 'olive'' 

d) Females lacking vertical bars. This trait also occurs in females of Labeotropheus 
fuellebomi, for which no photo was available. 

M.estherae 
Left - female 
Right male 

M. callainos 'pearly'' 
Left - female 
Right - male 
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M. callainos^ 
Nkhata Bay** 
Right - male 
Left - female (blue 
morph) 

d) cont. ** The Nkhata Bay population of M callainos is polymorphic in terms of female 
coloration, with individuals exhibiting blue, white and blotched coloration. A similar situation 
exists for M. callainos at Mara Rocks. 

6.2.2 Sample collection and extraction. 

The samples were collected in the form of clips from the soft-rayed posterior portion of 

the dorsal fin and were preserved in absolute ethanol until required for extraction. A 

few samples (M. zebra from Cape Manulo, M. callainos from Mara rocks and M. 

xanstomachus) were obtained as D N A extracts. D N A was extracted from fin clips 

using the proteinase K/chloroform protocol of Rico et al (1992, see chapter 2 for 

details) and resuspended in 200 )j,l TE buffer (lOOmM Tris, lOmM EDTA). The 

concentration of the D N A extracts was assessed with a TKO 100 D N A Mini-

Fluorometer (Hoefer Scientific Instruments) using calf thymus D N A to obtain a 

standard curve. D N A extracts were diluted to obtain a lOng/jil solution of each sample. 

6.2.3 AFLP Procedure 

The original protocol of Vos et al (1995) was followed, with some modifications 

suggested by RC Albertson (pers. com.). All oligonucleotides were manufactured by 

Sigma-Genosys Ltd, and all PCR programs were carried out using a Hybaid 

Touchdown thermocycler. The AFLP protocol consists of four stages; 

restriction/ligation, pre-selective amplification, selective amplification and 

visualisation. 
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6.2.3.1 Restr ic t ion/ l igat ion 

T h e restr ict ion e n z y m e s selected were EcoRl and Msel, as u s e d in Alber t son et al 

(1999). The restriction and ligation of samples was carried out at the same time - a 

depar ture f r o m the p ro toco l of V o s et al (1995) w h o separa ted these t w o stages. An 

e n z y m e mas t e r m i x w a s prepared ; this compr i sed O.lpi T4 D N A l igase b u f f e r ( 3 0 0 m M 

Tris-HCl, lOOmM MgClz, lOOmM DTT, lOmM ATP), O.l^il 0.5MNaCl, 50 ngBSA, 1 

unit Msel (New E n g l a n d Biolabs) , 1 uni t EcoRl (P romega) a n d 1 uni t T 4 D N A ligase 

(P romega ) pe r sample . T h e restr ic t ion l igat ion m i x compr i s ed 1 ^1 T4 D N A l igase 

bu f f e r w i th A T P , Ipil 0 . 5 M N a C l , 0.5 p,g B S A , I p l e n z y m e m a s t e r m i x as descr ibed 

above, 5 p m o l of EcoRl adapters , 50 p m o l Msel adapters and 5 5 n g D N A . T h e 

resict ion/ l igat ion mix tu re was then incubated in a wa te r ba th f o r 2 hours at 37°C. Af t e r 

incubation, the restriction/ligation mixture was diluted with 190^,10.lx TE buHer. 

6.2.3.2 Pre-selective amplification 

This stage is required to reduce the number of fragments ampliOed from complex 

genomes and to reduce primer binding mismatches during selective PCR (Vos gf af, 

1995). It acts to i m p r o v e repeatabi l i ty and ease of in te rpre ta t ion of A F L P p ro f i l e s on 

gels. Pre-selective PCR was carried out in 20 p,l volumes containing Thermoprime Plus 

PCR buffer (ABgene; 75mM Tris-HCl, 20mM (NH4)S04, 0.1% Tween 20), 0.2mM 

dNTPs, 1.5 mM MgClz, 10 pmol of each of the pre-selective Mfgl and primers 

(see Tab le 6.2) and 0 .4 uni ts of T h e r m o p r i m e Plus p o l y m e r a s e (ABgene) . T h e p re -

selective PCR program consisted of 20 cycles of 30s at 94°C, 1 minute at 56°C and 1 

minute at 72 °C. The PCR products were then diluted with 1 SO îl 0. Ix TE buf&r for use 

as a template in the selective PCR. 

6.2.3.3 Selective Amplification 

In total, 18 different pairs of selective primers were used (see Table 6.3). Each EcoM 

primer was labelled at 5' with FAM or HEX to allow detection by the ABI377 

sequencer. The PCR parameters were identical to the pre-selective parameters except 

that only 3 îl of the diluted pre-selective products were included, and 1 and 5 pmol of 

the EcoRI primer and the Mygl primer respectively were added instead of the pre-

selective primers. The selective PCR required a relatively complex thermal profile. The 
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Hrst 13 cycles consisted of 30s at 94°C, 30s at the annealing temperature and 1 minute 

at 72°c. The annealing temperature started at 65°C and was reduced by 0.7°C per cycle. 

The subsequent 23 cycles were of 30s at 94°C, 30s at 56°C and 1 min at 72 °C. 7 p,l of 

the reaction products were run on a 1 % agarose gel containing ethidium bromide to 

ensure the PGR had worked. 

Figure 6.3 Sequence of the adapters ligated to the cut DNA fragments. Single stranded 
oligonucleotides were PAGE purified after manufacture. Adapter pairs were diluted to the 
required concentration (5 fiM for EcoRI adapters and 50 fim for Msel adapters) and heated to 
70°C. After 10 minutes the adapter solutions were allowed to cool to room temperature in order to 
anneal. 

S^-CTCGTAGACTGCGTACC EcoRI adapter 
CATCTGACGCATGGTTAA-S^ 

S^-GACGATGAGTCCTGAG 
TACTCAGGACTCAT-5^ 

Msel adapter 

Table 6.2 Sequence structure of the PGR primers used in this study. The core sequence is 
complementary to that of the relevant adapter molecule. 

Core Sequence Enzyme SpeciHc Preselective Selective 

EcoRI 5^-GACTGCGTACC AATTC A XX-3' 

Msel 5 ̂ -GATGAGTCCTGAG TAA C XX-3^ 

Table 6.3 The combinations of selective primers used in this study. The names of the primers 
reflect the final three bases at the 3* end of the primer and the name of the enzyme. Primer pairs 2 
and 5 were discarded from the study as they were found to be identical to primer pairs 12 and 16. 
The dye labels attached to the EcoRI primers are indicated and the primers were HPLC purified 
after manufacture. 

EACA 
(FAM) 

EAGG 
(FAM) 

EACT 
(FAM) 

EAGC 
(FAM) 

EACC 
(FAM) 

EAAC 
(HEX) 

MCAC 1 19 
MCAT 8 6 
MCAA 1 16 3 7 18 
MCTA 20 14 9 
MCAG 15 17 11 
MCTT 4 12 
MCTG 13 10 
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Band visual isat ion was achieved using an A B I 377 sequencer upgraded to recognise 64 

lanes and the GeneScan data collection sof tware package (both by Appl ied 

Biosys tems) . 1 [il of the selective ampli f icat ion products w a s c o m b i n e d with 1.1 |il 

loading bu f f e r (0.16 pi size standard, 0 .26 pi loading dye [ 5 0 m g / m l blue dextran; 

2 5 m M E D T A ] , 0 .68pl deionised formamide) . The combined m i x t u r e was denatured at 

90°C for 2 minutes and then loaded onto the sequencer via 64 lane membrane combs 

using the protocol of Toonen (submitted). The internal size standard used was 

GeneScan -500 R O X (Applied Biosystems) . All samples ampl i f i ed using a part icular 

primer pair were run on the same gel to avoid problems of scoring bands across 

different gels. Gel conditions were similar to those described in Chapter 2. After 

electrophoresis, fragments were sized using the GeneScan software package (Applied 

Biosystems). 

6.2.5 Ba/zcf 

Three different methods of band scoring were tested. The first used the Genotyper 

software package (Applied Biosystems) to output a list of peaks for each sample (lane 

of the gel). This list was transferred into a spreadsheet package to allow manual 

alignment of peaks between lanes. However, the peak recognition algorithms in the 

Genescan and Genotyper software packages is somewhat basic (Gamhardt and Kocher, 

submitted) and may result in extra peaks being detected due to fluctuations in the 

fluorescence of a fragment. Only peaks between 75 and 400 bases in size were scored 

as the intensity of peaks decreased markedly with fragment size. 

The second method of peak scoring used the automatic binning algorithm available in 

Genotyper to identify peaks and assign them to categories (loci). Categories were 

created by first labelling all peaks on the gel between 75 and 400 bases with heights of 

at least 50, 150, 250, 400 or 600 relative fluorescence units (rfu). All peak heights were 

scaled relative to the intensity of the total signal from the first lane on each gel. This 

has the effect of normalising the signal across the gel to account for small differences in 

the amount of PCR products loaded into each lane. Peaks were then assigned to 

categories with a size tolerance of +/- 0.4 bases. All peaks on the gel were then 
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re label led us ing the ca tegor ies created f r o m the orginal labels e x c e p t that this t ime all 

peaks h igher than 50 r fu w e r e labelled. T h u s the creat ion of a ca t egory d e p e n d e d on the 

p resence of a p e a k h igher than a certain threshold , but once c rea t ed , all peaks wi th in the 

category size range higher than 50 rfu were labelled and included. Categories that 

over lapped in s ize w e r e exc luded . F ive data f i les were c rea ted u s i n g this m e t h o d (one 

for all gels us ing each peak height threshold) . 

T h e third m e t h o d invo lved the use of the f r e e w a r e so f tware p a c k a g e G e n o g r a p h e r (© 

M o n t a n a State Univers i ty , 1998, h t tp : / /hordeum.oscs .montana .edu /genographer / ) , 

which impor t s the f i les p roduced by G e n e S c a n and p roduces a s t ra ightened a n d s ized 

gel image. This allows semi-manual scoring of bands and enables the intensity of 

bands to be normalised across a gel. It also allows for more accurate scoring of less 

intense bands and permits ambiguous areas of the gel (such as smears) to be left 

unscored. Using this software, peaks between 75 and 500 bases could be scored 

unambiguously. 

In all three m e t h o d s each gel was scored in a b inary fash ion f o r b a n d presence /absence . 

Analys is of t he da ta was carr ied out bo th inc luding and e x c l u d i n g m o n o m o r p h i c b a n d s 

as these may introduce bias into calculations of genetic distance (Link gf aZ, 1995). 

6.2.6 

In order to test whether AFLP profiles were consistently reproducible, twelve samples 

were subjected to three different restriction-ligation reactions. The restriction-ligation 

products were then ampl i f i ed us ing p r imer pair 1. P G R p r o d u c t s w e r e then run on the 

same gel under the conditions described above except that a GeneScan350 size 

standard was used. Peaks were scored using Genographer, and band presence/absence 

was compared for each sample across the three restriction-ligation reactions. The 

number of bands scored differently within samples was averaged to obtain the mean 

difference between the three restriction-ligations. 
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6.2.7 f 

The da ta sets w e r e tested fo r n o n - r a n d o m structure us ing t h e g l statistic (Hill is and 

Hue l senbeck , 1992) because even r a n d o m data m a y p r o d u c e an apparent ly wel l -

suppor ted tree. Th is test was carr ied out by us ing the s o f t w a r e package P A U P * vb4.01 

to generate 100000 random trees from the AFLP data and to calculate the g l statistic 

based on the dis t r ibut ion of their lengths . T h e g l va lues w e r e c o m p a r e d to empir ica l ly 

de te rmined cri t ical va lues (Hill is and Huelsenbeck , 1992) t o c h e c k for stat ist ically 

s ignif icant n o n - r a n d o m st ructure wi th in the data set. T h e d a t a w e r e tested f o r non-

r a n d o m s t ructure at d i f fe rent levels - wi th and wi thout o u t g r o u p s and well suppor ted 

clades. Tests were also carried out with only one out of the three representatives of 

each m b u n a t axon present . A second series of tests invo lved t he f i ve data f i les 

generated by scoring peaks at different thresholds using Genotyper. In this set of tests, 

only the mbuna populations were included in the analysis. 

Phylogenetic reconstruction from AFLP data requires the calculation of genetic 

dis tance b e t w e e n samples and the subsequent const ruct ion of a t ree f r o m the d is tance 

matrix. Two genetic distance statistics that can be applied to AFLP data are those of 

Link gr aZ (1995) and Nei and Li (1979) which are implemented in the software 

package Treecon (van de Peer and de Wachter, 1994). Equations for these distance 

statistics are shown below. Tree building was carried out using the neighbour-joining 

algorithm (Saitou and Nei, 1987) as in previously published AFLP based phylogenetic 

studies (Giannassi gf a/, 2001; Albertson gf a/, 1999; Parsons and Shaw, 2001). 

Bootstrapping (Felsenstein, 1985) was used as an indication of the statistical support 

for a particular tree topology. Trees were constructed using all populations for which 

AFLP data was available and also for just the mbuna populations using 

/(Aamp/ioc/zromff as an outgroup. The and Victorian samples were 

omitted in an attempt to better resolve relationships between the MefnacZzma 

populations. 
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Distance of Link gf aZ (1995) 

N x + N y + N x y 

Where N* is the number of bands present in sample x but not in sample y, Ny is the 
number of bands present in sample y but not in x, and Nxy is the number of bands 

shared by x and y 

Distance of Nei and Li (1979) 

DNeiu= 

Nx + Ny 

Where Nxy is the number of bands present in sample x and y, N% is the number of bands 
present in x, and Ny is the number of bands present in y. 

6.3 Results 

The AFLP profiles generated from three different restriction-ligations of twelve 

samples were extremely similar when run on the same gel. A total of 87 different bands 

were scored and these differed by only an average of 7.6% between restriction-ligations 

for the same sample. Only two bands were detected consistently in the second and third 

restriction-ligations but not in the first. If these two bands were excluded, overall 

reproducibility became 94%. 

A summary of each data set can be found in Table 6.4. Each primer pair produced a 

large number of polymorphic bands, although the number of bands detected depended 

on the peak scoring method (Figure 6.4). Of the data files constructed using Genotyper 

with various peak thresholds, the file resulting A-om a threshold of 250 rfu returned the 

most negative g l statistic based on the lengths of 100000 random tree lengths (Table 

6.5). This data set was therefore chosen for comparison with the other two methods of 

peak scoring. However, it was noted that the data sets obtained using Genotyper with a 
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peak height threshold of 50, 150, 250 and 400 rfu produced very similar trees (see 

Appendix at the end of this chapter). 

The percentage of invariable bands in each data set varied only slightly (4.6% using 

Genotyper with manual alignment, 3.4% using Genotyper [250 peak threshold] and 

5.6% using Genographer). The data set produced by Genotyper with manual alignment 

contained the largest number of bands with a total of 2538 and had by far the highest 

mean number of bands per primer pair at 141. With the exception of primer pairs 10, 

11 ,16 and 17, the number of bands per primer pair is greater using Genotyper (manual 

alignment) than in either of the other two (Figure 6.4). The Genotyper (250 peak 

threshold) data set without exception contains the lowest number of bands, both per 

primer pair and in total. Trees were generated from the data sets both including and 

excluding monomorphic bands. No differences in overall topologies were observed. 

The trees shown below result from analysis of each data set including invariable bands. 

Table 6.4. Comparison of the three data sets generated from 18 different AFLP primer pairs using 
different methods of peak scoring 

Genotyper, 
manual 

alignment 

Genotyper 
250 

Genographer 

Total number of bands 2538 1354 2315 
% variable bands 96.6 95.4 94.4 

Mean no. of bands per primer pair 141.0 75.2 128.61 

Figure 6 
contains 

,4. Number of bands detected per primer pair in each of the three data sets. Data set three 
fewer bands per primer pair than the other two data sets 

120 

n Genotyper, manual alignment 

^ Genographer 

^ Genotyper. 250 threshold 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Primer Pair 
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6.3.2 Non Random Structure in the data 

The distributions of the lengths of 100000 random trees and the g l statistics for each 

dis t r ibut ion can b e seen in F igure 6.5 a-d. It is c lear that t he re is s ignif icant s t ructure to 

the data, as shown by the negative g l statistics (the more negat ive the g l value, the 

greater the deg ree of n o n - r a n d o m structure present) . All f o u r sets of taxa tes ted contain 

s ignif icant non-random s t ructure, h o w e v e r the degree of s t ruc tu re decreases as 

ou tg roups and o ther wel l - suppor ted c lades are r emoved . T h e vas t major i ty of the 

s t ructur ing a m o n g the m b u n a taxa appears to be due to the s imi lar i ty of s amples taken 

f r o m the s a m e popula t ion . W h e n only o n e individual f r o m e a c h popula t ion is inc luded 

in the analysis (Figure 6 .5d) there is very little skew in the t r ee length d is t r ibut ions and 

the g l value becomes very c lose to the critical values determined by Hill is and 

Huelsenbeck (1992) . However , as Hill is and Huelsenbeck ( 1 9 9 2 ) only determined g l 

crit ical va lues fo r a m a x i m u m of 25 taxa and 5 0 0 charac ters it is d i f f icul t to accura te ly 

extrapolate critical values for an larger data set such as that u s e d in this study. 
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Figure 6.5. Distribution of the lengths of 100000 randomly generated trees for various numbers of 
populations. Peaks were scored using Genographer. a) all populations, b) all mbuna populations, c) 
all mbuna populations except M. callainoslM.estherae and TropheopslLabeotropheus clades, d) as c) 
but with a single individual from each population, gl statistics are indicated, gl values for a), b) 
and c) are more negative than the critical values determined by Hillis and Huelsenbeck (1992) 
suggesting that significant non random structure is present in the data. The significance of the 
value for d) cannot be determined as it is difficult to extrapolate accurately from the critical values 
given by Hillis and Huelsenbeck (1992) for a data set of this size. 
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c) all mbuna except Tropheops and 
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A summary of the g l statistics for the data sets scored using Genotyper with various 

peak height thresholds can be seen in Table 6.5. There are slight differences in g l 

between the 50, 150, 250 and 400 rfu data sets but clearly at 600 rfu, the structure 

within the data starts to break down. 

Table 6.5. Summary of the data sets resulting from scoring bands using different peak height 
thresholds in Genotyper. Only mbuna samples were included in the analysis. 

Peak Threshold (rfu) Total number of bands Kl 
50 2012 -0.24 
150 1354 -0.25 
250 1639 -0.26 
400 950 -0.22 
600 610 -0.12 
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6.3.3 Changes in Peak Height Threshold 

T h e total number of bands scored decreases dramatical ly as the peak height threshold in 

Genotyper is increased (Table 6.5). The major structure of t he t ree remains unchanged 

when the peak height threshold is changed, although bootstrap support decreases 

not iceably at the highest threshold (see f igures 6.15 to 6.18 in the Appendix to this 

chapter) . At a peak height threshold of 600 rfu, Rhamphochromis does not occupy its 

expected posi t ion as an outgroup to the mbuna . The trees p r o d u c e d by the lower peak 

thresholds are quite similar, despite the ma jo r d i f ferences in t e rms of numbers of bands 

scored. However it is noted that a sample of M. from Chisumulu and M. caZZamO:; 

from Mara Rocks behave differently during analysis of these data sets. In some trees 

these samples cluster with other members of their popula t ion/species and in others with 

the M. samples from Cape Manulo. This is also observed in the trees based on the 

Genotyper (250 rfu) dataset (Figures 6.9 and 6.10). Trees based on mbuna populations 

(excluding and the Victorian samples) are therefore not shown for this 

dataset, but no other m^or structural differences were observed compared to Figure 

6.13 and 6.14. 

6. fwfzvfcfwaZf 

Two other individual samples were consistently noted not to cluster with conspeciOcs 

(ZebS2, a member of a southern M. population, and Benl , a member of the M. 

population). If included in the analysis, ZebS2 became basal to the rest of the 

mbuna, altering the topology of the tree (see Figure 6.19 in Appendix), but only during 

analysis of data scored using Genographer. This sample clustered with the other two 

members of its population when data scored using Genotyper were analysed. Benl 

showed a tendency to cluster with the f . g/oMgaAty samples but only during analysis of 

data scored using Genotyper. Trees were generated both with and without these two 

samples as their aberrant position was thought to be an artefact of the way the peaks 

were scored; if these samples were truly as genetically divergent from other samples of 

the same populations then one would expect to observe this in all trees resulting from 

all data sets. Ideally, these 'odd' samples should be retyped to check whether they are 
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genuinely di f ferent f r o m other members of their populat ion or if an error has occurred 

in the A F L P process. It should also be borne in mind that the populat ions included in 

this analysis are extremely closely related (in terms of A F L P prof i le) , which is 

demonst ra ted by the scale bars included with each of the trees. It m a y be that partial 

fai lure or contaminat ion of the PGR of jus t one pr imer pair w o u l d be enough to cause 

these samples to cluster aberrantly. 

6..). J Mwrntgr on frgg 

Overall tree resolution was assessed using the average bootstrap support value for all 

nodes across a given tree. Trees were generated using successive numbers of primer 

pairs and both the distance measure of Link et al (1995) and that of Nei and Li (1979). 

The support for a given tree increases consistently as data from successive primer pairs 

are included in the analysis (Figure 6.6). 

6..?. 6 

In all trees, all outgroup nodes were well supported with extremely high bootstrap 

values. The samples from Malawi and Victorian cichlids are shown to be reciprocally 

monophyletic. The /(AampAocAro/Mfs sample is basal to the rest of the Malawi samples. 

Within the mbuna, tree topology varies slightly depending the genetic distance statistic 

and method of peak scoring used. In the following sections, an association of a group of 

populations seen in the m^ority of trees is regarded as a clade, especially when 

bootstrap support for the group is greater than 50%. It should be noted that some 

bootstrap levels provide at best weak statistical support for these groupings, but it is the 

appearance of the same groups in trees based on different methods of peak scoring or 

distance statistics that is of interest. 

Despite topological variation due to differences in peak scoring or genetic distance 

statistics, the trees in Figures 6.7-6.14 show a number of major similarities. The 

and populations form a well supported clade in all trees with 

64-100% bootstrap support. Trees generated using Genographer and Genotyper differ 

in the position of this clade relative to the MgfriacZfma populations. If Genographer is 

used, TropAgopj forms a sister group to the rest of the mbuna populations (Figures 6.11 
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and 6.12). However, if Genotyper is used, then the TropAgopf clade becomes part of a 

group consisting of the northern MefnacZfrna and f populations. This 

topology has a bootstrap support value of 55% in one case (Figure 6.8). 
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Figure 6.6. EHect of addition of successive loci on mean bootstrap value. Trees 
were constructed data from Genographer and Nei and Li (1979) and Link a/ 
(1995) distances. 

Another probable clade is formed by the M and M.effAgrag populations. In 

all trees these populations cluster together, and in three out of the eight trees the clade 

has >50% support. A third clade consists of the southern MgfnacZfma populations. This 

cluster is found in three out of the six trees constructed using all samples (Figures 6.8, 

6.11 and 6.12), and is present in all of the smaller trees based on mbuna samples only, 

with bootstrap support of 59-75%. Only in one of the trees does any of the southern 

MgfnacZz/Mo populations (M. and M. za/iffo/MacAwj^) cluster with the northern 
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populations with >50% bootstrap support (Figure 6.9). Interestingly, this 

topo logy is no t exhib i ted in the tree based on the m b u n a subse t of the same da t a (not 

shown). Figures 6.13 and 6.14 indicate a monophyletic origin of the northern 

and f populations. This topology is supported by bootstrap 

values of 5 1 - 6 3 % . These trees vary in the pos i t ion of the Tropheops/Labeotropheus 

c lade re la t ive to Metriaclima popula t ions ; f i gu re 6 .13 s hows it to be par t of the group 

formed by Metriaclima and Pseudotropheus populations from the northern part of the 

lake whi ls t in f igu re 6 .14 the Tropheops c lade is a sister g r o u p to the group compr i sed 

of all Metriaclima and Pseudotropheus populations. 

6. J. 7 f Aipf owf fvoZwfzoM CoZowr Traif.; 

W h e n only mbuna popula t ions , together wi th Rhamphochromis, w e r e analysed , the 

m^or clades were equally or better resolved than when the OreocAromif and Victorian 

samples w e r e inc luded. T h e two trees based on da ta f r o m m b u n a popu la t ions (Figures 

6.13 and 6.14) show a number of m^gor similarities with regard to relationships 

between populations. The main difference between them is the position of the 

T r o p A g o p c l a d e as described above, and the fact that M. (Cape 

Manulo) occupies a basal position in Figure 6.13. Trees based on the same populations 

and constructed using the distance measure of Link gf aZ (1995) showed extremely 

similar structure (see figure 6.20 in Appendix). 

6.3.7.1 Yellow chest 

In all trees species 'mauve aurora' is shown to be more closely related to the 

sympatric non yellow chested rmpAgop^; 'mauve blue type', and also to the differently 

coloured TropAgopf 'olive'. These three populations all fall into a well supported clade. 

The yellow chested M. awrora and M. zg6ra (sampled from Ruarwe and Mara Rocks) 

are absent from this clade, as is the yellow chested species M. from the 

southern part of the lake and f . g/ongafW;;. None of these four latter species form a 

clade together, although Figure 6.13 exhibits a mixed cluster of M. zg6ra (Ruarwe and 

Mara Rocks samples). Both trees indicate that M. consistently clusters 

with the other MgfnacZ/ma populations from the south of the lake rather than the 

extremely similar M. populations from Ruarwe and Mara Rocks. 

180 



Chapter 6 - AFLPs and Parallel Evolution of Colour Patterns 

6.3.7.2 Yellow ground colouration 

As m e n t i o n e d above , Tropheops 'o l ive ' c lusters with other Tropheops popula t ions and 

with Labeotropheus, despi te the fact that ma les f r o m these popu la t i ons are ma in ly b lue 

in colour. T h e species s imilar to Tropheops ' o l ive ' in ma le c o l o u r ( M zebra species 

' go ld ' does no t f o r m par t of this clade. T h e t w o species with ye l l ow ground colora t ion 

have been sco red as also hav ing the ye l low chest trait, as it is imposs ib le to de te rmine 

the p re sence /absence of the latter. Apar t f r o m in the Tropheops c lade, there appears to 

be no phy logene t i c associat ion be tween the ye l low ground co lo ra t ion and ye l low chest 

traits. 

6.3.7.3 Blue male ground coloration 

This is a very widespread trait, and is seen in f i f t een of the t w e n t y m b u n a popu la t ions 

sampled. The trait occurs in all of the clades detected (southern Mgfr/acZfma, 

and M. caZ/amof/gff/zerag) and thus does not appear to be 

phylogenetically constrained. 

6.3.7.4 Red Dorsal Fin 

The two species with red dorsal fins are not shown to be sister taxa. In fact it appears 

that they are relatively distantly related as M. clusters consistently with 

the MgfnocZfma species from the south of the lake, to the exclusion of M. 

This indicates that the red dorsal fin trait has evolved twice in the populations sampled. 

6.3.7.5 White/orange females 

A distinct clade is formed by the MgfnacZfmo species that exhibit bright white or 

orange coloration in females (the three M. ca/Zamoj' populations, and M. This 

cluster is observed in every tree generated. However, orange/white females are also 

found in the Z/i6gofropAgws population, which is more closely related to the 

species that do not exhibit this trait. Orange/white females may also be found in some 

of the MernacZima populations sampled (detailed data currently lacking). 

However, in the case of Labeotropheus, M. zebra and M. callainos (Nkhata Bay and 

Mara Rocks), the trait is polymorphic. 
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Figure 6.7. NJ tree constructed using the distance of Link ef a/ (1995). Peaks were scored using 
Genotyper with no set peak height threshold. Numbers at nodes indicate the number of times that 
nodes was recovered in 100 bootstrap replications (only shown for nodes with >50% support. The 
scale bar indicates 10 % divergence in AFLP proGle. 
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Figure 6.8. NJ tree constructed using the distance of Net and Li (1979). Peaks were scored using 
Genotyper with no set peak height threshold. Numbers at nodes indicate the number of times that 
nodes was recovered in 100 bootstrap replications (only shown for nodes with >50% supporL The 
scale bar indicates 10% divergence in AFLP proGle. 
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Figure 6.9. NJ tree constructed using the distance of Link ef aJ (1995) Peaks were scored using 
Genotyper with a peak threshold height of 250 rfu. Numbers at nodes indicate the number of times 
that nodes was recovered in 100 bootstrap replications (only shown for nodes with >50% support. 
The scale bar indicates 10% divergence in AFLP proGle. 
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Figure 6.10. NJ tree constructed using the distance of Nei and Li (1979). Peaks were scored using 
Genotyper with a peak threshold height of 250 rfu. Numbers at nodes indicate the number of times 
that nodes was recovered in 100 bootstrap replications (only shown for nodes with >50% support). 
The scale bar indicates 10% divergence in AFLP profile. 
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Figure 6.11. NJ tree constructed using the distance of Link ef oZ (1995) Peaks were scored using 
Genographer. Numbers at nodes indicate the number of times that nodes was recovered in 100 
bootstrap replications (only shown for nodes with >50% support. Individual Zebs2 has been 
omitted from the analysis. The scale bar indicates 10% divergence in AFLP profile. 
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Figure 6.12. NJ tree constructed using the distance of Nei and Li (1979). Peaks were scored using 
Genographer. Numbers at nodes indicate the number of times that nodes was recovered in 100 
bootstrap replications (only shown for nodes with >50% support. Individual Zebs2 has been 
omitted from the analysis. The scale bar indicates 10% divergence in AFLP proGle. 
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Figure 6.13. NJ tree of all mbuna populations based on peaks scored using Genotyper (manual 
alignment) and the genetic distance measure of Nei and Li (1979). Bootstrap values are only shown 
for nodes with >50 % support. The colour traits of a particular population are labelled. Only 
populations with completely blue male coloration are labelled as such, but this trait is present in all 
populations except M. zebra 'gold', Tropheops 'olive', P. elongatus, M. estherae and M. callainos 
(Ruarwe). Labeotropheus fuelleborni is also polymorphic for white/orange females as some of the 
M. zebra populations may be.. The scale bar indicates 10% divergence in AFLP profile. 
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Figure 6.14. NJ tree of all mbuna populations based on peaks scored using Genographer and the 
genetic distance measure of Nei and Li (1979). Bootstrap values are only shown for nodes with 
>50% support. The colour traits of a particular population are labelled. Only populations with 
completely blue coloration are labelled as such, but this trait is present in all populations except M. 
zebra 'gold', Tropheops 'olive', P. elongatus, M. estherae and M. callainos (Ruarwe). Labeotropheus 
fuelliborni is polymorphic for white/orange females, as may be some of the M. zebra populations. 
The scale bar indicates 10% divergence in AFLP profile. 
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6.4 Discussion 

Prev ious ly pub l i shed A F L P phylogene t ic s tudies have repor ted a w ide variety of 

average n u m b e r s of bands detected pe r p r imer pair . Giannass i et al (2001) used 5 

p r imer pai rs w i th a m e a n of 86.8 bands per pair . A similar n u m b e r of bands was 

detected by Pa r sons and S h a w (2001) , w h o scored 70-100 b a n d s in each of four p r imer 

pairs . W i l d i n g et al (2001) scored an average of 61.2 bands f r o m 5 p r imer pairs . 

Sharbe l et al (2000) repor ted an average of j u s t 26 .3 bands f r o m 3 p r imer pairs , 

a l though this f igu re on ly inc ludes po lymorph ic bands . In cont ras t , Alber t son et al 

(1999) obtained an average of 204.3 bands from each of 11 primer pairs. The mean 

n u m b e r of b a n d s scored pe r p r imer pair in the present study r a n g e d f r o m 91-141 

depending on the method of peak scoring used - a relatively high range in comparison 

with the other studies. 

Each method of peak scoring has associated advantages and disadvantages. 

Genographer allows manual scoring of peak presence/absence so that relatively faint 

bands can be detected and scored as present. It also produces a very neat gel image with 

no background noise allowing easy scoring. However it is a time consuming exercise -

each gel takes approximately one and a half to two hours to score, depending on the 

number of bands generated by each primer pair. Using Genotyper to output a list of 

peaks for each lane and then manually aligning peaks between lanes using a 

spreadsheet takes a similar amount of time per gel. However, all information on the gel 

is used by these methods, even areas of the gel that are difficult to score manually. By 

far the quickest method available is to use Genotyper to automatically assign peaks to 

bins, as no extra manual alignment is required. A disadvantage of this method is that 

the number of bands scored across a gel is reduced as overlapping bins are ignored, 

even if the actual size range of the peaks within them do not overlap. 

Variation between individuals made up a large proportion of the observed differences 

in AFLP profiles. This meant that it was necessary to score a large number of bands 

before the individuals sampled from a population clustered together, a fact reflected in 

Figure 6.6, which shows increasing mean bootstrap support with addition of successive 
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number s of p r imer pairs . Rela t ive branch lengths in all t rees a lso are indica t ive of mos t 

variat ion occur r ing be tween individuals as in ter -popula t ion o r inter-clade b ranch 

lengths are all short. This pattern was also noted by Albertson gf aZ (1999), and the 

authors sugges ted that short in ter-clade b ranches are cons i s ten t with an ex t remely rapid 

radiat ion. T h e fac t that bo th ancient (outgroups) and recent ( in t ra-c lade s tructure, fo r 

e x a m p l e in the Tropheops c lade) as revea led by the present s tudy suggest that A F L P s 

are an ex t remely u s e f u l class of molecu la r m a r k e r fo r p h y l o g e n y reconst ruct ion in Eas t 

Af r i can cichl ids . O u t g r o u p rela t ionships concu r wi th those f o u n d b y o ther studies us ing 

mi tochondr ia l s equence da ta (Meyer , 1993 and Idid et al, unpub l i shed ) . It is poss ib le 

that yet more primer pairs may provide both higher support for nodes among some 

m b u n a popu la t ions and greater resolut ion as the m e a n boo t s t r ap suppor t f o r each node 

in the tree con t inues to increase wi th the addi t ion of data f r o m success ive p r imer pai rs 

(Figure 6.6). H o w e v e r , it is unl ike ly that the evolu t ionary re la t ionsh ips b e t w e e n all 

northern populations will ever be fully resolved due to the extremely rapid 

radiat ion (and h e n c e ex t remely short b ranch lengths) of this g roup . T w o interes t ing 

points to note are that the Victorian populations sampled are no less diverged (in terms 

of branch lengths) than the Malawian populations, casting doubt on the often quoted 

age d i f f e rences be tween the t w o radiat ions (see Chap te r 1, T a b l e 1.1). Th i s pat tern was 

also observed in another AFLP based phylogenetic investigation on African cichlids 

(Seehausen, Koetsier and Schneider, unpublished). In addition, Owen gf aZ (1990) 

suggested that the South East arm of Lake Malawi was dry 200 years ago, and that the 

endemic M. 6g»gfof must have evolved since then. The populations sampled from this 

area of the lake are no less diverged than the northern populations. This indicates that 

M. ^gngfoj and the other populations in this area must have existed prior 

to the low lake stand that led to the desiccation of their current locations. 

6.^^.2 m Trgg Topo/og); 

Tree topologies vary slightly with both the method of peak scoring and genetic distance 

measure used. Some nodes within the tree appear extremely robust - the relationships 

between the Victorian species, and the mbuna do not alter either with 

distance statistic or with peak scoring method. The TropAgopf and M. ca/Zamm clades 

are also observed in all trees. However, the relationship between the TropAgop^ clade 

and the rest of the mbuna populations is not clear as it is shown either as a sister group 
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to all other mbuna populations (using Genographer) or as a sister group to just the 

nor thern Metriaclima and Pseudotropheus popula t ions (us ing Genotyper ) . A m a j o r 

d i f f e r ence be tween the Genographe r and Geno type r based t r ees is that s o m e intra-clade 

relationships appear to be resolved when Genotyper is used; the trees indicate that the 

M. zebra popu la t ion f r o m C a p e M a n u l o is basal to the rest of t he m b u n a popu la t ions 

and that the nor thern Metriaclima and Pseudotropheus popu la t i ons are m o r e c losely 

re la ted to the morpho log ica l ly d i f fe ren t Tropheops than to t h e southern Metriaclima 

popula t ions . These relat ionships are suppor ted by boots t rap v a l u e s of over 5 0 % w h e n 

all popu la t ions are ana lysed and even h igher boots t rap va lues w h e n analysis is l imi ted 

to Metriaclima popula t ions . Th is tree topology is not p r o d u c e d w h e n G e n o g r a p h e r is 

used to score peaks; in this case the Cape Manulo M. samples cluster with the 

nor thern Metriaclima popula t ions , and the Tropheops c l ade is a sister g r o u p to all o ther 

mbuna populations. However, the southern populations still form a distinct 

clade. Differences in tree topologies due to distance statistics were less marked, the 

main difference occurs when peaks are scored using Genographer, the southern 

MgfnocZfma populations do not form a clade when the distance of Link gf aZ (1995) is 

used, but do cluster together when the Nei and Li (1979) distance is employed. The 

phylogenetic patterns in the data are still present even when the number of bands 

scored is more than halved by set t ing a peak height th reshold o f 4 0 0 r fu in G e n o t y p e r 

(see figure 6.17 in appendix). This may indicate that very little information is being 

contributed by the peaks of lower intensity. However it is noted that in some of the 

trees produced using peak thresholds in Genotyper some individuals samples cluster 

with other populations. Interestingly, the trees produced by manually alignuig all peaks 

in Genotyper are very similar in structure to those produced using peaks greater than 

50, 150, or 250 rfu in height. 

Regardless of which methods are used to construct the tree, it is clear that parallel 

evolution of colour traits has occurred in Lake Malawi cichlids. Yellow-chested 

populations occur in at least two different clades (TropAeopf 'mauve aurora' in the 

TropAgopj' clade and M. xoMffo/MacAwj: in the southern MgfrzacZfma clade) and four 

further populations (M. from Ruarwe and Mara Rocks, M. awmra and f . 

gWgafwj) do not group with either of these clades, suggesting further independent 

evolution. That populations cluster to the exclusion of others is not 

surprising as the genus (previously described as a sub-genus by Trewavas, 
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1984) is a dis t inct g roup shar ing part icular j a w and head morpho log i ca l characteris t ics . 

L ikewise , ye l low ground colorat ion has arisen m o r e than o n c e as it is p resen t in the 

Tropheops c l ade (Tropheops ' o l ive ' ) and also in other popu la t ions not present in this 

clade (M. 'gold' and f . gWgafwj'). Within the TmpAeopf clade, it is difficult to 

determine the relationships between the yellow chested 'mauve aurora', the all blue 

' m a u v e ' and the all ye l low 'o l ive ' as F igure 6 .13 indicates ' o l i v e ' is basal to the other 

t w o bu t F igu re 6 .14 shows ' m a u v e aurora ' occupies this pos i t ion . T h e apparent ly 

widespread dis t r ibut ion of blue colorat ion a m o n g di f ferent c l a d e s wi th in the m b u n a 

sugges ts that this trait has evo lved in paral lel several t imes. H o w e v e r , an al ternat ive 

explana t ion is that b lue g round colorat ion m a y b e an ancest ra l s tate ra ther than derived. 

A similar pattern of distribution among clades is also observed for the yellow chest 

trait, however the species/populations scored as possessing yellow chests were also 

mostly scored as having blue ground coloration. 

Bright orange or white females occur in two clades in all trees, suggesting that this trait 

has evolved in parallel. As the M. population and M. caZZamof population are 

both Oxed for orange and white respectively, it is possible that fixation has occurred in 

parallel wi th in this c lade. T h e other M. callainos popu la t ions are p o l y m o r p h i c fo r 

female colour and have blue as well as white females. Figure 6.13 shows M. g^rAgrae to 

be paraphyletic with the rest of the M. ca/Zamof clade, which suggests fixation occurred 

twice. However, Figure 6.14 shows M. ĝ yfAgrag has a sister group relationship with the 

other M. populations, in this case fixation of orange and white females may 

have occurred once or twice. Further investigation of the origin(s) of the fixation of this 

trait is obviously desirable. It is possible that polymorphism for orange/white females 

may be an ancestral trait as it may be shared by some of the M. zg6ra populations, and 

thus be present in the main clades in the tree. However, fixation of this trait has only 

occurred in the M. caZZamof clade. 

Albertson gZ aZ (1999) found that male coloration varied within genera but that trophic 

morphology did not, suggesting a secondary radiation of male colour patterns after a 

primary diversification in feeding mechanisms. This study also finds a similar pattern 

as trophic morphology does not vary within clades as each clade is composed of 

members of the same genus. However, there appear to be phylogenetic differences 

be tween populations current ly p laced in the s a m e genus wi th s imi la r t rophic 
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morphologies. The southern Mg/rfac/fma populations form a well-supported clade, to 

the exc lus ion of populat ions with similar colour patterns. In addi t ion, the M. zebra 

popula t ion f r o m Mazinzi reef is present in this clade whereas the supposedly 

conspeciOc northern M. populations are not. A previous allozyme study (McKaye 

et al, 1984) also found signif icant divergence be tween M. zebra populat ions f r o m the 

north (Nkha ta Bay and Chi lumba, a location close to M p a n g a Rocks ) and south 

( M u m b o and D o m w e Islands, situated slightly to the west of the southern locations 

sampled in this study). Likewise, M. sandaracinos is present in this clade, whereas the 

northern M. emmiltos is not. Both of these species possess r e d dorsal f ins, indicating 

that this co lour trait has possibly evolved more than once. 

6.4..? Wky /lavg fomg maZg coZowr m paraZZeZ? 

Deutsch (1997) observed that male coloration in mbuna species was biased to blue and 

yel low and suggested three hypotheses to account fo r this. F i rs t ly , it m a y be due to the 

physical limits of the environment; clear water transmits blue light most effectively, 

and yellow objects contrast with reflective blues by appearing dark (Lythgoe, 1988). 

Secondly, cichlid physiology may restrict the number of colours that may be displayed 

and thirdly, blues and yellows may be dominant due to properties of the visual 

perception systems of females. Interestingly Carleton gf aZ (2000) found that M. ze^ra 

is able to detect ultraviolet wavelengths. Under these conditions, the blue coloration 

seen in many mbuna is highly reflective (Komfield, 1991). Deutsch (1997) found no 

evidence fo r part icular male colours be ing associated with e i the r depth or habitats and 

concluded that the variety of patterns observed were probably generated by female 

sexual selection. 

It is possible that the two clades consisting of the populations from the 

north and south of the lake shown in Figures 6.13 and 6.14 are the product of current or 

previous localised introgression between populations. For example, the red dorsal fin 

trait may have evolved only once, with subsequent dispersal and population extinction 

to account for the current large geographic distance between the two species. A period 

of geneflow between the two red dorsal populations and neighbouring non red dorsals 

could give the impression of parallel evolution. This alternative explanation cannot be 

discounted with the present data set, although it seems unlikely to be true for all traits 
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tested in this s tudy. A s d iscussed previously , Tropheops spec ies are morpho log ica l ly 

and eco log ica l ly d i f fe ren t ia ted f r o m Metriaclima species and it is unl ikely that enough 

introgression could take place to cause the apparent similarities in colour patterns. 

6.4.4 Parallel Speciation as well as Parallel Evolution? 

The trees constructed using peaks scored with Genotyper (with manual alignment or a 

peak height threshold) suggest the intriguing possibility that not only colour patterns 

have evo lved in paral lel bu t that ecological and morpho log ica l character is t ics have too. 

T h e nor thern M. zebra populations appear m o r e c losely re la ted to the apparent ly 

d ivergent Tropheops c l ade than they do to the M. zebra p o p u l a t i o n f r o m M a z i n i Ree f . 

H o w e v e r , no t all m e t h o d s of peak scor ing result in a deep spl i t wi th in the Metriaclima 

clade and consequently further analysis of the AFLP data is required before any firm 

conclusions can be drawn. In addition, populations from a southern location 

should be typed using the same primer pairs to determine if a deep split also exists in 

this t axon as wel l . A combina t ion of morpholog ica l , behav ioura l , ecologica l and 

molecular data led Rundle gf a/ (2000) to conclude that parallel speciation was 

responsible for the presence of two ecotypes (limnetic and benthic) of threespine 

sticklebacks in different lakes. Mate choice tests demonstrated reproductive isolation 

between ecotypes, but no isolation between members of the same ecotype from either 

the same or different lakes. Essentially the same forms arose independently in different 

lakes, probably due to the similar selection pressures that operate in each lake. 

Johannssen (2001) suggests that parallel speciation provides strong evidence for the 

occurrence of sympatric speciation. However the geographical mode of origin of the 

mbuna species is unknown and both allopatric and sympatric models have been put 

forward. 

This study provides the first phylogenetic evidence for parallel evolution of colour 

patterns in Lake Malawi mbuna and indicates the usefulness of AFLPs for phylogenetic 

studies in this group of fish. Parallel evolution of colour traits may have occurred due 

to a combination of mbuna physiological and genetic limitations, and similar selection 
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p ressures ( interact ions be tween visual s ignals and env i ronmen ta l parameters ) opera t ing 

in eco log ica l ly s imi lar habi ta ts a round the lake. 

196 



Chapter 6 - AFLPs and Parallel Evolution of Colour Patterns 

6.5 References 

Alber t son R C , Marker t J A, Dan ley P D and Koche r T D (1999) Phy logeny of a rapidly 

evo lv ing c lade: the c ichl id f i shes of L a k e Ma lawi , Eas t A f r i c a . Proceedings of the 

National Academy of. Sciences of the USA 96 5107-5110 

A r n e g a r d M E , Marke r t J A , D a n l e y PD, S t au f f e r JR , A m b a l i A J and Koche r T D 

(1999) Popu la t ion s t ructure and colour var iat ion of the c ich l id f i sh Labeotropheus 

fuelliborni Ah l a long a recent ly f o r m e d archipelago of r o c k y habi ta t pa tches in 

southern Lake Malawi. Proceedings of the Royal Society of London B 266: 119-130 

Carleton KL, Harosi FI and Kocher TD (2000) Visual pigments of African cichlid 
fishes: evidence for ultravioley vision from microspectrophotmetry and DNA 
sequences. Vision Research 40: 879-890 

Deu t sch J C (1997) C o l o u r divers i f icat ion in M a l a w i c ichl ids : ev idence fo r adapta t ion , 

reinforcement or sexual selection. BfoZogzcaZ yowrmzZ o/'fAe .Focigfy 62: 1-14 

Estoup A and Angers B (1998) Microsatellites and minisatellites for molecular 
ecology : theoretical and empirical considerations. In Acfvancgf m MoZecw/ar EcoZogy 
ed G R Carva lho . l O S Press . 

Felsenstein J (1985) Confidence limits on phylogenies, an approach using the 
bootstrap. Evo/wfZoM 783-791 

F u t u y a m a D J (1986) Evolu t ionary Bio logy . S inauer Inc, S u n d e r l a n d 

Gamhardt N and Kocher TD (submitted) BinThere: a program for the analysis and 
automatic binning of fluorscent AFLP data. 

Giannasi N, Thorpe RS and Malhotra A (2001) The use of amplified fragment length 
polymorphism in determining species trees at fine taxonomic levels: analysis of a 
medically important snake, rnmgrgfwrwf MoZecwZar EcoZogy 10: 419-426 

Hillis DM and Huelsenbeck JP (1992) Signal, noise and reliability in molecular 
phylogenetic analysis. Jow/TiaZ 83: 189-195 

Johannesson K (2(X)1) Parallel speciation: a key to sympatric divergence. 
EcoZogyayWEvoZwfwn 16: 148-153 

Knight ME, Turner GF, Rico C, van Oppen MJH and Hewitt GM (1998) 
Microsatellite paternity analysis on captive Lake Malawi cichlids supports 
reproductive isolation by direct mate choice. MoZecwZar EcoZogy: 1605-1610 

Komfield I (1991) Genetics in Keenleyside. In SMHA, CZcAZẐ aff 
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6.6 Chapter 6 Appendix 

Table 6.6. Population designations used in the trees in this appendix. 

Species Collection locale ID 
Metriaclima callainos Nkhata Bay MCALNK 
M callainos Mara Rocks MCALMR 
M callainos 'pearly' Ruarwe RPEARL 
M. Mozambique ESTER 
M. benetos Mazinzi Reef BEN 
M. 'gold' Nkhata Bay ZGOLD 

Mara Rocks ELONG 
Tropheops species'olive' Nkhata Bay OLIVE 
M. emiltos Mpanga Rocks MEMIL 

Nkhudzi hills SAND 
M. aurora ? AU 
M. Chisumulu M z c m 
M. ze6ra Mara Rocks MZMR 
M. ze6ra Ruarwe MZR 
M. zeAro Cape Manulo ZEBCM 
Af. foMiac/zMf Kanjedza Island XAN 
M. Mazinzi Reef ZEBS 
TropAeopj 'mauve aurora' Ruarwe TROMA 

'mauve blue' Ruarwe TROMB 
Lab stock LAB 

OrgocAro/MM n/ZoOcwj Lab stock TILAPL\ 
/(AampAocArofMM jp Lake Malawi RHAM 

omM(cae7T</eMJ Lake Victoria NEOO 
Neochromis species unicuspid scraper Lake Victoria NEOU . 

Lake Victoria PUNDB 
f . Myerere: Lake Victoria | PUNDR 
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Figure 6.15. NJ tree constructed using the distance of Net and Li (1979). Peaks were scored using 
Genotyper with a peak height threshold of 50 rfu; a total of 2012 bands were scored using 18 
primer pairs. Individual Benl has been omitted from the analysis. The scale bar indicates 10% 
diKerence in AFLP proRle. 
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Figure 6.16. NJ tree constructed using the distance of Nei and Li (1979). Peaks were scored using 
Genotyper with a peak height threshold of 150 rfn; a total of 1354 bands were scored using 18 
primer pairs. Individual Benl has been omitted f^om the analysis. The scale bar indicates 10% 
difference in AFLP profile. 
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Figure 6.17. Nei 400. NJ tree constructed using the distance of Nei and Li (1979). Peaks were 
scored using Genotyper with a peak height threshold of 400 rfu; a total of 950 bands were scored 
using 18 primer pairs. Individual Benl has been omitted from the analysis. The scale bar indicates 
10% difference in AFLP proGle. 
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Figure 6.19. NJ tree based on data scored using Genographer and the distance measure of Link 
af (1995). The Ggures at each node represent the number of times that node was recovered in trees 
constructed from 100 bootstrap resamplings of the data. Only nodes with greater than 50% 
support are labelled. The scale bar indicates 10 % divergence in AFLP profile. If included, sample 
ZEBS2 alters the toplogy of the tree and displaces Rhamphochromis as the outgroup to the mbuna. 
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7 General Discussion 

This thesis has contr ibuted useful informat ion to the body of knowledge regarding the 

evolut ion of Af r ican cichlid fish, h i addition, the research descr ibed has indicated 

several interest ing avenues wor thy of fur ther investigation, which will be described in 

fur ther detail be low. 

Laboratory tests of mate choice have already proved to be useful tools in a number of 

situations, f r o m demonstra t ing reproduct ive isolation be tween sympatr ic colour morphs 

(Knight aZ, 1998), determining the genetic basis of female preference and male 

colour traits (Seehausen gf a/, 1999) and demonstrating that colour is an important cue 

for females when discr iminat ing among potential mates (Seehausen and van Alphen, 

1998). Mate choice trials can also be used to ascertain the speciAc status of allopatric 

populations that exhibit variation in male breeding colours, as described in Chapter 3. 

Although inconclusive, the results of this study indicate that non-assortative mating 

occurred between M. from Ruarwe and Nkhata Bay. Taken at face value, this 

indicates that the current conspeci f ic status of these two popula t ions is correct . 

However, due to technical problems with the PGR amplification of D N A from eggs it 

was not possible to assess whether male-male interactions (behavioural dominance) 

were a problem in these experiments. Male-male interactions were documented during 

trials involving a sympatric species pair from Lake Victoria (Chapter 4), and these 

interactions appeared to influence female choice. The results described in Chapter 4 

also hint at the f ragi le nature of prezygot ic reproduct ive barr iers be tween closely 

related species of African cichlid. Assortative mating may be disrupted when a 

heterospecific male is larger or more active than the conspecific male present. These 

results indicate that laboratory mate choice trials should be carefully designed and 

preferably present females with more than one representative of each species to choose 

among. A large partitioned experimental tank will help prevent problems of male 

dominance (as discussed in Turner gf aZ, 2001), as each male may maintain an adequate 

territory. Chapter 4 also indicated that microsatellite typing of partial broods and 

behavioural indices are both good indicators of mate preference, and both indicated 

similar patterns of preference among f wWamzZfa F1 hybrid females. F1 hybrid female 

preference was revealed to lie between the preferences of females of the parental 
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species, suggesting that preference for 'blue' males ( f . is incompletely 

dominant over preference fo r ' red ' (P. nyererei). Such a genet ic basis e f fec t ive ly rules 

out the mode l of speciation described by Turner and Bur rows (1995) for this particular 

species pair as under the model , speciation occurs when ma te preference is under the 

control of a single, dominant gene. 

An empirical investigation of the e^ect of microsatellite locus number and variability 

on a statistical es t imate of relatedness revealed that using h igher numbers of more 

variable loci produced accurate est imates with a lower var iance (Chapter 2). This 

concurs with the results of previously publ ished studies (Blouin et al, 1996; Lynch and 

Ri t land,1999) . However , s imulation and rarefact ion analyses revealed that n ine loci 

provided es t imates of a similar accuracy to those obtained f r o m the eleven loci 

available. This has important implications for future studies of relatedness in any 

species as de termining the m i n i m u m number of loci required in advance cou ld have a 

noticeable impact on the time and money required to complete such investigations. If 

population allele frequency data is already available for the species of interest then 

simple simulations can be used to compare the performance of various groups of loci. 

The rapidity of the evolution of the mbuna group of Lake Malawi has thwarted many 

previous attempts at phylogenetic resolution (e.g. Moran and Komfield, 1993). As 

pointed out by Komf ie ld and Smith, 2000), the lack of a robus t phy logeny has hindered 

evolutionary studies of this group. Chapters 5 and 6 report the phylogenetic potential of 

two classes of molecular markers, microsatellites and AFLPs. The microsatellite 

phylogenies described in Chapter 5 are poorly resolved, probably due to the relatively 

small number of loci used. However a number of striking similarities may be observed 

between the microsatellite and the AFLP phylogenies. Of all genera studied, rmpAgopf 

appears to be the most genetically distinct as conspecific populations of 

species 'mauve' and 'olive' clustered together, often to the exclusion of others. All 

species form a distinct, well-resolved clade in the APLP based phylogenies. 

M. caZZamof populations also form distinct clusters in both sets of phylogenies. The 

inclusion of M. gffAgrag in this clade in the analysis of AFLP data suggests that a lack 

of a female morph with vertical bars has only arisen once among the populations 

sampled. Likewise, the distinct ecological and morphological characters associated 

with the rro/pAgopf species appear to have only arisen once with subsequent dispersal 
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and d ivers i f ica t ion in colour pat terns. Howeve r , the d ive rgence be tween nor thern and 

southern Metriaclima popula t ions m e a n s that a s ingle origin f o r Tropheops should be 

tested by typ ing m e m b e r s of this genus f r o m the southern a rea of the lake. T h e 

rela t ively d is tant re la t ionship of the nor thern and southern Metriaclima popula t ions 

revea led b y s o m e analyses of A F L P data suggests that s imi lar eco lo logica l and 

morpho log ica l charac ters m a y have arisen in paral lel in the t w o reg ions (parallel 

speciat ion) . Th i s requires fu r ther invest igat ion, both in t e rms of phy logene t i c analysis, 

and in t e rms of assess ing reproduct ive isolat ion be tween s imi la r ly co loured popula t ions 

using laboratory tests of mate choice. The division between Mgfrmc/iTwa species has 

not been detected in other phylogenetic studies (Albertson ef aZ, 1999; Chapter 5) as in 

these cases populations were not sampled on a wide enough geographic scale. Whether 

species have evo lved in paral lel or not , it is c lear f r o m the A F L P phy logen ies that male 

colour patterns have arisen more than once in different lineages. This supports the 

conclusions of Deutsch (1997) and McElroy gf aZ, 1991) who observed that colour 

patterns appear to be phylogenetically unconstrained. Branch lengths among the 

northern MgfnacZfma populations are very short, indicating populations/species 

diverged over an extremely short period of evolutionary time. The relationships 

be tween these species are not resolved, even wi th data f r o m 18 p r i m e r pairs . It 

therefore unlikely that the addition of data from extra primer pairs would provide extra 

resolution, although further data may be of use in clustering members of the same 

population. While both the AFLP and microsatellite phylogenies have revealed 

evolutionary relationships among some mbuna species, it is diOlcult to infer much 

about the geographical mode of speciation. This is due to a lack of resolution in the 

microsatellite based phylogenies, and the fact that not enough heterospeciGc 

populations were sampled from the same locations for the AFLP study. 

In summary, this thesis has highlighted several area of research where molecular 

markers have proved invaluable to the study of speciation in African cichlid fish. 

However, as noted by Snoeks (2000) on a review of the systematics of the Great Lake 

cichlids, information regarding the general biology, ecology and morphology of 

cichlids should not be overlooked when drawing conclusions from molecular data. This 

is particularly highlighted by the need for well-designed laboratory based tests of mate 

choice. A concerted combination of efforts across all fields of study should continue to 
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reveal the m e c h a n i s m s responsible for generat ing so much divers i ty within this 

fascinating group of organisms. 

7.1 Future Work 

The research descr ibed in this thesis has opened up several avenues wor thy of fur ther 

invest igat ion. T h e addit ion of f ive extra loci to those available fo r use in studies of the 

m b u n a is of obvious importance. These extra loci also indicate that other loci originally 

isolated from other species of African cichlids may be of use in cichlids from both 

Malawi and Victoria . However , care must be taken that loci w i th null alleles (as found 

in Chapte r 4) are not included in fur ther research, part icularly in paterni ty ass ignment 

studies. Non-amplifying alleles will always allow for ambiguities in the results of such 

studies. The extra five loci have allowed for increased reliability of relatedness 

estimates (Chapter 2). Relatedness estimates could be used to investigate sex biased 

dispersal (as in Knight gf aZ, 1999) in species in which this phenomenon has not yet 

been demonstrated. Another area of investigation might be to use relatedness estimates 

to infer the heritabil i ty of male traits, for example colour pat tern, in natural popula t ions 

(Ritland, 2000). This may provide an alternative to laboratory breediiig programs 

designed with the same purpose in mind. 

Some of the newly optimised loci proved useful for paternity assignment experiments 

as their highly polymorphic nature allowed discrimination between individual males. 

Well-designed laboratory tests of mate choice are an important tool in determining the 

existence of reproductive isolation between both allopatric and sympatric populations 

(Turner ef a/, 2001). Further tests on female discrimination between males from 

allopatric populations are already under way (M.E. Knight, unpublished data). The 

mate choice of inter-speciOc hybrids is also an important topic of investigation. Mate 

choice tests involving different generations of hybrid females should also help to reveal 

the genetic basis of mate preference. Broods from a number of F2 female hybrids 

between f . and f a w a i t complete or partial typing. Assessing the 

mate preference of these females will provide further information on the genetic basis 

for mate preference in these species. Work is currently under way on an mbuna species 

pair and hybrids between them (Barson gf a/, unpublished data). As discussed in 
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Chapter 4, it m a y be best to avoid locus U N H 1 3 0 and to u s e loci isolated f r o m 

Pundamilia or closely related species to reduce the occur rence of null alleles. 

Chapter 5 has indicated the level of phylogenet ic in format ion present in a six locus 

microsatel l i te data set. As discussed, fu ture studies would obvious ly require a higher 

number of loci, and should probably be l imited to member s of a part icular 

genus/species complex . T h e best resolved m b u n a groups compr i sed member s of the 

Tropheops genus, and these m a y prove to be usefu l species f o r fur ther phylogenet ic 

invest igations. A more promis ing class of molecular marker fo r phylogenet ic 

invest igat ions appears to be AFLPs . These have provided resolut ion of m b u n a species 

and genera. However, the trees produced in Chapter 6 are obviously not completely 

resolved. This may be addressed by the use of further primer pairs, however it seems 

likely that phylogenetic relationships among the northern MgfnacZfma populations may 

never be fully resolved. This may be due in part to the apparently large amount of 

variation within as compared to between populations. However, as demonstrated by 

Chapter 6, AFLPs allow hypotheses regarding patterns of evolutionary change to be 

rigorously tested, which has not been possible until now. Further studies using AFLPs 

should perhaps consider using a larger samples size to enable hierarchical comparisons 

of genetic diversi ty such as Analysis of Molecular Var iance ( A M O V A ) . Recen t 

developments have also indicated that loci affected by selection can skew phylogenetic 

analysis; Wilding gf a/ (2001) used computer simulations of fixation indices to identify 

AFLP loci under high selection pressure. This represents a fascinating avenue of 

investigation and work is currently under way to determine if the same analytical 

methods can be applied to the data from Chapter 6. 
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