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Abstract

The ~500 species of the cichlid fish species flock of Lake Victoria, East Africa, have evolved
in a record-setting 100 000 years and represent one of the largest adaptive radiations.
We examined the population structure of the endangered cichlid species Xystichromis
phytophagus from Lake Kanyaboli, a satellite lake to Lake Victoria in the Kenyan Yala
wetlands. Two sets of molecular markers were analysed — sequences of the mitochondrial
control region as well as six microsatellite loci — and revealed surprisingly high levels of genetic
variability in this species. Mitochondrial DNA sequences failed to detect population
structuring among the three sample populations. A model-based population assignment
test based on microsatellite data revealed that the three populations most probably
aggregate into a larger panmictic population. However, values of population pairwise Fg
indicated moderate levels of genetic differentiation for one population. Eleven distinct
mitochondrial haplotypes were found among 205 specimens of X. phytophagus, a relatively
high number compared to the total number of 54 haplotypes that were recovered from
hundreds of specimens of the entire cichlid species flock of Lake Victoria. Most of the
X. phytophagus mitochondrial DNA haplotypes were absent from the main Lake Victoria,
corroborating the putative importance of satellite lakes as refugia for haplochromine
cichlids that went extinct from the main lake in the last decades and possibly during the
Late Pleistocene desiccation of Lake Victoria.
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Introduction

With a surface area of about 69 000 km?2, equivalent to
the size of Ireland, Lake Victoria is the largest tropical
freshwater lake in the world. However, the shallow lake
basin is only 80 m deep at its maximum, in contrast to
the other two large, but much deeper, East African lakes,
the Rift Valley lakes Malawi and Tanganyika. Since its
scientific discovery in 1858, when John Hanning Speke
identified Lake Victoria as the long quested source of the
Nile, the lake has attracted intense interest from many
types of biologists. At the centre of the scientific studies
of Lake Victoria is the adaptive radiation of about 500
species of haplochromine cichlid fishes (Fryer & Iles 1972;
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Greenwood 1981; Seehausen ef al. 1997a; Stiassny & Meyer
1999; Kornfield & Smith 2000; Verheyen et al. 2003). Unique
cichlid species flocks also formed in lakes Tanganyika and
Malawi (Kornfield & Smith 2000) —in Lake Tanganyika
several cichlid lineages even radiated in parallel (Nishida
1991; Salzburger et al. 2002) and in Lake Malawi more
endemic species have been described than from any
other lake (Turner et al. 2001). However, with an age of a
mere 100 000 years (Verheyen et al. 2003), the Lake Victoria
species flock of haplochromines represents the fastest
known large-scale explosive speciation in vertebrates.
The cichlid species flock of Lake Victoria was among the
first endemic faunas to be studied by means of modern
molecular phylogenetic tools (Meyer et al. 1990). The most
recent study proposed an origin of the ‘superflock’ (including
the cichlid faunas from lakes Victoria, Albert, Edward,
George, Kgoga and Kivu) from Lake Kivu endemics



2590 R. ABILA ET AL.

(Verheyen et al. 2003). Also, the age of the species flock has
been discussed in detail (Meyer ef al. 1990; Booton et al.
1999; Nagl et al. 2000; Fryer 2001; Sturmbauer et al. 2001;
Seehausen 2002; Seehausen et al. 2003; Verheyen et al.
2003), particularly after geological data suggested that the
entire lake basin dried out completely between 15 600 and
14 700 years ago (Johnson et al. 1996). Despite the many
studies on the origin and age of the lake’s endemic cichlid
fauna, the population structure within Lake Victoria cich-
lid species has not been studied extensively.

Most alarming is the ecological disaster (Goldschmidt
1996) that afflicts Lake Victoria as a result of the introduc-
tion of the Nile Perch Lates niloticus in the 1950s to improve
fisheries (Ogutu-Ohwayo 1990, 1993; Witte etal. 1992;
Goldschmidt et al. 1993) (see also Seehausen et al. 1997b;
Witte et al. 1999, 2000; for information on partial recovery
of Lake Victoria’s haplochromine fauna in the 1990s). The
observed drastic decline of cichlids from Lake Victoria is,
however, not only the result of direct predation by the Nile
Perch upon cichlids. Other anthropogenic causes, such as
deforestation coupled with eutrophication and turbidiza-
tion of the lake habitat, which was hypothesized to leading
to hybridization of many cichlid species (Seehausen ef al.
1997a), and the introduction of the nonindigenous water
hyacinth overgrowing the lake’s surface, have contributed
as well to the eradication of approximately 200 endemic
cichlid species (Goldschmidt efal. 1993; Goldschmidt
1996). The deforestation around Lake Victoria was also
increased because the oily meat of the large Nile Perch had
to be smoked for preservation instead of using the tradi-
tional method of sun-drying, which was used with the
smaller haplochromine cichlids. This eradication of large
numbers of Lake Victoria cichlids is possibly the largest
extinction event of vertebrate species in modern human
history (Goldschmidt ef al. 1993).

Satellite lakes, i.e. small water bodies isolated from Lake
Victoria by sand bars or papyrus swamps, have not only
provided excellent opportunities for evolutionary research
(Greenwood 1965; Fryer & Iles 1972), but have also been
postulated to be refugia for cichlid species that have
already disappeared from the main lake (Kaufman &
Ochumba 1993). The best-known example for a satellite
lake of Lake Victoria is probably Lake Nabugabo in
Uganda. It is only about 24 km? in area, has an average
depth of 4.5 m, and is about 4000 years old. Five out of its
eight haplochromine species are endemic and seem to have
evolved within the confines of the small lake (Greenwood
1965; Kaufman & Ochumba 1993). From Lake Kanyaboli
(size 10.5 km?; average depth 2.5 m) in the Kenyan Yala
swamps two endemic species have been described, of
which one species (a small, large-eyed algae-scraper)
seems to have evolved within the lake and thus is likely to
represent a true endemic, while the second species, Xysti-
chromis phytophagus, was suggested to have disappeared

from the main water body of Lake Victoria in the last dec-
ade (Kaufman & Ochumba 1993). Some satellite lakes also
provide the opportunity to study cichlid communities in
the absence of the Nile Perch. For example, piscivore cich-
lids are still abundant in some of these lakes, such as the
paedophage Lipochromis maxillaris in Lake Kanyaboli
(Kaufman & Ochumba 1993; Ogutu-Ohwayo 1993). This is
not true for Lake Nabugabo, where the Nile Perch was
introduced in the 1960s (Ogutu-Ohwayo 1993).

Here, we present a population-genetic survey of three
populations of the endangered cichlid species Xystichromis
phytophagus from Lake Kanyaboli, Kenya. We have chosen
this species from a small and shallow satellite lake of Lake
Victoria for four main reasons. First, we wanted to assess
the population structure of a haplochromine species of the
‘Lake Victoria superflock’ in a habitat where no obvious
barriers for gene flow exist. Second, we wanted to study
the population structure of such a haplochromine species
in the absence of the Nile Perch, which massively affected
the cichlid communities of Lake Victoria. Third, we
intended to compare the mitochondrial haplotype diver-
sity within X. phytophagus to those of the entire cichlid spe-
cies flock of Lake Victoria (Nagl et al. 2000; Verheyen ef al.
2003). Finally, the recent decline of haplochromine cichlids
in Lake Victoria has called for urgent research and the con-
servation of the remaining species and populations where
they still exist.

We compared the population structure of three sample
populations of X. phytophagus from Lake Kanyaboli using
two kinds of markers, mitochondrial control region
sequences and six microsatellite loci. We also constructed
a haplotype network including all available mitochondrial
control region sequences from cichlids from Lake Victoria
and compared the haplotype diversity within X. phytopha-
gus to other cichlids of the ‘Lake Victoria superflock’.

Materials and methods

Study area

The samples were collected in Lake Kanyaboli, a small
(10.5 km?) and shallow (average depth 2.5 m; maximum
depth 4.5 m) freshwater lake situated in the Yala wetlands
in Western Kenya (Fig. 1). The Yala swamp is Kenya’s
largest wetland and covers about 175km?2 along the
northern shores of Lake Victoria. Recent satellite imaging
surveys suggest that the swamp area might be much larger
(M. Otieno, personal communication). It is bordered to the
North by the Nzoia River and to the South by the Yala
River. Three main lakes exist in the Yala wetlands
(Kanyaboli, Namboyo and Sare), of which Lake Kanyaboli
is the largest and most remote from Lake Victoria. Lake
Kanyaboli is separated from Lake Victoria by massive
papyrus swamps that at present inhibit faunal exchanges
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XYSTICHROMIS PHYTOPHAGUS POPULATION STRUCTURE 2591

\,@"0 ‘.'S‘é Ea‘_ngu

Yala

Yo¥
*m&{me

Lake Namboyo

%%
¥, e & :
Lake Kanyaboaoli

Fig. 1 Map showing the Yala Swamp area
at the Kenyan shore of Lake Victoria and
the three sampling populations (Gangu,
Kadenge and Yala) in Lake Kanyaboli.

between the two lakes. No Nile Perch has ever been
observed in Lake Kanyaboli, corroborating that it has been
isolated from Lake Victoria since at least the 1950s. The fish
fauna of the Yala swamp lakes is dominated by cichlids —
three species of tilapia (Oreochromis esculentus, O. niloticus

and O. leucostictus) and eight haplochromine cichlid species
(Kaufman & Ochumba 1993; Odhiambo 2002). Besides
its cichlid fauna, the Yala swamp is home to a rich and
complex community of animals including the endangered
sitatunga antelope (Tragecephalus spekei) as well as endemic
papyrus birds. Unfortunately, past reclamation endeavours
to improve food security in this area have greatly altered
the wetland habitat and its fauna, and threaten the future
survival of its biodiversity.

Three populations of Xystichromis phytophagus from
Lake Kanyaboli were sampled: ‘Gangu’” in the north, close
to the mouth of River Rapudo, ‘Kadenge” on the southern
shore, and “Yala’ in a bay on the western shoreline of the
lake. The distance between the sampling sites ranged
between 2 and 2.5 km (see Fig. 1).

Sampling and DNA extraction

A total of 205 adult specimens of X. phytophagus were
collected from three localities in Lake Kanyaboli (Fig. 1,
Table 1), with an equal proportion of males and females in
our sample. Sampling was performed between February
and July 2002. Each population was sampled at least twice
to account for potential temporal fluctuations during the
rainy season from April to June. Voucher specimens have
been deposited at the Royal Museum for Central Africa,
Tervuren, Belgium. Muscle tissue from preserved specimens
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Table 1 Number of individuals per haplotype (frequencies) in
Xystichromis phytophagus in the sampled populations Gangu,
Kadenge and Yala

Individuals/

Haplotype haplotype (%) Gangu Kadenge Yala
1 99 (48.29) 33 32 34
2 43 (20.98) 13 19 11
3 30 (14.63) 7 10 13
4 6(2.93) 3 2 1
5 17 (8.30) 9 5

6 2(0.97) — 2 —
7 2(0.97) 1 — 1
8 1(0.49) 1 — —
9 3(1.46) 1 2 —
10 1(0.49) 1 — —
11 1(0.49) 1 — —
Total 205 (100) 70 72 63

in 90% ethanol was used as a source of DNA. Total DNA
was extracted by sodium chloride extraction and ethanol
precipitation after initial proteinase K digestion (Bruford
et al. 1998).

Mitochondrial DNA (mtDNA) amplification and
sequencing

For polymerase chain reaction (PCR) amplification of
the first section of the mitochondrial control region, the
fastest evolving segment of the mitochondrial genome, the
published primers L-Pro-F (Meyer et al. 1994) and TDK-D



2592 R. ABILA ET AL.

(Kocher et al. 1989) were used. PCR amplification was
performed in a reaction volume of 21.1 puL [9.9 uL high-
performance liquid chromatography (HPLC) water, 2 uL
buffer, 1.6 uL 10 mm dNTPs, 1.4 pL 10 mm MgCl,, 2 uL of
each primer/2 nm, 0.2 uL Tag DNA polymerase and 2 uL
diluted DNA] under the following conditions: 35 cycles with
a denaturation phase at 94 °C for 30 s, an annealing phase
at 52 °C for 30 s, and an extension phase at 72 °C for 90 s.
PCR products were visualized by mini-gel electrophoresis
using ethidium bromide staining and 1% agarose gels.

Two microlitres of purified PCR product were used as
the template in the cycle sequencing reaction. The reaction
mixture for cycle sequencing was made up of 1 uL of 10 pm
L-Pro-F primer, 1.5 uL. BigDye termination reaction mix
(Applied Biosystems) and 5.5 pLL HPLC water. The anneal-
ing temperature for cycle sequencing was adjusted to
50 °C. The cycle-sequenced products were purified with
an ethanol-sodium acetate precipitation, re-suspended in
15 uL HPLC water and analysed on an ABI 3100 capillary
DNA sequencer (Applied Biosystems).

Microsatellites

A total of six microsatellite loci developed for other cichlid
species [Copadichromis cyclicos (UNHO001, UNHO002; Kellogg
et al. 1995); Tropheus moorii (TmoM5, TmoM11, TmoM27;
Zardoya et al. 1996); and Astatoreochromis alluaudi (OSU20D;
Wu et al. 1999)], were chosen for population analysis. The
loci were selected to have at least 10 uninterrupted tandem
repeats (based on the information available from other
cichlid species) and to show variation in X. phytophagus.
For PCR amplification, the same reaction mix composition
as above was used (total volume: 21.1 uL), the forward
primers being end-labelled with fluorescent dyes FAM or
HEX. The PCR conditions were as described above, except
for a final extension phase after 35 cycles at 72 °C for
30 min. The PCR products were diluted 1:10 and 1 pL of
this dilution was added to 0.125puL of ROX 500 size
standard (Applied Biosystems) in 9 uL HPLC water. The
samples were then denatured for 4 min at 94 °C and
immediately placed on ice. The microsatellite markers
were analysed on an ABI 3100 capillary sequencer (Applied
Biosystems), the loci were scored with GENEscaN and
GENOTYPER software (Applied Biosystems).

Data analysis I: mitochondrial control region

The obtained DNA sequences of the first segment of the
mitochondrial control region were edited and aligned by
eye using the computer programs SEQUENCE NAVIGATOR
(Applied Biosystems) and B1oEpIT (Hall 2003), resulting
in an alignment of 359 base pairs. Eleven different haplo-
types were detected in the 205 specimens of X. phytophagus
(Table 1). To compare the genetic diversity in the X. phyto-

phagus populations of Lake Kanyaboli to those of the entire
species flock of Lake Victoria, we added 42 haplotypes
from Lake Victoria and five haplotypes found in Lake Kivu
and other smaller lakes (Meyer et al. 1990; Nagl et al. 2000;
Verheyen et al. 2003) to these 11 haplotypes and constructed
a minimum spanning network with the computer program
TCs (Clement et al. 2000). Note that we did not include
haplotypes 75 and 76 of Verheyen et al. (2003), since these
haplotypes belong to a separate lineage. Thus, a total of 58
haplotypes representing 340 sequences were used for the
construction of the haplotype network. A detailed list of all
studied taxa, their haplotype assignment and sampling
localities, the haplotype frequency if available, and the
GenBank accession numbers are given in Appendix I. We
also provide original haplotype numbers for the sequences
already analysed by Verheyen et al. (2003). Alternative
branching orders in the TCs-generated network were assessed
by a maximum likelihood search with paur* 4.0b10
(Swofford 2003) and only those connections between
haplotypes favoured by the maximum likelihood method
were depicted leaving the general topology of the Tcs-
generated network unaffected. We also calculated the
consistency index (CI) (Kluge & Farris 1969) for each
mutation to identify homoplasious mutations (CI < 1) and
depicted these mutations in our haplotype network.

In a second step, the genetic differences between the
sampled populations of X. phytophagus were tested using
F-statistics (Weir & Cockerham 1984) as calculated by
ARLEQUIN v.2.1 (Schneider et al. 1999). Critical significance
levels for multiple testing were corrected following the
sequential Bonferroni procedure (Rice 1989). In addition,
we analysed the extent of geographical heterogeneity in
population frequency distribution through a Monte Carlo
simulation (for a detailed description see Roff & Bentzen
1989) as implemented in the MONTE program of the REAP
4.1 package (McElroy et al. 1992), carrying out 10 000 random-
ization procedures.

Data analysis 1I: microsatellite markers

A total of 191 specimens of X. phytophagus were suc-
cessfully amplified for at least five of six microsatellite
loci. Genetic variability at these loci was estimated for
each population as the number of alleles per locus (N,),
observed (H,) and expected (Hp) heterozygosity (Table 2).
Departure from Hardy-Weinberg expectations for every
locus was calculated within and across populations using
a test analogous to Fisher’s exact tests (Guo & Thompson
1992) estimated with a 100 000 step/1000 iteration Markov
Chain Monte Carlo series of permutations, as implemented
in ARLEQUIN. Genetic differences between populations
were measured with both Wright's F-statistics (Fgp)
(Weir & Cockerham 1984) based on differences in allele
frequencies, and R-statistics (Rgy) (Slatkin 1995) based on

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2589-2602
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Table 2 Population pairwise Fg; (mtDNA sequences and
microsatellite loci) and Rg; (microsatellite loci)

Table 3 Number of alleles (N,), observed (H,) and expected (Hp)
heterocygosity, as well as size range of the alleles in the
microsatellite loci

Population mtDNA  Microsatellite ~ Microsatellite

comparison Fyr Fyr Rgp Microsatellite locus Ny Hg Hy Size range

Yala-Gangu 0.008 0.022* 0.000 TmoM>5 27 0.904 0.923 315-369

Yala-Kadenge 0.004 0.010* 0.000 TmoM11 20 0.846 0.882 195-233

Gangu-Kadenge  0.000 0.002 0.000 TmoM27 13 0.623 0.786 380-428
UNHO001 30 0.953 0.935 162-228

*P < 0.001; all others were not significant, i.e. P > 0.05. UNHO002 16 0.904 0.895 197-235
Osu20D 54 0.899 0.958 140-280

differences in the allele size, as implemented in ARLEQUIN
(Schneider et al. 1999). Both statistics were used because
there is no clear consensus over their relative accuracy (see
Balloux & Lugon-Moulin 2002).

Linkage disequilibrium for pairs of loci was tested for all
possible pairs of loci in each population and globally for
each pair of loci across populations with ARLEQUIN. Critical
significance levels for multiple testing were corrected follow-
ing the sequential Bonferroni procedure (Rice 1989).

We then performed a model-based population assign-
ment test as implemented in the computer program sTrRuC-
TURE 2.1 (Pritchard et al. 2000). Markov Chain Monte Carlo
simulations were run with 500 000 replicates and a burn-in
of 50 000 replicates for K (number of populations) =1, 2,
3, 4 and 5, and applying the admixture model, in which
individuals may share portions of the genome assigned to
more than one population as a result of mixed ancestry
(Pritchard et al. 2000).

Results

Population structure inferred from mtDNA sequences

Eleven distinct haplotypes were observed in the 205
specimens of Xystichromis phytophagus, differing by one to
six mutations in the 359-bp alignment. Private haplotypes
were only found in two populations, ‘Gangu’ and ‘Kadenge’,
although in low abundance. The haplotype frequency
distribution — especially that of the three main haplotypes
occurring in 83.9% of all specimens — was similar in all
three populations (Table 1).

Pairwise population Fg; comparisons failed to find any
genetic structuring among the three studied populations
based on mtDNA sequences (P > 0.05) (Table 2). Similarly,
the assessment of the degree of geographical heterogeneity
with REAP 4.1 revealed no significant heterogeneity in
mtDNA haplotype frequency distribution among the three
populations (y2 = 20.88, P = 0.40).

Population genetic structure inferred from microsatellites

The microsatellite markers exhibited high polymorphism
in X. phytophagus (Table 3). A total of 160 alleles had been

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2589-2602

found in the 191 individuals. The total numbers of alleles
per population were 22 (“Yala’), 23 (‘Kadenge’) and 22
(‘Gangu’) in UNHO001 (total number of alleles: 30); 11, 14
and 12 in UNHO002 (16); 21, 24 and 22 in TmoM5 (27); 12,15
and 19 in TmoM11 (20); 10, 12 and 10 in TmoM27 (13); and
29, 40 and 41 in OSU20D (54).

Significant departures from Hardy-Weinberg equi-
librium were detected for 10 out of 24 comparisons. When
pooling across populations substantial heterozygote defi-
cit was found in four out of the six analysed loci (UNHO002,
TmoM11, TmoM27, OSU20D). Deviations from Hardy-
Weinberg equilibrium for the same four loci were found in
the population of Kadenge, two loci (UNH002, TmoM27)
were deviating from Hardy-Weinberg equilibrium in the
population from Yala, and no heterozygote deficit was
found in the population from Gangu.

The pairwise Fg comparisons based on microsatellites
yielded significant differences between the population
from Yala and the populations from Kadenge and Gangu,
but no population genetic differentiation between the two
latter populations was detected. R-statistics, which are
thought to reflect more accurately the mutation pattern of
microsatellites (Slatkin 1995), failed to find any significant
population structuring (Table 2). R-statistics have the
drawback of a very high variance, for which reason Fg;
often outperforms its Rq counterpart (see Gaggiotti et al.
1999). Disequilibrium between pairs of loci was nonsigni-
ficant in every comparison (P > 0.05).

The population assignment test performed with sTrRUC-
TURE 2.1 (Pritchard et al. 2000) revealed that the three
sample populations most probably belong to a single
panmictic population (K = 1; estimated -In probability of
data = 6070; P > 0.99).

Genetic diversity inferred from the haplotype network

In our haplotype network, all haplotypes from Lake
Kanyaboli were placed — as expected — within the ‘main
Lake Victoria clade” of Verheyen et al. (2003) (correspond-
ing to linage VC in Nagl et al. 2000), and not in the ‘rift
valley clade’ represented by haplotypes 1-5 in Fig. 2
(corresponding to lineage VB in Nagl et al. 2000). This
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Fig. 2 Unrooted haplotype network of haplochromines from the Lake Victoria cichlid species flock with special emphasis on Xystichromis
phytophagus from Lake Kanyaboli, including five haplotypes from Lake Kivu and the Lake Edward/George region (Verheyen et al.
2003). The most abundant haplotype in X. phytophagus was haplotype 6; haplotypes 6, 12 and 31 were shared between X. phytophagus and
other species of the Lake Victoria cichlid species flock. As an evaluation of the network, and as an indication of where alternative
connections would be possible, we depicted the consistency index (CI) (Kluge & Farris 1969) and the specific mutation for all those
branches in the network where C < 1. These branches were shaded in grey. The size of the haplotypes refers to the number of specimens
that shared that particular haplotype. Note that this information was available only for X. phytophagus and some of the remaining

haplotypes (Appendix 1).

pattern is further corroborated by the finding that all X.
phytophagus sequences showed the diagnostic character
state ‘C’ in position 269 of the alignment (Verheyen ef al.
2003). Also, the sequences determined by Meyer et al. (1990),
which consist of the first section of the control region and
were therefore not included in Verheyen et al. (2003), were
resolved in that clade — a finding that contradicts that
of Nagl et al. (2000) who suggested that two sequences
determined by Meyer et al. (1990) would not belong to their
VC clade. Of the 11 distinct haplotypes found in the 205

specimens of X. phytophagus, only three were shared with
specimens from the main lake. These three haplotypes
(6, 12, and 31 in Fig. 2) represented a total of 108 Lake
Kanyaboli specimens, so that 97 specimens (47% of all X.
phytophagus samples) had haplotypes so far not known
from Lake Victoria. Haplotype 6 was the most abundant
one in X. phytophagus. The maximum distance between
different Lake Victoria haplotypes was nine mutations
(2.5%), that between haplotypes of X. phytophagus was six
mutations (1.7%).

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2589—-2602
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Discussion

Mitochondrial DNA haplotype diversity

The first molecular phylogenetic study of haplochromine
cichlids from the Lake Victoria region based on mtDNA
sequences established the monophyly of the species flock
(Meyer et al. 1990). Several hundred mitochondrial control
region sequences of specimens of Lake Victoria haplochro-
mines have been analysed since then (Nagl et al. 2000;
Verheyen ef al. 2003). All studies agree on the extremely
young age, <200 000 years, for the entire species assem-
blage, which is reflected by the small number of haplotypes
found as well as the small genetic distances between the
haplotypes. In our analysis, a total of 54 haplotypes were
detected in the specimens from Lake Victoria and its
immediate surroundings [including Xystichromis phyto-
phagus from Lake Kanyaboli; but not including haplotypes
from Lake Kivu and other ‘Rift valley haplotypes’ (Verheyen
et al. 2003)]. Since our haplotype network analysis (Fig. 2)
was based on the first section of the control region only,
while Verheyen et al. (2003) analysed the entire control
region, the two resulting networks are not completely
comparable. The general topology, however, is almost
identical in both networks with a clear separation of the
‘Rift Valley haplotypes’ found in lakes Kivu, Edward,
George, Albert and surroundings (represented by haplo-
types 1-51in Fig. 2) from the haplotypes of main Lake Victoria
and its surrounding bodies of water. The shorter data set
used here mainly led to the fusion of certain haplotypes
and to shorter branch lengths in the network.

In the 205 specimens of X. phytophagus, 11 distinct mito-
chondrial haplotypes were identified. Compared to the
total number of 54 different haplotypes for the entire Lake
Victoria species assemblage, the finding of such a rela-
tively high number of haplotypes in a single species seems
astounding. In addition, the X. phytophagus haplotypes
differ from each other by up to six mutations, which is
close to the amount of the maximum distance between
haplotypes in the entire assemblage (nine mutations). Sim-
ilar haplotype numbers have, however, been observed in
two haplochromine species in the crater lakes Nshere (10
haplotypes) and Lutoto (seven haplotypes) in Uganda (Sato
et al. 2003). Also, some Lake Kivu species show a compar-
able number of haplotypes (Verheyen et al. 2003).

More than half of the X. phytophagus individuals from
Lake Kanyaboli (but only three haplotypes; see Fig. 2 and
Appendix I) shared their mitochondrial control region
sequence with other species of the Lake Victoria superflock
analysed so far. Shared mtDNA haplotypes between spe-
cies have repeatedly been found in closely related haplo-
chromines from Lake Malawi (Moran & Kornfield 1993;
Parker & Kornfield 1997), in haplochromines from Lake
Kivu (Verheyen et al. 2003), as well as in haplochromines of
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the Lake Victoria region (Meyer ef al. 1990; Nagl ef al. 2000;
Verheyen et al. 2003). This incomplete mitochondrial line-
age sorting is most likely the result of the extremely young
age of these species assemblages coupled with rapid spe-
ciation events. Also in noncoding regions of the nuclear
DNA the persistence of polymorphisms was detected in
the Lake Victoria cichlid assemblage (Nagl ef al. 1998).
However, in the Tropheini, the closest but older sister
group in Lake Tanganyika of the haplochromine cichlid
species flocks of lakes Malawi and Victoria (Salzburger
et al. 2002), incomplete mitochondrial lineage sorting could
not be detected and — in contrast to the Malawi and Victoria
situation —all morphologically distinguishable species
were also genetically distinct (Sturmbauer et al. 2003).

The DNA sequences of eight of the 11 haplotypes,
which represent almost 50% of all studied individuals of X.
phytophagus, had so far not been found in any other repres-
entative of the Lake Victoria superflock. One explanation for
this observation might be a sampling bias and the under-
representation of Lake Victoria haplochromines. Although
we compared the 11 haplotypes to those of previous studies,
which together included about 900 specimens of haplo-
chromine cichlids from the Lake Victoria region (Meyer
et al. 1990; Nagl et al. 2000; Verheyen et al. 2003), it seems
that increased sampling might lead to the recovery of new,
previously missing, haplotypes. When analysing a large
combined data set, Verheyen et al. (2003) noted that there
are intermediate haplotypes missing in the Lake Victoria
sample. They interpreted this as the likely signature of a
massive extinction event, which could have been related
to the desiccation of Lake Victoria between 15600 and
14 700 years ago (Johnson et al. 1996). This would, how-
ever, not explain the existence of the eight private haplo-
types in X. phytophagus. Because of its much younger age
compared to the main Lake Victoria basin and its relative
instability because of its maximum depth of only 4.5 m,
Lake Kanyaboli could not have acted as a reservoir during
this dry period. Also, it is quite unlikely that these eight
haplotypes arose i situ in Lake Kanyaboli (partly because
Lake Kanyaboli is too young to allow for the evolution of
so many new haplotypes, and partly because these eight
haplotypes have not only one ancestor but have evolved
from at least four different Lake Victoria haplotypes).
Instead, it might be possible that most of these eight
haplotypes may have existed in Lake Victoria but recently
became extinct, perhaps as a result of the recent decline of
haplochromines caused by the introduction of the Nile
Perch.

The population structure of X. phytophagus in Lake
Kanyaboli

The analyses of the mtDNA sequences revealed non-
significant levels of genetic structuring between the
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three populations of X. phytophagus from Lake Kanyaboli.
Population pairwise F-statistics were nonsignificant in all
comparisons (Table 2) and no geographical heterogeneity
in population frequency distributions has been observed
in the Monte Carlo simulations with Rear 4.1. Also, the
model-based population assignment test (STRUCTURE 2.1)
indicated that X. phytophagus still forms a panmictic
population in Lake Kanyaboli, and population pairwise
R-statistics based on the microsatellite data were non-
significant. Conversely, population pairwise comparisons
with F-statistics based on the microsatellite data showed
significant levels of population structuring. The Yala
population was found to be isolated from both Gangu
and Kadenge (Table 2), however, with a relatively low Fg;
values of 0.022 (for the pairwise comparison with the
Gangu population) and 0.01 (for the pairwise comparison
with the Kadenge population).

Taken as a whole, our results revealed that X. phytophagus
most likely aggregate into a single large panmictic popu-
lation in Lake Kanyaboli. Only microsatellite-based F-statistics
show moderate levels of population structuring for the
Yala population. The sampling site at Yala differs from
those at Gangu and Kadenge in that at Yala Lake Kanyaboli
drains into its only outlet forming a shallow bay (Fig. 1).
However, this does not result in different environmental
characteristics such as pH, conductivity, temperature or
visibility (data not shown). As a result of the similarity of
the habitats in all three populations, we do not believe that
local adaptations account for the observed level of popula-
tion structuring.

In a review on (marine) fish species with high gene flow,
Waples (1998) discussed the risk that statistical tests may
reject the null hypothesis of no population differentiation
when itis true. Besides the typeI error —i.e. rejection of the
null hypothesis by chance when it is true — Waples (1998)
finds that sampling errors can cause the false rejection
of the null hypothesis (he also argues that statistically
significant differences may sometimes be too small to be
biologically meaningful). According to Waples (1998),
random sampling error is a major source of noise in esti-
mating allele frequencies. This seems to be particularly
problematic in species with high gene flow, where the sig-
nal obtained by F-statistics is generally very low. While our
taxon sampling, with more than 60 individuals per popu-
lation, seems sufficient to overcome an intralocus signal :
noise ratio problem, the number of loci analysed might be
too small to account for a potential interlocus sampling
error. The analysis of additional loci would be necessary to
avoid such problems.

Both sets of molecular markers revealed a surprisingly
high level of genetic variability within X. phytophagus in
Lake Kanyaboli, implying a historically large effective
population size and the lack of population bottlenecks in
the past. This suggests that, in Lake Kanyaboli, a relatively

large number of specimens have originally been isolated
from their ancestors in Lake Victoria. However, the isola-
tion of the Lake Kanyaboli populations from a much larger
original population in Lake Victoria might have been
accompanied by genetic drift and the random loss of alleles
in the colonizing population, which might explain devi-
ations from Hardy-Weinberg equilibrium (given that our
sample sizes per population were relatively large it seems
unlikely that this pattern is the result of sampling bias).

The population genetic structure of haplochromines
from Lake Victoria has so far not been studied in sufficient
detail. However, several studies of haplochromines and
other cichlids have been undertaken in lakes Malawi
and Tanganyika (Arnegard et al. 1999; Markert ef al. 1999;
Danley et al. 2000; Riiber et al. 2001; Rico & Turner 2002;
Baric efal. 2003). These studies mostly involved rock-
dwelling cichlids because the patchy habitat distribution of
rocky shores coupled with philopatric behaviour more
obviously implies population structuring as a result of iso-
lation. In rock-dwelling Lake Malawi mbuna cichlids, deep
waters and sandy stretches have been identified as strong
barriers to gene flow (van Oppen et al. 1997; Arnegard et al.
1999; Markert et al. 1999) — sometimes a habitat discon-
tinuity of only about 35 m seems sufficient to isolate two
populations (Rico & Turner 2002). However, in pelagic cichlids
from Lake Malawi population structuring has not been
observed and it has been suggested that at least some
species form lake-wide panmictic populations (Shaw ef al.
2000).

The Lake Kanyaboli X. phytophagus are, however, not
pelagic, and neither do deep-water barriers exist nor are
there habitat discontinuities along the shores. In fact, the
lake is very shallow (on average 2.5 m deep) and the bot-
tom is uniformly sandy/muddy with layers of reed debris
throughout the lake. This habitat homogeneity might
explain why X. phytophagus forms a single panmictic
population in Lake Kanyaboli, while in other — mostly
rock-dwelling — cichlid population structuring has been
observed over distances that are far beyond the ~2.5 km
that separate the populations investigated here (see e.g.
van Oppen et al. 1997; Rico & Turner 2002).

Conservation genetic implications

After the recent decline of Lake Victoria’s cichlid fauna,
satellite lakes have been recognized as one out of four
possible major refugia for indigenous fishes (Kaufman &
Ochumba 1993). Other possible refugia for haplochro-
mines are schools of the silver cyprinid (Rastrinoebola
argentea), microbial mats at depths of 30-40 m and the
water column near the oxycline [according to Kaufman &
Ochumba (1993)]. Although some endemic species from
satellite lakes seem to represent new species that evolved
in geographical isolation (Greenwood 1965), other satellite

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2589-2602
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lake species were suggested to have once been common in
the main lake but to have disappeared only recently from
there (Kaufman & Ochumba 1993; Ogutu-Ohwayo 1993).
Here we show that not only are endemic species conserved
in such habitats but that also a relatively high level of the
genetic diversity is maintained in these isolated water
bodies. This is reflected by the relatively large number of
mtDNA haplotypes in X phytophagus compared to the
entire cichlid assemblage of Lake Victoria, as well as by the
presence of the large number of alleles in six microsatellite
loci. Kaufman & Ochumba (1993) suggested a ‘two-fold
option’ for species conservation in the Lake Victoria area,
the preservation of satellite lakes with intact faunas and
the use of other (empty) satellite lakes as repositories for
indigenous Lake Victoria species. There may be some
practical difficulties with the feasibility of the latter
option, yet, our genetic data agree with the importance
of satellite lakes that Kaufman & Ochumba (1993)
recognized for conservation efforts (in particular, of course,
for the Yala swamp system). Such conservation efforts
should be accompanied by more detailed population
genetic studies as well as ecological and limnological
research. Regrettably, conflicting demands for greater food
production threaten the future existence of this tropical
biodiversity hot spot.

It has been suggested that the entire lake basin of Lake
Victoria dried out completely during the Late Pleistocene
(Johnson et al. 1996; but see Fryer 1997, 2001, 2004), raising
the possibility that the entire Lake Victoria haplochromine
cichlid species flock became extinct and has re-evolved at
a record-setting pace since the refilling of the Lake Victoria
basin. The finding of a relatively high number of mitochon-
drial haplotypes in a single species in Lake Kanyaboli (11
haplotypes) compared to the entire Lake Victoria assem-
blage (54 haplotypes; 38 haplotypes occur in Lake Victoria
itself, the rest in surrounding bodies of water; see Appen-
dix I) shows that a relatively large portion of the genetic
diversity of Lake Victoria’s entire haplochromine cichlid
assemblage can be maintained in a small lake. This observa-
tion would provide empirical evidence for the theoretical
possibility that — if refugia persisted during the Late Pleisto-
cene arid period in the form of small, shallow lakes in
the confines of the present Lake Victoria basin (see
e.g. Fryer 2001) — such refugial populations could have
retained a good portion of the genetic (and possibly mor-
phological) variation of the entire species flock (Verheyen
et al. 2003, 2004). The loss of genetic variation during the
Late Pleistocene arid period, during which an almost
complete extinction of most Lake Victoria cichlid species
occurred (Verheyen et al. 2003), might then have been
rather minor permitting the rapid re-colonization and
diversification of the Lake Victoria haplochromine cichlid
species flock from a small number of shallow refugial lake
populations (Verheyen ef al. 2004).

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2589-2602
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