JOURNAL®*
ZOOLOGICAL SYSTEMATICS
#© EVOLUTIONARY RESEARCH
Accepted on 17 August 2011

© 2011 Blackwell Verlag GmbH J Zool Syst Evol Res doi: 10.1111/j.1439-0469.2011.00641.x

' Department of Zoology, University of Graz, Graz, Austria; *Ichthyology Section, National Museums of Kenya, Nairobi, Kenya

Genetic distinction of four haplochromine cichlid fish species in a satellite lake of
Lake Victoria, East Africa

EL1zABETH A. OpHIAMBO'2, SELMA I. MAUTNER', OLIVER Bock!' and CHRISTIAN STURMBAUER

Abstract

Lake Victoria is famous for its in evolutionary terms young but species-rich assemblage of cichlid fishes. This ‘superflock” also includes additional
species from adjacent water systems. Lake Victoria is surrounded by several smaller lakes that are connected to the main water body of Lake
Victoria only through swampy areas. Lake Kanyaboli is one such lake, harbouring a much poorer species diversity, mostly comprised of Lake
Victoria endemics, some of which are now considered extirpated from the main lake. The focus of this study was on the modern haplochromine
component of the cichlid fauna, represented by Lipochromis maxillaris, Astatotilapia nubila, Xystichromis phytophagus and Astatotilapia sp.
‘Bigeye’, as well as a number of morphologically distinct haplochromine specimens that could not be assigned to any of the recognized species. We
used five microsatellite markers to distinguish these five taxa. Genetically, L. maxillaris was clearly differentiated from all other taxa, and
A. sp. ‘Bigeye’ was moderately differentiated from the remaining three. Astatotilapia nubila, X. phytophagus and the unidentified specimens
constituted a partially overlapping cluster. As each of the clusters had several (5-14) private alleles, extremely recent divergence is suggested. As
all taxa except for 4. sp. ‘Bigeye’ and the unidentified specimens also occur or at least occurred in Lake Victoria, it is likely that they evolved as
part of the Lake Victoria superflock, while A. sp. ‘Bigeye’ and the unidentified specimens may have currently evolved in situ. The observation of
slightly distinct albeit overlapping body shapes and the extremely close genetic relationship between three of the five taxa are fully compatible and

in support of the hybrid swarm theory of adaptive radiation.
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Introduction

Cichlid fishes of the Eastern African Great Lakes, Victoria,
Malawi and Tanganyika, form remarkable and fascinating
species flocks representing unique examples of vertebrate
explosive speciation and adaptive radiation (Fryer and Iles
1972). Each of the three lakes harbours hundreds of cichlid
species, most of which are endemic to their particular lake
(Turner et al. 2001). In this regard, haplochromine cichlid
fishes of Lake Victoria, consisting of at least 500 endemic
species, are considered to have evolved most rapidly and as
such provide an extraordinary research target because of their
fast speciation rates and tremendous phenotypic variation
(Nagl et al. 2000; Seehausen 2000). Until the early 1980s, up to
80% of fish biomass from Lake Victoria was attributable to
haplochromine cichlids (Ogutu-Ohwayo 1990; Witte 1992) but
following the upsurge of Lates niloticus (Nile perch), coupled
with other anthropogenic factors that percentage decreased to
<2% (Witte et al. 2000) and several species are now consid-
ered extinct (Goudswaard et al. 2006). However, some of these
haplochromines that were considered to have been extirpated
from Lake Victoria were reported to have survived and even
thrived in satellite lakes (Kaufman and Ochumba 1993).
Satellite lakes were defined by Greenwood (1965) as ‘small
water bodies isolated from Lake Victoria by papyrus swamps
or sand bars’, and they harbour some of the haplochromines
from Lake Victoria. Haplochromine cichlids of Lake Victoria
have been subjects of various molecular phylogenetic and
population genetic studies. Much interest has been focused on

Corresponding author: Christian Sturmbauer (christian.sturmbauer@
uni-graz.at)

Contributing authors: Elizabeth A. Odhiambo (akinyieo@yahoo.com),
Selma I. Mautner (selma.mautner@uni-graz.at),

Oliver Bock (oliver.bock@uni-graz.at)

J Zool Syst Evol Res (2012) 50(1), 51-58

the origin and age of the Lake Victoria cichlid superflock
(Meyer et al. 1990; Nagl et al. 2000; Seehausen 2002; Verheyen
et al. 2003; Elmer et al. 2009), especially following paleolim-
nological evidence by Johnson et al. (1996) that the lake was
desiccated as recently as 12.400 '*C-years ago. Even if the
actual age of the flock is currently disputed (Fryer 1997, 2001,
2004; Nagl et al. 2000; Verheyen et al. 2003; Elmer et al. 2009),
it is clear that the Lake Victoria cichlid species flock either
formed within this enormously short period of time (Seehausen
2002) or was derived from a ‘superflock’ with its ancestral
stocks most likely coming from Lake Kivu (Verheyen et al.
2003, Elmer et al. 2009). Moreover, interspecific hybridization
as a mechanism to create biological diversity in the form of a
hybrid swarm at an early stage of adaptive radiation was
suggested as a likely scenario for Lake Victoria (Seehausen
2004). Only few studies have addressed population structure in
Lake Victoria or its satellite lakes (Abila et al. 2004; Maeda
et al. 2009; Mzighani et al. 2010).

This study focused on modern haplochromines (Salzburger
et al. 2002; Verheyen et al. 2003; Koblmdiller et al. 2008) in
Lake Kanyaboli, a small satellite lake of Lake Victoria
covering an area of approximately 11 km? and separated from
the Lake Victoria by a dense papyrus swamp (Fig. | in
Odhiambo et al. 2011). With regard to the cichlid fish, Lake
Kanyaboli is home to Oreochromis esculentus and Xystichromis
phytophagus, both of which are currently no longer found in
Lake Victoria, as well as at least six haplochromine species
including Astatoreochromis alluaudi and Pseudocrenilabrus
multicolor victoriae. The latter two have already been shown
to be clearly distinct from the remaining haplochromines, all of
which are part of the ‘modern’ haplochromine superflock
(Salzburger et al. 2002; Koblmiiller et al. 2008). We focused on
the four remaining modern haplochromine species, namely
Lipochromis maxillaris, X. phytophagus, Astatotilapia nubila,
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Fig. 1. Results of Bayesian analysis using STRUCTURE. Each individual is represented by a single vertical line and assigned to one of the two
clusters. Black bars indicate species identification according to morphology and colour: (a) Lipochromis maxillaris, (b) Astatotilapia nubila,
(c) Xystichromis phytophagus, (d) Astatotilapia sp. ‘Bigeye’, (e) unidentified specimens

the rare and yet undescribed species, Astatotilapia sp. ‘Bigeye’,
plus a group of unidentified specimens that might constitute
hybrids or a new haplochromine species. An earlier study using
mtDNA sequences of the control region found only low and
non-significant Fsr values for Lake Kanyaboli haplochromine
cichlid species X. phytophagus and A. nubila (Abila et al.
2008). Previous studies have also used microsatellites in an
attempt to study genetic differentiation among Lake Victoria
haplochromine species (Abila et al. 2004; Samonte et al. 2007;
Elmer et al. 2009; Maeda et al. 2009). In this study, we chose
polymorphic microsatellite marker to assess the genetic differ-
entiation of Lake Kanyaboli haplochromines and compare our
findings to the morphological differentiation among the same
taxa. This study complements a parallel geometric morpho-
metric analysis of the same taxa, which showed clear
morphological distinctness of L. maxillaris and A. sp. ‘Bigeye’
but could not clearly separate X. phytophagus from A. nubila
in morphospace, despite their clear differentiation in terms of
colour and trophic ecology. Furthermore, the unidentified
specimens clustered in close association with X. phytophagus
and A. nubila (Odhiambo et al. 2011). In summary, compar-
ative morphometric analyses showed three morphological
clusters, namely Xystichromis maxillaris, A. sp. ‘Bigeye’ and
the three remaining taxa (A. nubila, Astatotilapia phytophagus
and the unidentified specimens, with a clear tendency of
segregation according to the assignment). Moreover, the four
recognized species are clearly distinct in male mating colour
and in trophic ecology. By complementing the comparative
morphological findings with genetic data, we intended to test
whether the morphology-based species separation is congruent
with genetic differentiation. Specimens that remained uniden-
tified on the basis of morphology were also included to gain
further insights into their assignment.

Materials and Methods

Sampling, DNA extraction and amplification

Between May 2007 and April 2008, 291 samples were collected from
33 localities covering the entire lake (approximately 11 km?) using gill
nets, traps and baited hooks. Given the small size of the lake, samples
of each species were assumed to comprise a single panmictic
population, in agreement with results of Abila et al. (2004). In total,
96 individuals were sampled of A. nubila (Boulenger, 1906), 96 of
L. maxillaris (Trewavas, 1928), 96 of X. phytophagus (Greenwood
1965), EIGHT individuals of the rare and yet undescribed species
A. sp. ‘Bigeye’ as well as 91 specimens that could not be assigned to
any of the four known species. Fin clips were taken from freshly
caught specimens and immediately preserved in absolute ethanol.
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Voucher specimens were deposited at the National Museums of
Kenya, Nairobi, and are listed in Table S1.

DNA extraction, microsatellite PCR and data screening

Total DNA was extracted from the ethanol-preserved fin clips by
enzymatic digestion using proteinase K, followed by ammonium acetate
and isopropanol precipitation (Sambrook et al. 1989). Samples were
screened for variation at each of the five microsatellite loci: TmoM11,
TmoM25, TmoM27 (Zardoya et al. 1996), Pzeb3 (van Oppen et al.
1997) and Unh951 (Carleton et al. 2002). PCR was performed under the
following conditions: denaturation at 94°C for 180 s, followed by 35
cycles of denaturation at 94°C for 30 s, annealing for 30 s and extension
at 72°C for 60 s and a final extension at 72°C for 7 min. The annealing
temperature was 50°C for TmoM11, 52°C for TmoM?25, 52°C for
TmoM27, 55°C for Pzeb3 and 52°C for Unh951. Microsatellites were
PCR-amplified in a 10- or 20-ul reaction mix containing 5-10 ng
extracted DNA, 0.25 pM of each primer, 0.05 mM dNTP mix,
10 pg pl™! BSA, 1.5 mM MgCl, 10x Taq polymerase buffer and
0.5 U Taq DNA polymerase. Forward primers were labelled with either
FAM or HEX fluorescent dyes. PCR products were analysed on an ABI
3130xlsequencer together with an ABI ROXS500 size standard, and allele
calling was performed with GENEMAPPER software version 3.7 (Applied
Biosystems, Carlsbad, CA, USA).

Data analysis

To detect scoring errors and genotyping artefacts such as null alleles,
large allele dropout and stutter bands, we used MICRO-CHECKER (van
Oosterhout et al. 2004). ARLEQUIN 3.11 (Excoffier et al. 2005) was used
to calculate standard genetic diversity parameters (Ho, Hg, Na),
Hardy—Weinberg equilibrium and linkage disequilibrium, pairwise
comparisons among species using allele frequencies (Fst) for popula-
tions with high gene flow and sum of squares (Rst) for populations
with longer divergence time (Balloux and Lugon-Moulin 2002) and
an analysis of molecular variance (AMOVA) among and within
populations. Significance levels were determined using the Markov
chain method (forecasted chain length = 100 000, dememorization
steps = 1000). Rejection levels were calculated with Bonferroni-
adjusted p-values. Population structure was inferred with a Bayesian
clustering procedure implemented in STRUCTURE 2.2 (Pritchard et al.
2000) to identify the number of clusters of origin for all sampled
individuals and to assign individuals to homogeneous clusters. We
used an admixture model, assumed correlated allele frequencies and
gave no prior species information. We inferred the number of clusters
by performing three independent runs for each K (K = 1-7) after a
burn-in of 100 000 iterations and a run length of 500 000 iterations
followed by the ad hoc statistic AK (Evanno et al. 2005). cLumpp
(Jakobsson and Rosenberg 2007) was used to align multiple sTRUC-
TURE runs, and Distruct (Rosenberg 2003) was used to visualize the
results. Patterns of genetic differentiation were visualized using a
factorial correspondence analysis (FCA) in GENETIX (Belkhir et al.
2004). GENETIX was also used to calculate the number of private alleles
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found in each species. To check for a reduction in population size, we
used BOTTLENECK (Piry et al. 1999) by comparing expected and
observed heterozygosities in each species. Rare alleles are lost more
rapidly than common alleles during a population bottleneck causing
excess heterozygosity. We used the stepwise mutation model (SMM),
the infinite alleles model (IAM) and the two-phased model of mutation
(TPM) followed by a one-tailed Wilcoxon signed rank test to assess
significance values.

Results

The five microsatellite loci yielded a total of 102 alleles for
the 387 samples analysed. Fifty-six alleles were found for
L. maxillaris, 59 for A. nubila, 67 for X. phytophagus, 29 in
A. sp. ‘Bigeye’ and 70 in the group of so far unidentified
specimens (Table 1). The average number of alleles per species
ranged from 5.8 + 2.3 (4. sp. ‘Bigeye’ — small sample size) to
13.4 + 6.1 (Table 1). The average number of private alleles was
14 for L. maxillaris, five for A. nubila, 10 for X. phytophagus,

Table 1. Levels of genetic diversity for the five sampled taxa

one for A. sp. ‘Bigeye’ and six for the unidentified specimens
(Table 1). For compatibility reasons, the three loci used by
Abila et al. (2004) were used (TmoMI11, TmoM25 and
TmoM27). MICRO-CHECKER indicated the possibility of null
alleles at loci TmoM 11 and Unh951. All further analyses were
repeated excluding these two loci but always yielded similar
results to the analyses performed with all five loci as presented in
the results.

Discriminating taxa on the basis of genetic signature

When STRUCTURE was run on the total sample (387 individuals
at five loci) and K = 1-7, with no previous information about
species identity, the maximum probability [In P(X|K)] was
found at K = 2 which was also supported by the post hoc
analysis of AK, suggesting a split into two distinct genetic
clusters. Lipochromis maxillaris was assigned to cluster one; all
other species were assigned to cluster two (Table 4). Three

Lipochromis Astatotilapia Xystichromis Astatotilapia sp.
maxillaris nubila phytophagus ‘Bigeye’ Unidentified Mean N4 per
n = 96 n = 96 n = 96 n =3 n =91 locus
TmoMI11 (37)
Na 20 17 17 9 20 18.5 £ 1.7
Pa 9 2 3 1 3
Ho 0.750" 0.760" 0.740" 0.875 0.835!
Hg 0.887 0.873 0.886 0.850 0.881
Min (bp) 180 193 193 193 178
Max (bp) 225 229 229 228 229
TmoM25 (16)
Na 12 9 11 5 16 120 + 2.9
Pa 3 1 1 0 1
Ho 0.615' 0.792 0.771 0.750 0.714!
Hg 0.693 0.776 0.741 0.667 0.769
Min (bp) 364 366 366 368 364
Max (bp) 386 382 390 382 382
TmoM27 (13)
Na 8 8 10 5 9 88 £ 1.0
Pa 1 1 2 0 0
Ho 0.760 0.594 0.615 0.625 0.593
Hg 0.793 0.618 0.588 0.858 0.573
Min (bp) 380 380 380 380 380
Max (bp) 424 426 436 424 426
Pzeb3 (8)
Na 4 4 7 3 5 50 £ 1.4
Pa 1 0 2 0 0
Ho 0.594 0.573 0.688" 0.500 0.604
Hg 0.626 0.565 0.628 0.808 0.606
Min (bp) 283 310 310 310 283
Max (bp) 314 316 320 314 316
Unh951 (28)
Na 12 21 22 7 20 18.8 £ 4.6
Pa 0 1 2 0 2
Ho 0.604! 0.698! 0.750" 0.500 0.758!
Hg 0.897 0.821 0.849 0.817 0.836
Min (bp) 209 203 203 229 203
Max (bp) 257 293 293 257 265
Mean N4 per spp = SD 11.2 £ 5.9 11.8 £ 7.0 134 £ 6.0 58 £ 2.3 14.0 £ 6.8
Total Pa per spp 14 5 10 1 6
Mean P per spp = SD 2.8 £ 3.2 1+ 0.6 2 + 0.6 n/a 1.2 = 1.7

Total number of alleles is included in parentheses for each locus.

Values from Astatotilapia sp. ‘Bigeye’ were excluded from the mean number of alleles per locus owing to its very small sample number.
Na, number of alleles; Pa, private alleles; Ho, heterozygosity observed; Hg, heterozygosity expected.
'Significant deviation from HWE after Bonferroni correction.
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individuals (one X. phytophagus, two unidentified specimens)
were assigned to the L. maxillaris cluster. STRUCTURE assigned
the highest posterior probability to a population structure with
two ancestral populations. After removing L. maxillaris from
the analysis, the four remaining entities remained in one cluster
owing to the low genetic differentiation among them. Details
on the STRUCTURE analysis are given in Table S2. Figure 1
shows the estimated membership coefficients for each individ-
ual in each cluster.

Genetic differentiation among taxa

Overall Fsr and Rgt values among taxa were generally low and
ranged from 0 to 0.14 and 0 to 0.30, respectively, among all
five sampled entities. The highest pairwise differentiation was
always between L. maxillaris and the other entities. Despite a
low sample size for 4. sp. ‘Bigeye’, this species was also
significantly separated from all other taxa. The remaining three
taxa turned out to be much more closely related, and the non-
significant Fgr values corroborated a similarly low degree of
genetic separation between A. nubila and X. phytophagus and
the unidentified specimens (Table 2).

AMOVA results showed that 93% of the genetic variation was
within taxa and the variation among them was low (7%) but
still significant. Following the results obtained from STRUC-
TURE, AMOVA was repeated taking into account the two clusters
found by STRUCTURE. Although 13% of genetic variation was
found among the two clusters, this proportion of variance was
not significant (Table 3).

FCA analysis showed a clear distinction of L. maxillaris and
A. sp. ‘Bigeye’. After removing these species, the remaining
three taxa were still overlapping, but a fairly clear distinction
of the unidentified individuals was possible (Fig. 2).

Analyses of population bottlenecks found significant evi-
dence for a recent bottleneck using the IAM for L. maxillaris
(p = 0.031) which was no longer significant after removing the
two loci that showed a tendency for null alleles. All tests using
the other two models SMM and TPM, however, did not reveal
an excess of heterozygotes for any of the entities and thus no
evidence for a population bottleneck in any of the species.
Using only three loci that showed no tendency for null alleles
resulted in no indication for a bottleneck in any population
under any model.

Discussion

Three of the five taxa analysed here, L. maxillaris (Green-
wood, 1980), A. nubila (Boulenger, 1906) and X. phytophagus
(Greenwood, 1966), are officially described and valid species
on the basis of male nuptial coloration and other morpho-
logical and ecological characters. A. sp. ‘Bigeye’ (Kaufman,
1996) is valid on the same basis but not yet officially
described. The fifth taxon referred to as ‘unidentified’
consisted of specimens that could not be grouped with any
of the described and already mentioned four species on the
basis of morphology. The recently published geometric
morphometric analysis of the same individuals showed clear
morphological  differences between L. maxillaris  and
A. sp. ‘Bigeye’ but could not clearly separate X. phytophagus,
A. nubila and the unidentified specimens in morphospace,
despite their clear differentiation in terms of colour and
feeding ecology (Odhiambo et al. 2011). These findings
highlighted the young evolutionary age of the Lake Victoria
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cichlid species flock and are relevant in the light of
Seehausen’s hybrid swarm theory (Seehausen 2004).

Intraspecific and interspecific differentiation among the entities

Pairwise genetic differences revealed high levels of differenti-
ation between L. maxillaris and all other species as well as
moderate levels of differentiation between A. sp. ‘Bigeye’ and
all other entities. The remaining three entities, however, turned
out to be extremely closely related with very low levels of
genetic differentiation. Rgr values were constantly higher than
Fgt values for the differentiation between L. maxillaris and all
other species, indicating larger allele size differences. Results
from FCA analysis corroborated Fsy and Rgy levels of
differentiation, also clearly separating L. maxillaris from all
other species and also separating A. sp. ‘Bigeye’ very clearly
from the remaining entities. Astatotilapia nubila, X. phytoph-
agus and the unidentified individuals appeared as a closely
related cluster with a tendency to separate into three subunits.
The clear separation of L. maxillaris from all other taxa was
also found with the clustering analysis in STRUCTURE, whereas
the remaining four taxa were all assigned to the second cluster.
The assignment of one X. phytophagus and two unidentified
specimens to the L. maxillaris cluster might be due to a
morphological assignment error, although introgression can-
not be ruled out. Results from FCA show A. sp. ‘Bigeye’ to be
quite different from the other species, but STRUCTURE did not
recognize it as a different cluster, most likely due to low sample
size of only eight specimens for this species. Results from
AMOVA revealed that most of the genetic differentiation (93%)
was within the taxa and that there was only very little (7%)
differentiation among the taxa.

The observed low level of differentiation among four of the
five taxa is in agreement with the finding of Maeda et al.
(2009) who found no population (and species) differentiation
in two sympatric Lake Victoria species (Haplochromis
pyrrhocephalus and Haplochromis laparogramma) on the basis
of a STRUCTURE analysis and on Rgt values. Samonte et al.
(2007) also found levels of differentiation within species to be
similar to those between species. Mzighani et al. (2010) using
SINEs also did not find any significant differentiation
between or within the species of Lake Victoria haplochro-
mines that they studied. Other studies that used mtDNA
(Meyer et al. 1990; Nagl et al. 2000) and SINEs (Terai et al.
2004; Mzighani et al. 2010) have also not been successful in
genetically differentiating between the haplochromine species
of Lake Victoria. The low level of genetic diversification and
incomplete lineage sorting has been repeatedly attributed to
the young age of these haplochromines, many of which are
still at an incipient stage of evolution (Meyer 1993). In the
light of all published data, the clear genetic differentiation of
L. maxillaris to the remaining entities seems quite remark-
able, especially as our analysis is based on five microsatellite
loci only.

A second aspect of the close evolutionary relationship
between Lake Victoria haplochromines is that they are likely
to be still genetically compatible and have not yet crossed the
border of postzygotic isolation (Crapon de Caprona and
Fritzsch 1984). In fact, most species, if not all, are only
reproductively isolated by behaviour (Seechausen and van
Alphen 1998), or by allopatry. It has been shown that
speciation can be reversed by a breakdown of reproductive
isolation among sympatric species — the result of high water
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Table 2. Pairwise Rst (below diagonal) and pairwise Fst (above diagonal)

Lipochromis maxillaris Astatotilapia nubila Xystichromis phytophagus Astatotilapia sp. ‘Bigeye’ Unidentified
L. maxillaris - 0.140* 0.135% 0.103* 0.136*
A. nubila 0.276* - —-0.0001 0.054* 0.001
X. phytophagus 0.272* —-0.005 - 0.051* —-0.0002
A. sp. ‘Bigeye’ 0.129* —-0.009 —-0.011 — 0.053*
Unidentified 0.303* —-0.002 —0.002 0.017 -
*p < 0.001.

Table 3. AMovA results after test for variation (a) among all taxa (b) between the two clusters where Lipochromis maxillaris forms one cluster and

the other specimens the second cluster (1023 permutations)

Model Source of variation df Sum of squares Variance components Percentage variation p-value

a Among species 4 93.40 0.15 7.44 <0.001
Within species 767 1400.98 1.83 92.56 <0.001

b Among clusters 1 84.87 0.28 13.44 ns
Among species—within clusters 3 19.572 0.01 0.36 <0.01
Within species 767 1400.95 1.83 86.2 <0.001

@) cichlid species under laboratory conditions (Seechausen et al.

0.3

(b)

FC2

4-15
C1

Fig. 2. Factorial correspondence analysis based upon five microsat-
ellite loci for identified and unidentified taxa. (a) Four species plus
unidentified specimens (b) three closely related taxa only (Astatotilapia
nubila, Xystichromis phytophagus and the unidentified specimens). ()
Lipochromis maxillaris, (®) A. nubila, (O) X. phytophagus, (A) As-
tatotilapia sp. ‘Bigeye’, (x) unidentified specimens

turbidity interfering with the vision-based mate selection
(Seehausen et al. 1997). Meanwhile, viable offspring have
readily been obtained from crossings of several haplochromine

1997; van der Sluijs et al. 2008), and the existence of hybrids
was also demonstrated in the wild (Seechausen et al. 2008).
Hybridization, however, has a second important implication
concerning the mode of evolution at such an early stage of
adaptive radiation. Seehausen (2004) listed several cases in
which evolutionarily young species underwent secondary
admixis after an initial phase of diversification. Admixis could
have been triggered by climatic events affecting the lake level
or perturbating lacustrine habitat (Sturmbauer and Meyer
1992; Johnson et al. 1996). Hybridization events produce
broad variation in ecologically relevant traits, or even novel
(so-called transgressive) phenotypes, on which divergent
selection can act as soon as ecological conditions have
normalized. Seehausen (2004) suggested that the instantaneous
and simultaneous generation of variation in several functional
traits can boost speciation rates to a level impossible to reach
via non-hybrid speciation. The observation of slightly distinct
albeit overlapping body shapes (Odhiambo et al. 2011) and an
extremely close genetic relationship between three of the five
taxa are fully compatible and in support of the hybrid swarm
theory of adaptive radiation.

Effect of potential bottlenecks

While the desiccation of Lake Victoria during the Pleistocene
has been well documented by Johnson et al. (1996, 2000),
recent findings by Elmer et al. (2009) have confirmed that
desiccation did not extirpate the haplochromines but only
bottlenecked them. Maeda et al. (2009) also found indications
for recent population growth in two closely related Lake
Victoria haplochromines. In the most recent past, haplochro-
mines in the main Lake Victoria have suffered severe reduc-
tions in population size owing to upsurge of the introduced
Lates niloticus — Nile perch (Witte 1992; Goudswaard et al.
2006). According to Luikart et al. (1998), the distortion that is
caused by a severe population reduction, when rare alleles are
lost more rapidly than less rare ones, is only transient and
likely to be detectable only for a few dozens of generations.
Cornuet and Luikart (1996) also observed that population
substructure might obscure the heterozygosity excess expected
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Table 4. Proportion of membership of each predefined population in
each of the two clusters

Inferred clusters

Number of
Given population 1 2 individuals
Lipochromis maxillaris 0.967 0.033 96
Astatotilapia nubila 0.014 0.986 96
Xystichromis phytophagus 0.024 0.976 96
Astatotilapia sp. ‘Bigeye’ 0.013 0.987 8
Unidentified 0.039 0.961 91

in a bottleneck population. Therefore, owing to the fact that
the Pleistocene desiccation happened in the quite distant past
and Lake Kanyaboli might as well have been a substructure of
the general Lake Victoria population, it is no surprise that no
bottleneck was detected. The latter reduction due to Nile perch
upsurge did not apply to the haplochromines in Lake
Kanyaboli because the lake has so far not been populated by
Nile perch. Even though Lake Kanyaboli is still connected to
Lake Victoria through the Yala swamp, low dissolved oxygen
levels that characterize such swamps are believed to have
prevented the Nile perch from gaining entry into some satellite
lakes including Lake Kanyaboli.

Origin of Lake Kanyaboli haplochromine species and species
number

Compared to Lake Victoria, Lake Kanyaboli has an extremely
species-poor haplochromine species diversity. Three of the five
surveyed taxa also occur or at least occurred in Lake Victoria,
so that they most likely invaded Lake Kanyaboli. Only
A. sp. ‘Bigeye’ is endemic to Lake Kanyaboli, as it has not
been found in any other lakes yet. The results of our
comparative morphological analysis (Odhiambo et al. 2011)
corroborated the original strategy to collect and analyse all
unidentifiable specimens, in that almost all collected adult
specimens that did not fall within any of the already
recognized species clustered in one homogenous cloud sepa-
rated somewhat from A. nubila and X. phytophagus (figure 6b
in Odhiambo et al. 2011). These specimens should have been
spread over or in-between the recognized species, when they
had been misidentified or hybrid specimens were abundant.
Indeed, most specimens constitute a distinct morphogroup,
albeit with considerable overlap with the other two species.
The same picture emerged from our FCA analysis based upon
five microsatellite loci (Fig. 2b), so that it seems likely that a
fiftth species of modern haplochromines in status nascendi
exists. The number of alleles observed in the so far unidentified
entity was also similar to that observed in the other four
species. Also, the so far unidentified group of specimens had
six private alleles and was genetically homogenous. One should
also mention that A. nubila and X. phytophagus have very
similarly low Fst in relation to their Fgr to the unidentified
individuals but are clearly differentiated in terms of morphol-
ogy, feeding ecology and colour. This means that selectively
neutral (or near-neutral) genetic markers are obviously not yet
segregating, even if traits under natural selection are already
distinct. This is the picture one would expect for extremely
young or incipient species, especially when they emerge from a
hybrid swarm (syngameon). Potential introgression of another
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Lake Victoria species, even in combination with the hybrid
swarm theory, would be consistent with the existence of
private alleles in the group of unidentified specimens. Whether
the candidate incipient species evolved in situ or is also present
in the main Lake Victoria cannot be decided at the present
stage. Further clarification concerning the relationship
between the unidentified specimens in relation to other Lake
Victoria species can only come from an extended multilocus
approach with a rigorous phylogenetic framework. For species
that still occur in the main Lake Victoria (L. maxillaris and
A. nubila), it would be interesting to extend the data set to
include the main lake so as to assess the connection between
the satellite and the main lake.
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Zusammenfassung

Genetische Differenzierung von vier Arten moderner Haplochromis-
artiger Buntbarsche in einem Satellitensee des Viktoriasees

Der ostafrikanische Viktoriasee ist beriihmt fiir seine extrem junge und
artenreiche Buntbarsch-Fauna. Zu diesem ‘Super-Artenschwarm’ zéh-
len auch viele Arten aus den umliegenden Gewidssersystemen. Der
Viktoriasee ist umgeben von einer Reihe kleinerer Satelliten-Seen, die
oft nur durch seichte Sumpfgebiete abgetrennt sind. Im Kanyabolisee,
der einer der Satelliten-Seen ist, findet man eine wesentlich geringere
Anzahl von Arten, von denen die meisten auch im Viktoriasee
vorkommen. Diese Studie konzentrierte sich auf die modernen
Haplochromis-artigen Buntbarsche Lipochromis maxillaris, Astatotila-
pia nubila, Xystichromis phytophagus und Astatotilapia sp. ‘Bigeye’,
sowie eine erhebliche Zahl nicht identifizierbarer Individuen, die sich
phédnotypisch deutlich von den bereits beschriebenen Arten unter-
schieden. Um die Kongruenz von phénotypischer und genetischer
Divergenz zu testen, wurden fiinf Mikrosatellitenloci analysiert.
Genetisch unterschied sich L. maxillaris am deutlichsten von allen
anderen Einheiten. Auch 4. sp. ‘Bigeye’ unterschied sich klar von den
verbleibenden drei Einheiten. Diese erwiesen sich als genetisch sehr
nahe verwandt, hatten jedoch alle einige (5-14) private Allele. Sie
haben sich vermutlich erst vor kurzer Zeit gebildet. Die nicht
identifizierten Individuen bilden eine homogene Gruppe innerhalb
der drei genetisch nah verwandten Einheiten und konnten daher als
junge oder erst in Entstehung begriffene Art gesehen werden. Da drei
der fiinf Taxa auch im Viktoriasee vorkommen, ist die Evolution dieser
Taxa in die adaptive Radiation des Victoria-Superflocks eingebunden.
Die groBe morphometrische und genetische Uberlappung dreier Taxa
ist im Einklang mit der Hybridschwarm-Theorie der adaptiven
Radiation. Dabei erzeugt eine umweltinduzierte sekundire Admixis
junger Arten jenen Pool an morphologischen Varianten, der dann sehr
schnell unter der Wirkung von disruptiver und sexueller Selektion in
eigenstdndige Arten evolvieren kann.
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