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Phylogeny of African cichlid fishes as
revealed by molecular markers
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The species flocks of cichlid fish in the three great East African Lakes, Victoria, Malawi, and
Tanganyika, have arisen in each lake by explosive adaptive radiation. Various questions
concerning their phylogeny have not yet been answered. In particular, the identity of the
ancestral founder species and the monophyletic origin of the haplochromine cichlids from the
East African lakes have not been established conclusively. In the present study, we used the
anonymous nuclear DNA marker DXTU1 as a step towards answering these questions. A
280 bp-fragment of the DXTU1 locus was amplified by the polymerase chain reaction from
East African lacustrine species, the East African riverine cichlid species Haplochromis bloyeti,
H. burtoni and H. sparsidens, and other African cichlids. Sequencing revealed several indels
and substitutions that were used as cladistically informative markers to support a phylogenetic
tree constructed by the neighbor-joining method. The topology, although not supported by
high bootstrap values, corresponds well to the geographical distribution and previous classifica-
tion of the cichlids. Markers could be defined that: (i) differentiate East African from West
African cichlids; (ii) distinguish the riverine and Lake Victoria/Malawi haplochromines from
Lake Tanganyika cichlids; and (iii) indicate the existence of a monophyletic Lake Victoria
cichlid superflock which includes haplochromines from satellite lakes and East African rivers.
In order to resolve further the relationship of East African riverine and lacustrine species,
mtDNA cytochrome b and control region segments were sequenced. The mtDNA-based trees
support the notion of the monophyly of the Lake Victoria superflock but are ambigious with
respect to the phylogenetic position of the Lake Malawi flock.

Keywords: Cichlidae, DXTU1, Lake Malawi, Lake Victoria, mitochondrial DNA, nuclear
marker.

Introduction

The three great lakes in the East African Rift
Valley, Lakes Victoria, Tanganyika, and Malawi,
each harbour a species flock of cichlid fish (family
Cichlidae, suborder Labroidei, order Perciformes,
Kaufman & Liem, 1982). Each flock is comprised of
several hundred species (Fryer & Iles, 1972). Each is
believed to be monophyletic (Kornfield, 1978; Meyer
et al., 1990; Greenwood, 1991; Meyer, 1993), and all
three flocks have been claimed to be derived from a
single common ancestor (Kornfield, 1991). The
flocks are of different ages, but all seem to have
arisen in situ in each lake after its formation or
re-formation (Fryer & Iles, 1972). The age estimates

for the three lakes are 12 million years (Myr) for
Lake Tanganyika (Cohen et al., 1993), 2 Myr for
Lake Malawi (Fryer & Iles, 1972) and 12 400 years
for Lake Victoria (Johnson et al., 1996). The speed
with which adaptive radiation produced the flocks is
therefore truly amazing, especially in Lake Victoria.
At the same time, the diversity of forms constituting
the flocks is astounding. In each lake, the fish fall
into several trophic groups specialized for very
different food resources (Fryer & Iles, 1972), and
within each group the species differ in body size,
body shape, the morphology of their body parts (in
particular the jaw apparatus), colouration, and
behaviour (Poll, 1986; Greenwood, 1991; Ribbink,
1991; Sturmbauer & Meyer, 1992).
Although the East African cichlids have received
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gists, several questions regarding their evolution
remain unanswered. Prime among these are still the
questions of the monophyly of the species flocks in
the great lakes and the origins of the ancestral
species that founded them. Lake Tanganyika is the
oldest of the three lakes (Cohen et al., 1993) and its
cichlids are classified into 12 tribes (Poll, 1986;
Nishida, 1991; Sturmbauer & Meyer, 1992). The
ancestors of the species flocks of the younger Lakes
Malawi and Victoria are believed to have reached
the lakes through the riverine drainage systems. But
which species were the founder species and are the
species flocks really monophyletic? The present
study has been aimed at providing an answer to this
question using cichlid samples available to us.

Materials and methods

Fish

Cichlid fish were collected in East Africa during
expeditions in October/November 1993 and in
October 1995. Additional samples were purchased
from dealers (Aquaristik Pelz, Bondorf, Germany,
and Kölle Zoo, Stuttgart, Germany) or were kindly
provided by Dr Axel Meyer (Department of Ecology
and Evolution, State University of New York, Stony
Brook, USA) and Dr Lothar Seegers (Dinslaken,
Germany). The species and their origins are listed in
Table 1.

Preparation of genomic DNA

Total genomic DNA was isolated from hepatopan-
creases fixed in 70% ethanol after excision from
freshly caught fish. The isolation was carried out
using the QIAamp tissue Kit (QIAGEN, Hilden,
Germany). Contaminating RNA was removed by
digestion with RNase A (30 min at 37°C), followed
by phenol/chloroform extraction. The concentration
of the DNA was adjusted to 100 mg mLµ1.

Oligonucleotides

The oligonucleotide primers for DXTU1 (R3:
5p-ACGGTGTGCGTCTCTATATCTGGTG-3p and
R4: 5p-GCCATTTCGAGCAAGGTTAATG-3p), for
the mitochondrial (mt) DNA control region
(L15926: 5p-TCAAAGCTTACACCAGTCTTGTA-
AACC-3p and H16498: 5p-CCTGAAGTAGGAAC-
CAGATG-3p), and for the mtDNA cytochrome b
gene (L14724: 5p-CGAAGCTTGATATGAAAAAC-
CATCGTTG-3p and H15149: 5p-AAACTGCAG-
CCCCTCAGAATGATATTTGTCCTCA-3p, Kocher

et al., 1989; Meyer et al., 1990) were synthesized by
Pharmacia (Freiburg, Germany).

Polymerase chain reaction (PCR)

The reaction (Saiki et al., 1985, 1988) was carried
out in the PTC-100 Programmmable Thermal
Controller (MJ Research, Watertown, MA, USA,
and Biozym, Hess. Oldendorf, Germany) in a
volume of 25 mL containing 1Åreaction buffer
(Pharmacia, Freiburg, Germany), 100 mM each of
dATP, dCTP, dGTP and dTTP, 1 mM of each of the
appropriate primers, 1.25 U of Taq polymerase
(Pharmacia) and 50 ng of total genomic DNA. The
programme consisted of 3 min initial denaturation at
94°C, followed by 35 cycles with 15–30 s denatura-
tion at 94°C, 15–30 s primer annealing at
52°C–55°C, and 1–2 min primer extension at 72°C.
The reaction was completed by a primer extension
step for 5 min at 72°C. For DNA that did not
amplify under these conditions, reaction parameters
were optimized using the HotWax OptiStart Kit
(Invitrogen, Leek, The Netherlands). Subsequent
reactions were performed in 1ÅPCR buffer, pH 9.0
(primers R3 and R4) or pH 8.5 (primer pairs
L14724/H15149 and L15926/H16498), 2.5 mM

HotWax Mg2+ Beads (Invitrogen), 500 mM each of
dATP, dCTP, dGTP, and dTTP, 1 mM of each of the
primers, 2.5 U of Taq polymerase (Pharmacia), and
50 ng of total genomic DNA.

Subcloning of PCR products

The PCR products were separated by electro-
phoresis in 1% low melting point agarose (Gibco
BRL, Gaithersburg, MD, USA). Gel slices contain-
ing the expected fragments were excised, the DNA
was eluted by centrifugation in a microfuge, and
ligated into the SmaI site of the vector pUC18 using
the SureClone ligation kit (Pharmacia). Competent
E. coli XL1-Blue (Stratagene) were used for trans-
fection. Alternatively, the PCR products were
extracted from gel slices with the QIAquick Gel
Extraction Kit (QIAGEN) and cloned using the
pT7Blue T-Vector Kit (Novagen and AGS, Heidel-
berg, Germany).

Sequencing of PCR products

The DNA was sequenced by the dideoxy chain-
termination method (Sanger et al., 1977) using the
AutoRead sequencing kit (Pharmacia) with vector-
derived fluorescent primers and the A.L.F. DNA
Sequencer (Pharmacia).
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Table 1 Abbreviations and origins of cichlid species used in this study

Genus and species Abbreviation Lab. no. Origin

Amphilophus (Cichlasoma) citrinellum Amci 140 Central America
Astatoreochromis alluaudi Asal 771 Lake Victoria
Astatoreochromis alluaudi Asal 271 Lake Victoria
Astatoreochromis straeleni Asst 1602 East Africa
Cichla spp. 15 South America
Ctenochromis pectoralis Ctpe 1512 East Africa
Ctenochromis pectoralis Ctpe 1539 East Africa
Cyphotilapia frontosa Cyfr 143 Lake Tanganyika
Cyphotilapia frontosa Cyfr 145 Lake Tanganyika
Cyprichromis ‘mpulungu’ Cymp 1020 Southern Lake Tanganyika
Cyprichromis ‘mpulungu’ Cymp 1023 Southern Lake Tanganyika
Cyrtocara moorii Cymo ZR216 Lake Malawi
Haplochromis bloyeti Habl 1074 East Africa, Wami River
Haplochromis bloyeti Habl 1524 East Africa, Wami River
Haplochromis bloyeti Habl 1530 East Africa, Wami River
Haplochromis bloyeti Habl 1584 East Africa, Wami River
Haplochromis bloyeti Habl 1587 East Africa, Wami River
Haplochromis bloyeti Habl 1595 East Africa, Wami River
Haplochromis bloyeti Habl 1747 East Africa, Wami River
Haplochromis brownae Habr 1600 Lake Victoria
Haplochromis burtoni Habu 1002 East Africa, Malagarasi River
Haplochromis burtoni Habu 1503 East Africa, Malagarasi River
Haplochromis burtoni Habu 1573 East Africa, Malagarasi River
Haplochromis burtoni Habu 1590 East Africa, Malagarasi River
Haplochromis burtoni Habu 1591 East Africa, Malagarasi River
Haplochromis ‘chala’ Hach 1599 East Africa, Lake Chala
Haplochromis ‘chala’ Hach 1738 East Africa, Lake Chala
Haplochromis ‘chala’ Hach 1740 East Africa, Lake Chala
Haplochromis nigricans Hani 268 Lake Victoria
Haplochromis plagiodon Hapl 160 Lake Victoria
Haplochromis pyrrhocephalus Hapy 152 Lake Victoria
Haplochromis sauvagei Hasa 131 Lake Victoria
Haplochromis sparsidens Hasp 1537 East Africa, L. Manyara
Haplochromis sparsidens Hasp 1739 East Africa, L. Manyara
Haplochromis sparsidens Hasp 1741 East Africa, L. Manyara
Haplochromis velifer Havl FF268 Lake Nabugabo
Haplochromis velifer Havl 597 Lake Nabugabo
Haplochromis velifer Havl 602 Lake Nabugabo
Haplochromis venator Havn 685 Lake Kayugi
Haplochromis xenognathus Haxe 114 Lake Victoria
Hemichromis bimaculatus Hebi AM West Africa
Hemichromis fasciatus Hefa 1500 West Africa
Hemichromis lifalili Heli 1068 West Africa
Hemichromis lifalili Heli 1361 West Africa
Hemichromis lifalili Heli 1363 West Africa
Melanochromis auratus Mlau 1 Lake Malawi
Neolamprologus brevis Nebr 63 Lake Tanganyika
Neolamprologus brevis Nebr 137 Lake Tanganyika
Neolamprologus leleupi Nele 136 Lake Tanganyika
Neolamprologus tretocephalus Netr 140 Lake Tanganyika
Oreochromis alcalicus Oral 462 Lake Natron
Oreochromis malagarasi Orma 1653 East Africa
Oreochromis niloticus Orni 1294 East Africa
Oreochromis spilurus Orsp 1004 East Africa
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Sequence analysis

The sequences were analysed using the SEQSPEAK 1.0
DNA Sequence Editor for Macintosh (written by
Keith Conover, Dalhousie University, Halifax,
Canada 1991) and aligned using the SEQPUP 0.6e
program (written by Don G. Gilbert, Indiana
University, Bloomington, IN, USA 1996).

Construction of dendrograms

Genetic distances were calculated by Kimura’s
two-parameter method (Kimura, 1980), and phylo-
genetic reconstruction using the neighbor-joining
method (Saitou & Nei, 1987) was performed by the
MEGA software, Version 1.0 (Kumar et al., 1993)
with the pairwise deletion option for gaps. The relia-
bility of the tree topology was assessed by 500 boot-
strap replications (Felsenstein, 1985).

Results

Variability at the DXTU1 locus

DXTU1 is an anonymous nuclear DNA marker
originally identified by the random amplification of
polymorphic DNA (RAPD) technique (Welsh &
McClelland, 1990; Williams et al., 1990) and shown
to vary among the East African cichlid species (Sült-
mann et al., 1995). Variant-specific PCR experiments

indicated the presence of only a single locus (Sült-
mann et al., 1995). To PCR amplify the most vari-
able part of the DXTU1 locus, we used the primer
pair R3/R4 and genomic DNAs of East, Central,
and West African, as well as South American cichlid
species as templates. The 280 bp-long amplified frag-
ments were then cloned and sequenced. To mini-
mize sequencing errors, at least three independent
clones of each amplified fragment were sequenced.
Altogether, we sequenced DXTU1 fragments from
46 fishes representing 25 species. The alignment of
44 sequences, together with selected sequences from
Sültmann et al. (1995), is shown in Fig. 1.
The sequences were evaluated by two methods.

First, the sequence alignment was used to construct
a phylogenetic tree by the neighbor-joining method
(Saitou & Nei, 1987) using the pairwise deletion
option for insertions/deletions (indels) to obtain the
genetic distances; and secondly, the indels were used
as cladistic markers and added onto the tree
obtained by the first method (Fig. 2). Viewed
without the indel markers, the phylogenetic tree is
not very robust. Although some branches are clearly
differentiated by high bootstrap values, others are
differentiated poorly by low bootstrap values. The
addition of the indel markers onto the tree,
however, considerably enhances its robustness and
by delineating certain groups, increases the
confidence in the overall topology of the tree.

Table 1 Continued

Genus and species Abbreviation Lab. no. Origin

Oreochromis ‘tarangire’ Orta 1656 East Africa
Oreochromis urolepis Orur LS10 East Africa
Oreochromis jipe Orji 1541 East Africa
Pelvicachromis humilis Pehu 9 West Africa
Pelvicachromis pulcher Pepu 2208 West Africa
Pelvicachromis pulcher Pepu 2209 West Africa
Pseudotropheus zebra Psze 1 Lake Malawi
Schwetzochromis malagaraziensis Schma 1505 East Africa
Steatocranus casuarius Stca 20 West Africa
Thorichthys meeki Thme 55 Central America
Tilapia discolour Tidi 1626 West Africa
Tilapia discolour Tidi 1630 West Africa
Tilapia guinensis Tigu 1617 West Africa
Tilapia rendalli Tire 1632 East Africa
Tilapia rendalli Tire 1654 East Africa
Tilapia ruweti Tiru 1615 East Africa
Tilapia sparrmanni Tisp 1774 East Africa
Tylochromis leonensis Tyle PR2 West Africa
Tyrannochromis macrostoma Tyma 1 Lake Malawi
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Fig. 1 Alignment of representative DXTU1 nucleotide sequences. The sequences obtained in this study with the primer
pair R3 and R4 are shown together with sequences described previously by Sültmann et al. (1995; indicated by a ‘d’
symbol). Dashes indicate identity with the consensus sequence, asterisks indicate deletions, and dots missing sequence
information. Designations are explained in Table 1. The positions of informative indels (ID) and substitutions (SB) are
indicated by arrows. The nucleotide sequences reported in this paper have been submitted to the GenBank database and
have been assigned the accession numbers AF014961-AF015004.
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Fig. 1 Continued
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Fig. 1 Continued
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Fig. 2 Neighbor-joining tree based on the DXTU1 locus sequences. Genetic distances were calculated by Kimura’s
two-parameter method (Kimura, 1980). The numbers at each node represent the percentage recovery of the node in 500
bootstrap replications. The origin of the species and the clades defined by informative indels and substitutions (see text)
are indicated.
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Seven cladistically informative markers were identi-
fied and numbered arbitrarily from 1 to 7. Their
positions and lengths are apparent from Fig. 1. The
sequence alignment also reveals several diagnostic
nucleotide substitutions. These, too, are numbered,
and their distribution is shown in the tree in Fig. 2.
(In contrast to the indels, the diagnostic substitu-
tions were included in the data from which the tree
was constructed.) Together, the indels and the diag-
nostic substitutions form a nested hierarchy which
corresponds well to the geographical distribution of
the various taxa and/or to previous classification of
the cichlid fishes based on other types of data
(Meyer et al., 1990; Stiassny, 1991; Sturmbauer &
Meyer, 1992; Meyer, 1993).
In the tree, the Lake Victoria and satellite lake

haplochromines are divided into two clusters, one
encompassing the species Haplochromis pyrrhocepha-
lus, H. plagiodon, H. sauvagei, H. venator and H.
velifer, and the other the species H. nigricans, H.
sauvagei and H. brownae. The latter cluster also
includes two riverine species, H. sparsidens and H.
‘chala’. However, the two clusters are differentiated
by single nucleotide substitutions only and hence
supported by low bootstrap values. The riverine
species H. bloyeti and Schwetzochromis malagarazien-
sis form an outgroup to the entire Lake Victoria
flock plus H. sparsidens. This clade 1 is supported by
the diagnostic substitution SB5 (Fig. 2). The Lake
Malawi species, together with two riverine species
(Ctenochromis pectoralis, H. burtoni) and one Lake
Tanganyika species (Cyprichromis ‘mpulungu’), are
united with clade 1 into clade 2 by indel ID1. All H.
burtoni individuals share the diagnostic substitution
SB6. The remaining Lake Tanganyika species are
united with clade 2 into clade 3 by indel ID2 and the
diagnostic substitution SB1. Lake Tanganyika
species (with the exception of C. ‘mpulungu’), the
West African riverine species Steatocranus casuarius,
as well as the species of the genera Tilapia and
Oreochromis, are united in group 4 by the diagnostic
substitution SB4. The tilapiines (with the exception
of T. sparrmanni), oreochromines, Central and South
American species, and the West African species
Pelvicachromis humilis, P. pulcher, Tylochromis
leonensis, Hemichromis fasciatus, H. bimaculatus and
H. lifalili are united by the diagnostic substitution
SB3. The same group, with the exclusion of the tila-
pias, is also characterized by the diagnostic substitu-
tion SB2. The Pelvicachromis species share indels
ID6 and ID7; the Hemichromis species share indels
ID4 and ID5; and Hemichromis lifalili and H. bima-
culatus share indel ID3.

Variability of mtDNA

Additional support for the relationships among the
cichlid taxa as seen from the DXTU1 data, was
sought in mtDNA sequences. MtDNA has been
used by other investigators (Meyer et al., 1990;
Sturmbauer & Meyer, 1992, 1993) to determine
phylogenetic relationships among the cichlid species
of the East African great lakes; the river species and
the species from the smaller lakes have been studied
much less extensively. We amplified the mtDNA
cytochrome b and a control region segment by using
the primer pairs L14724 — H15149 and L15926 —
H16498, respectively. The PCR with the former pair
yielded a 420 bp fragment which encompassed most
of the cytochrome b gene; using the latter pair, a
490 bp fragment was obtained which encompassed
part of the tRNA-Thr gene, the tRNA-Pro gene and
the first hypervariable segment of the control region.
The fragments were cloned and sequenced and the
sequences were used to produce phylogenetic trees
(Figs 3 and 4).
The overall topologies of the two mtDNA trees

are concordant with each other and with the tree
based on the DXTU1 data (Fig. 2). The mtDNA-
based trees, like the DXTU1-based tree, show a
series of nested relationships corresponding to the
geographical distribution of the tested species. For
an easier comprehension, the geographical areas
occupied by the ‘nests’ or groups (Figs 3 and 4) have
been indicated (see also Fig. 5 for a map of East
Africa). Thus, group 1 encompasses haplochromines
from Lake Victoria and its satellites (e.g. Lake
Nabugabo). Group 2 includes group 1 and H.
burtoni from the Malagarasi river system, as well as
H. sparsidens, H bloyeti and H. ‘chala’ from Lake
Manyara, the Wami River system and Lake Chala.
Group 3 includes group 2 and Lake Malawi species.
Group 4 includes group 3, the widely distributed
species Astatoreochromis alluaudi and Ctenochromis
pectoralis from the Pangani River, Schwetzochromis
malagaraziensis from Malagarasi, as well as Lake
Tanganyika species. Group 5 includes group 4, as
well as the Oreochromis species. The West African
riverine species of the genera Hemichromis, Pelvica-
chromis and Tylochromis form a set of outgroups to
group 5. The nodes of the individual clades are
supported by modest-to-high bootstrap values.

Discussion

The combined use of nuclear (DXTU1) and mtDNA
(cytochrome b and control region) markers provides a
general outline for the evolution of the African cichlids.
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The DXTU1 data support the notion that ancestral
Cichlidae lived in West African lakes and rivers
before the separation of the African and South
American (sub)continents some 100 Myr ago
(Stiassny, 1987). Although the phylogenetic tree in
Fig. 2 is unrooted, it seems reasonable to place the
root at its base. This placement is supported by
other molecular (Meyer, 1993; Zardoya et al., 1996)
and morphological (Stiassny, 1991) data, which
provide evidence for an outgroup position of Mada-
gascan and Indian cichlids relative to the African
and Neotropical species. Indeed, the DXTU1-specific
PCR primers, which amplify DNA from African and
some South American species (data not shown), fail
to amplify DNA from Madagascan species, presum-

ably because the sequence of the latter is too diver-
gent from the former.
The DXTU1 data suggest that the group of West

African cichlids, represented by the genera Hemi-
chromis, Pelvicachromis and Tylochromis, diverged
first from the common stock, and was then followed
by the divergence of the Oreochromis and Tilapia-
Steatocranus branches (Fig. 2).
The bootstrap support for the relationships among

the main groups of East African taxa is weak. The
groups are, however, supported by the sharing of
diagnostic indels. Thus, all the tested East African
cichlids share indel 2; East African cichlids with the
exclusion of those in Lake Tanganyika share indel 1;
Lake Victoria and some riverine haplochromines

Fig. 3 Neighbor-joining tree based on
representative mitochondrial DNA cyto-
chrome b gene sequences. The sequences
obtained in this study were from H.
bloyeti, H. ‘chala’, H. sparsidens, H.
burtoni, H. velifer, H. brownae, C. pector-
alis, S. malagaraziensis, T. rendalli, S.
casuarius, O. malagarasi, H. bimaculatus,
P. humilis, P. pulcher and T. leonensis.
Other sequences were taken from Meyer
et al., 1990 or Sturmbauer & Meyer, 1993,
or were retrieved from the GenBank
database (indicated by locus name); they
are as follows: Bathybates ferox (Bathiba-
tini), MIBFCYTBA; Grammatotria lemarii
(Ectodini), MIGLCYTBA; Limnochromis
auritus (Limnochromini), MILACYTBA;
Oreochromis tanganicae (Tilapiini),
MIOCYTB; Paracyprichromis brieni
(Cyprichromini), MIPBCYTB; Perissodus
straeleni (Perissodini), MIPSCYTB;
Tanganicodus irsacae (Eretmodini), MITI-
CYTBB; Tropheus duboisi, (Tropheini),
MITDCYTBJ; Tropheus moorii
(Tropheini), MITMCYTBB. ‘Haplochro-
mine A’ and ‘Haplochromine B’ are cyto-
chrome b sequences from Lake Malawi
sand dweller and rock dweller cichlids,
respectively; ‘Haplochromine C’ is from
Lake Victoria (Meyer et al., 1990). The
species abbreviations are explained in
Table 1. The numbers at each node repre-
sent the percentage recovery of the node
in 500 bootstrap replications. The nucleo-
tide sequences reported in this paper have
been submitted to the GenBank database
and have been assigned the accession
numbers AF015017-AF015036.
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share substitution 5. These markers suggest a single
ancestor for the East African cichlids to the exclu-
sion of Lake Tanganyika species and a monophyletic
origin of the Lake Victoria superflock (Meyer, 1993)
including Haplochromis species from Lake Victoria
and its satellite lakes as well as riverine haplo-
chromines.
The mtDNA-based trees identify a group of East

African riverine species that are closely related to
both the Lake Victoria and Lake Malawi species
flocks and are more distantly related to the Lake
Tanganyika species (Figs 3 and 4). The group
includes H. sparsidens, H. ‘chala’, H. bloyeti and H.
burtoni. The trees do not identify clearly any one of
these species as being most closely related to the
Lake Victoria or the Lake Malawi species and hence
as being closest to the putative ancestor that

founded the two species flocks. Thus, the cyto-
chrome b-based tree favours H. burtoni as a closest
relative of the Lake Victoria species and any of the
riverine species as a closest relative of the Lake
Malawi species, but the control region-based tree
suggests a sister-group relationship of the Lake
Malawi species to the riverine and Lake Victoria
species (Figs 3 and 4). In the latter instance, the
sister-group relationship is supported moderately
well by bootstrapping, but in the former instance the
bootstrap values of the relevant nodes are low.
Moreover, the trees reveal unnatural groupings
among the riverine species in which some individuals
identified on morphological grounds and by their
distribution as H. bloyeti, cluster with H. sparsidens
and H. ‘chala’, whereas other individuals, presum-
ably of the same species, form a separate cluster.

Fig. 4 Neighbor-joining tree based on
representative mitochondrial DNA
control region sequences. The sequences
obtained in this study were from H.
bloyeti, H. ‘chala’, H. sparsidens, H.
burtoni, H. velifer, O. malagarasi and P.
humilis. Published sequences (Meyer et
al., 1990; Sturmbauer & Meyer, 1993)
were retrieved from the GenBank data-
base (indicated by locus name); they are
as follows: Bathybates ferox (Bathibatini),
MIBFTRNGX; Grammatotria lemarii
(Ectodini), MIGLTRNGX; Limnochromis
auritus (Limnochromini), MILATRNGX;
Oreochromis tanganiae (Tilapiini),
MIOTTRNGX; Paracyprichromis brieni
(Cyprichromini), MIPBTRNGX; Perisso-
dus straeleni (Perissodini), MIPSTRNGX;
Tanganicodus irsacae (Eretmodini),
MITITRNGX; Tropheus moorii
(Tropheini), MITMTTPAA; Astatotilapia
calliptera, MIHCTRN; Haplochromis
burtoni, MIABTRNGX. ‘Haplochromine
A’ and ‘Haplochromine B’ are control
region sequences from Lake Malawi sand
dweller and rock dweller cichlids, respec-
tively; ‘Haplochromine C’ is from Lake
Victoria (Meyer et al., 1990). The species
abbreviations are explained in Table 1.
The numbers at each node represent the
percentage recovery of the node in 500
bootstrap replications. The nucleotide
sequences reported in this paper have
been submitted to the GenBank database
and have been assigned the accession
numbers AF015005-AF015016.
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Both clusters are supported by very high bootstrap
values. This result suggests that the populations of
some of the riverine species may be genetically, if
not morphologically, drifting apart from one
another, and further that it is insufficient to analyse
only a few or a single individual of the young and
rapidly evolving cichlid species. The DXTU1-based
tree clusters — again with low bootstrap values —
the above riverine species with the Lake Victoria
flock, separately from the Lake Malawi flock. The
main factor responsible for this clustering is the
diagnostic substitution SB5 which is shared by H.
bloyeti, H. sparsidens, H. ‘chala’, Schwetzochromis
and the Lake Victoria species, but is absent in the
Lake Malawi species and in H. burtoni. Additional
support for this clustering is provided by an indel
discovered recently in the 3p untranslated region of
the glucose-phosphatase gene (S. Nagl, W. Mayer,
H. Tichy and J. Klein, in prep.). The indel is
present, as a polymorphism, in some of the riverine
species in the vicinity of Lake Victoria and all Lake
Victoria species thus far tested, but is absent in the
Lake Malawi (and Lake Tanganyika) species. These
data support the notion that the riverine species H.
bloyeti, H. burtoni, H. sparsidens and H. ‘chala’ are
more closely related to the Lake Victoria than to the

Lake Malawi flocks, although the difference in the
degree of relatedness is rather small. The closeness
could signify either that the riverine species
provided an ancestor or ancestors for the Lake
Victoria flock more recently than they did for the
Lake Malawi flock or that genes are being
exchanged between lacustrine and riverine species
(all riverine species tested come from rivers in the
geographical area of Lake Victoria). Be this as it
may, no single, clearly identifiable candidate for the
position of a species ancestral to the Lake Victoria
flock has emerged from this group of riverine
species, but the data strengthen the previous notion
of monophyly of an extended Lake Victoria super-
flock including satellite lakes and East African river-
ine cichlids (Meyer, 1993). The relationship to the
Lake Malawi flock is not unambiguous. The mito-
chondrial control region tree suggests a sister-group
relationship, but the DXTU1 and cytochrome b data
open the possibility that the Lake Malawi flock is
part of the superflock. To overcome the uncertainty
in the crucial phylogenetic position of the riverine
cichlids, clarification by analysing additional markers
and larger samples is necessary.
The two remaining riverine species, Ctenochromis

pectoralis and Astatoreochromis alluaudi, form sepa-
rate lineages that seem to have diverged from an
ancestral stock before the radiation of the Lake
Victoria and Lake Malawi flocks, but after the
divergence of the different Lake Tanganyika line-
ages. Their position in the mtDNA trees is
supported by moderately high bootstrap values.
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SÜLTMANN, H., MAYER, W. E., FIGUEROA, F., TICHY, H. AND

KLEIN, J. 1995. Phylogenetic analysis of cichlid fishes
using nuclear DNA markers. Mol. Biol. Evol., 12,
1033–1047.

WELSH, J. AND McCLELLAND, M. 1990. Fingerprinting
genomes using PCR with arbitrary primers. Nucl. Acids
Res., 18, 7213–7218.

WILLIAMS, J. G. K., KUBELIK, A. R., LIVAK, K. J., RAFALSKI, J.
A. AND TINGEY, S. V. 1990. DNA polymorphisms ampli-
fied by arbitrary primers are useful as genetic markers.
Nucl. Acids Res., 18, 6531–6535.

ZARDOYA, R., VOLLMER, D. M., CRADDOCK, C., STREELMAN,
J. T., KARL, S. AND MEYER, A. 1996. Evolutionary
conservation of microsatellite flanking regions and their
utility in resolving the phylogeny of cichlid fishes
(Pisces: Perciformes). Proc. R. Soc. B, 263, 1589–1598.

714 W. E. MAYER ET AL.

© The Genetical Society of Great Britain, Heredity, 80, 702–714.


	Phylogeny of African cichlid fishes as revealed by molecular markers
	Introduction
	Materials and methods
	Fish
	Preparation of genomic DNA
	Oligonucleotides
	Polymerase chain reaction (PCR)
	Subcloning of PCR products
	Sequencing of PCR products
	Sequence analysis
	Construction of dendrograms

	Results
	Variability at the DXTU1 locus
	Variability of mtDNA

	Discussion
	Acknowledgements
	References


