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We estimated a novel phylogeny of tilapiine cichlid fish (an assemblage endemic to Africa and the Near East)
within the African cichlid fishes on the basis of complete mitochondrial NADH dehydrogenase subunit 2 (ND2)
gene sequences. The ND2 (1,047 bp) gene was sequenced in 39 tilapiine cichlids (38 species and 1 subspecies) and
in an additional 14 nontilapiine cichlid species in order to evaluate the traditional morphologically based hypothesis
of the respective monophyly of the tilapiine and haplochromine cichlid fish assemblages. The analyses included
many additional cichlid lineages, not only the so-called tilapiines, but also lineages from Lake Tanganyika, east
Africa, the Neotropics and an out-group from Madagascar with a wide range of parental care and mating systems.
Our results suggest, in contrast to the historical morphology-based hypotheses from Regan (1920, 1922), Trewavas
(1983), and Stiassny (1991), that the tilapiines do not form a monophyletic group because there is strong evidence
that the genus Tilapia is not monophyletic but divided into at least five distinct groups. In contrast to this finding,
an alozyme analysis of Pouyaud and Agnese (1995), largely based on the same samples as used here, found a
clustering of the Tilapia species into only two groups. This discrepancy is likely caused by the difference in
resolution power of the two marker systems used. Our data suggest that only type species Tilapia sparrmanii Smith
(1840) should retain the genus name Tilapia. One particular group of tilapiines (composed of genera Sarotherodon,
Oreochromis, Iranocichla, and Tristramella) is more closely related to an evolutionarily highly successful lineage,
the haplochromine cichlids that compose the adaptive radiations of cichlid species flocks of east Africa. It appears
that the highly adaptable biology of tilapiines is the ancestral state for all African cichlids and that the more
stenotypic lifestyle of the haplochromine cichlids is derived from this condition. We reconstructed the evolution of
the highly variable parental care systems on the basis of the most inclusive composite phylogeny to date of the
African, Neotropical, and Madagascan cichlids with special emphasis on a group of tilapiines comprising the sub-
strate-spawning genus Tilapia, and the mouthbrooding genera Sarotherodon and Oreochromis. We demonstrate

severa independent origins of derived mouthbrooding behaviors in the family Cichlidae.

Introduction

Cichlid fishes have received wide attention from
evolutionary biologists for more than 100 years because
of their extremely diverse morphology, behavior, and
ecology (e.g., reviews in Fryer and Iles 1972; Liem and
Osse 1975; Greenwood 1978; Trewavas 1983; Oliver
1984; Meyer et a. 1990; Keenleyside 1991; Meyer
1993; Meyer, Montero, and Spreinat 1994; Stiassny and
Meyer 1999). This perciform fish family is one of the
most species-rich families of vertebrates with at least
1,300 and perhaps as many as 1,870 species (Kullander
1998). Members of this family are found chiefly in the
fresh waters of South and Central America, in Africa
(except for desert regions and the extreme south), in
Madagascar, along the south Indian coast and Sri Lanka,
in the Levant and in one northern tributary to the Persian
Gulf (Nelson 1994).

The geographic centers of the astonishing diversity
of cichlid fish are the east African rift lakes (reviewed
in Fryer and lles 1972; Meyer 1993; Stiassny and Meyer
1999). In Lakes Victoria, Malawi, and Tanganyika, the
morphological diversification and speciation of some
cichlid lineages occurred extremely rapidly, and many
new species arose within only a few thousand genera-
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tions, explosively forming adaptive radiations of several
hundred species that are endemic to each of these three
lakes (Sage et al. 1984; Meyer et a. 1990; Owen €t al.
1990; Meyer, Montero, and Spreinat 1994; Johnson et
a. 1996; Meyer, Montero, and Spreinat 1996). Recent
molecular phylogenetic studies have established that
these adaptive radiations are derived from only a single
or a few founder lineages (Meyer et al. 1990; Meyer,
Kocher, and Wilson 1991; Kocher et al. 1993; Meyer
1993; Albertson et al. 1999). Interestingly, the large east
African cichlid species flocks are almost, without ex-
ception, composed of only a subgroup of cichlids, the
haplochromine cichlids, those that belong to the so-
called H-lineage of Nishida (1991). The Tanganyikan
cichlid species flock is the most complex assemblage of
cichlids with respect to morphology, ecology, and be-
havior in the world (e.g., Greenwood 1984; Brichard
1989). The cichlid fauna of Lake Tanganyikais believed
to be of polyphyletic origin, with affinities to other Af-
rican regions (Fryer and lles 1972; Nishida 1991) and
is considered as an evolutionary reservoir of ancient Af-
rican cichlid lineages (Nishida 1991). It comprises about
200 cichlid fish species that are assigned to 12 tribes.
Eight of these tribes, the Bathybatini, Cyprichromini,
Ectodini, Eretmodini, Limnochromini, Perissodini, Tre-
matocarini, and Tropheini, are endemic (Poll 1986;
Nishida 1991; Sturmbauer and Meyer 1993). Some hap-
lochromine cichlids of Lake Tanganyika (Tropheini,
Haplochromini) are the sister group to the species flocks
of Lakes Malawi and Victoria (Meyer et al. 1990; Nish-
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ida 1991; Sturmbauer and Meyer 1993). In contrast to
the species flocks of Lake Malawi and Lake Victoria,
which exclusively consist of mouthbrooding cichlids
(Barlow 1991; Keenleyside 1991), the cichlid fauna of
Lake Tanganyika comprises both mouthbrooding and
substrate-brooding lineages.

The other major group of African cichlids, the ti-
lapiine cichlids, have aso repeatedly formed smaller
species flocks of typically less than 10 species, for ex-
ample, in some crater lakes in Cameroon, but they have
not speciated to any noticeable degree like the cichlids
of their putative sister group, the haplochromine cichlids
(Trevawas 1972, reviewed in Stiassny, Schliewen, and
Dominey 1992; Schliewen, Tautz, and Paabo 1994).

In contrast to the highly specialized species of the
famous haplochromine cichlid species flocks of Lakes
Malawi and Victoria, the tilapiines have a more general
body plan and are often river inhabitants, whereas most
haplochromines live in lakes. Evolutionary biologists
dealing with the relationships of cichlids have often as-
sumed a basal position of the tilapiines within the Af-
rican clade because of their generalized morphology and
ecological diversity (e.g., Stiassny 1991). Because of
this less specialized morphology, tilapiines are highly
adaptable to diverse ecological habitats and are presum-
ably less prone to extinction. This is perhaps one reason
why these presumed generalist species have persisted to
this day, although they are confined to the rivers and
have been largely unable to colonize lakes that are oc-
cupied by the more specialized haplochromine cichlids.

Teleost fish show a wide array of different parental
care behaviors where one or both parents defend and
care for the eggs or the young after hatching. Gittleman
(1981) suggested that in fishes the evolutionary transi-
tions in the sex of the caregiver occurred in discrete
pathways: from no care to male-only, to biparental, to
female-only, to no care. Evolutionary changes requiring
that both sexes change at once (e.g., from no care to
care) are not expected to occur because two adaptive
mutations are not likely to arise simultaneously (Le-
wontin 1974, reviewed in Gittleman 1981). Gittleman's
hypothesis (1981) was supported by a cost-benefit anal-
ysis of Gross and Sargent (1985) of externally fertilizing
fishes. In this study one benefit, the “‘increased survi-
vorship of young,” and three costs, a ‘‘mating cost,” an
““adult survivorship cost,” and a ‘‘future fertility cost,”
were taken into account. Goodwin, Balshine-Earn, and
Reynolds (1998) recently carried out a comparative
method approach of the family Cichlidae. Cichlids offer
a great opportunity for comparative studies of the evo-
lution of behavioral patterns, such as mating systems
and parental care patterns, because in this family there
is more behavioral diversity than in any other family of
fishes (Gross and Sargent 1985), and even closely re-
lated species exhibit a wide range of behavioral strate-
gies (e.g., Brichard 1989).

Previous research on cichlids has included al as-
pects of their biology, including behavior, ecology, and
evolutionary biology (reviews in Keenleyside 1991).
The recently increased knowledge of their phylogenetic
relationships (e.g., Oliver 1984; Stiassny 1991; Kocher

et al. 1993; Meyer 1993; Zardoya et a. 1996; Kullander
1998; Streelman et al. 1998; Farias et al. 1999) permit-
ted the study of the evolution of their diverse ecology
and varied mating and parental care behaviors (e.g.,
Goodwin, Balshine-Earn, and Reynolds 1998).

Until recently, the investigation of phylogenetic re-
lationships among cichlids was restricted to morphol og-
ical characters (Stiassny 1991; Kullander 1998). How-
ever, athough cichlids are a morphologicaly extremely
diverse group, there are only few morphological char-
acters which can be used in a cladistic approach to in-
vestigate the intrafamilial relationships (Stiassny 1991).
One large and evolutionarily important group of cichlids
that has been characterized solely by morphological fea-
tures so far is the tilapiines (Seegers, Sonnenberg, and
Yamamoto 1999). The members of this group are found
throughout Africa, in the eastern Mediterranean region,
in Israel, and in Iran (Trevawas 1983).

The significance of the tilapiines for human reli-
gion and consumption predates their modern scientific
investigation, e.g., Oreochromis niloticus, a geographi-
cally widespread tilapiine cichlid, was aready known to
the early Egyptian cultures and played a significant role
in their lives, as indicated by their frequent occurrence
in ancient Egyptian art (Fryer and lles 1972). The tila-
piine cichlids continue to have great economic impor-
tance because some of them are an important source of
protein in human diets, particularly in Africa, and in-
creasingly, through aguaculture, worldwide (Pullin and
Lowe-McConnell 1982; Trewavas 1982b). Widespread
exploitation and aguaculture of tilapias has lead to their
introduction in all tropical regions around the globe, of-
ten adversely impacting the natural ichthyofauna.

Regan’s (1920) important systematic subdivision of
the family Cichlidae into two main groups—Ilater known
as the tilapiine and the haplochromine cichlids—was
based on morphological differences of the neurocranial
apophysis for articulation of the upper pharyngeal
bones. According to Regan (1920), the Tilapia-type
apophysis consists exclusively of the parasphenoid
bone, and the Haplochromis-type apophysis includes
also a portion of the basioccipital bone. One Neotropical
genus, Cichla, was noted to have a Haplochromis-type
apophysis, whereas the remaining American cichlids
were observed to have a Tilapia-type apophysis (Regan
1920).

The phylogenetic reliability of this morphological
criterion and the resulting subdivision of cichlid fishes
have been repeatedly challenged during the last 80 years
(Regan 1920, 1922; Greenwood 1978; Stiassny 1991,
Kullander 1998) (table 1). Even the African cichlid
monophyly and the Neotropical cichlid monophyly are
guestioned by some modern workers (Stiassny 1991,
Kullander 1998), athough the reciprocal monophyly of
the hundreds of species of the Neotropical and African
cichlids is supported by large-scale molecular phyloge-
netic studies (Zardoya et al. 1996; Streelman et al. 1998;
Farias et a. 1999, 2000, 2001).

Greenwood (1978) analyzed the pharyngea apo-
physeal morphology in greater detail and arrived at a
classification of four types, all of which occur in the



Table 1
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Tilapiine (“Tilapia™) Groups According to the Criteria of Regan (1920, 1922), Trewavas

(1983), and Stiassny (1991)

Regan (1920, 1922) Trewavas (1983) Stiassny (1991)
Asprotilapia. ...........c. i
Boulengerochromis. . ...........ccoovennnnnn.
Chilochromis. ...
Cunningtonia. . . .....ooviiiii
Cyathopharynx ............ ...
Cyphotilapia . ...
Danakilia Danakilia
Gephyrochromis . ...,
Heterochromis (Paratilapia multidens)2. . ..... ..
Iranocichla Iranocichla
Konia Konia
Limnochromis. ...
Limnotilapia ...
Lobochilotes . ...
Myaka Myaka
Neotilapia (Oreochromis tanganicae)® . ......... Oreochromis Oreochromis
Ophthalmotilapia ................. .ot
Parachromis (Tristramellasacra)? ............. Tristramella Tristramella
Pelmatochromis. . ............ .. Pelmatochromis
Perissodus . .. ...
Petrochromis. ......... ... ... i L.
Pungu Pungu
Smochromis . ...
Somatepia Somatepia
Steatocranus
Pterochromis
Tilapia (Coptodon, Heterotilapia,
Tilapia, Sarotherodon)2. . ................... Tilapia Tilapia
Sarotherodon Sarotherodon

Tropheus . ...
Tylochromis (Pelmatochromis jentinki)2. . .......

aThe names of the type species used for classification in this group is shown in parentheses in the cases where the
genus name and the first name of this species are not the same.

African cichlids. The simplest structure is called the Ty-
lochromis type and corresponds to Regan’s description
of the Tilapia type, whereas Greenwood redefined the
Tilapia type to aso include the prootic bones. Green-
wood concluded that different apophysea structures
could occur within a single genus and recommended the
rejection of the character for relationship studies. Most
Neotropical taxa have the Tylochromis type of apoph-
ysis. However, Kullander (1998) found additional mor-
phological types inside the Neotropical assemblage, in-
cluding those that can be classified as Tilapia type and
Haplochromis type, and suggested that the particular
morphology of Cichla is not homologous with the Hap-
lochromis type.

Wickler's (1963) comparison of the behavioral and
secondary sexual characteristics of the African members
of the different African groups also disagreed with Re-
gan’'s original dichotomy. Although it is clear that asim-
ple tilapiine-haplochromine dichotomy of the African
cichlids is no longer acceptable (Stiassny 1991), there
are no aternative morphological characters known to
diagnose the postulated major evolutionary lineages of
the African cichlids. Trewavas (1983) insisted on the
Tilapia-type apophysis as a conclusive criterion, but
Greenwood (1986) questioned the reliability of this par-
ticular character.

Stiassny (1991) diagnosed the tilapiines by two
synapomorphies, namely, two prominent foramina at the
back of the lower pharyngeal jaw and a median ridge
on the dorsal aspect of the keel of the lower pharyngeal
jaw. Stiassny’s (1991) morphological diagnosis resulted
in an elimination of Pelmatochromis, Steatocranus, and
Pterochromis, which were included in the tilapiines by
Trewavas (1983) (table 1). Tilapiines, by Stiassny’s def-
inition, are a more reduced grouping compared with the
taxonomic entity characterized by Tilapia-type apoph-
ysis by Regan (1920) and corresponds well with the
traditional view of the genus Tilapia. Tilapia was split
by Trewavas into several genera, including Tilapia, Or-
eochromis, and Sarotherodon (Trewavas 1983 and ref-
erences therein).

Tilapias exhibit a wide spectrum of ecological ad-
aptations and tolerances (pH, temperature, salinity), but
in spite of their astonishing ecological diversity and
adaptability, which permitted some species of Oreo-
chromis to colonize some highly saline environmentsin
East Africa and even some coral reefs of the Hawaiian
islands, their morphological diversity remained some-
what muted. This morphological relative ‘* sameness,”
compared with the legendary variation in haplochromine
cichlids, complicates the estimation of their phyloge-
netic relationships (McAndrew and Majumdar 1984).
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Tilapia Sarotherodon Oreochromis
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biparental biparental + paternal maternal

substratbrooding mouthbrooding substratbrooding mouthbrooding
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Fic. 1.—Schematic description of the evolution of parental care behavior in tilapiines. The evolution of mouthbrooding behavior according
to (A) the single origin hypothesis of Trewavas (1980) and (B) the multiple speciation hypothesis of Peters and Berns (1978a, 1982). The
shadings black, light, and dark gray symbolize biparental substrate-brooding, biparental or paternal mouthbrooding, and maternal mouthbrooding,

respectively. The striped region is equivocal.

Tilapias are of special interest for ethologists and evo-
lutionary biologists because they show a great diversity
of parental care behavior. Some species are substrate-
brooders, i.e., they take care of eggs and larvae in a
crevice or nest, whereas others are mouthbrooders and
incubate their eggs in their buccal cavities and call their
young back into their mouths for protection. All mouth-
brooding Tilapias are ovophile mouthbrooders, i.e., they
take up their young into their buccal cavity already be-
fore hatching, except the **New Cross cichlid”—a here-
tofore undescribed species, which has been observed to
be a larvophile mouthbrooding (J. Freyhof, personal
communication).

In addition to the diversity of the form of parental
care, the sex of the caregiver also varies in this group,
which includes all possible modes of parental care that
are found in the entire family Cichlidae: uniparental ma-
ternal—, uniparental paternal—, and biparental-brooding
species. Among mouthbrooding cichlids, uniparental fe-
male care is most common (Fryer and Iles 1972). Sub-
strate spawning by both parents is widely considered to
be the ancestral state in cichlids (Lowe-McConnell
1959), and it is thought that mouthbrooding evolved
several times independently in the family (Goodwin,
Balshine-Earn, and Reynolds 1998).

Two models have been proposed for the evolution
of mouthbrooding in Tilapias. Trewavas (1980) origi-
nally proposed that mouthbrooding in Tilapias evolved
only once from a single substrate-brooding Tilapia-like
ancestor. The mouthbrooding branch itself subsequently
divided into two: a branch of maternal mouthbrooders
and another of biparental and paternal mouthbrooders
(fig. 1A). Later, Trewavas (1983) revised her hypothesis
to suggest that there could have been an independent
evolution of biparental and paternal mouthbrooding on

the one hand and maternal mouthbrooding on the other
hand from close relatives. On the basis of parental care
behavior and also morphologic, meristic, and biogeo-
graphic traits, Trewavas (1980, 1982a, 1982b, 1983)
subdivided the Tilapias into three different genera or
subgenera, respectively. She suggested that the sub-
strate-spawning Tilapias should retain the name Tilapia,
the biparental and paternal mouthbrooders should be
grouped as Sarotherodon, and the maternal mouthbrood-
ers as Oreochromis. Although Sarotherodon caudomar-
ginatus is a maternal mouthbrooder (Stiassny 1996), this
fact was unknown to Trewavas (1983), who classified
this species into the genus Sarotherodon on the basis of
its biogeographic distribution.

In contrast, according to the hypotheses of Peters
and Berns (1978a, 1982), the evolution of mouthbrood-
ing in Tilapias is not the result of a single or two events
but rather the evolution of mouthbrooding behavior took
place repeatedly (fig. 1B). They proposed that the phy-
logenetically older mouthbrooding species were mater-
nal mouthbrooders and that the younger mouthbrooding
species were biparental and paternal mouthbrooders
(1982). The egg attachment system and larval head-
glands, which are important in substrate-spawning spe-
cies, became superfluous after the evolution of mouth-
brooding and were lost secondarily. The variable stages
of regression of the egg attachment system and the lar-
val headglands in various mouthbrooders were taken as
evidence by Peters and Berns (1978a, 1978b, 1982) for
their hypothesis. A subdivision of the species into dif-
ferent generais, therefore, according to Peters and Berns
(1982), not acceptable—all species should retain the ge-
nus name Tilapia. Previous work (McAndrew and Ma-
jumdar 1984) has failed to reject the hypotheses of Pe-



ters and Berns (1978a, 1982) as well as that of Trewavas
(1980, 1982a, 1982b, 1983).

On the basis of the partia tilapiine phylogenies of
Sodsuk (1993) and Schliewen, Tautz, and Paabo (1994),
a family wide reconstruction of the transitions in paren-
tal care behavior (Goodwin, Bashine-Earn, and Rey-
nolds 1998) suggested that mouthbrooding evolved in
this group only once, supporting Trewavas hypothesis,
but was then lost at least twice. Alternatively, it evolved
within the tilapiine and Tanganyikan cichlid fishes at
least three times independently.

We determined the DNA sequences of the mito-
chondrial NADH dehydrogenase subunit 2 (ND2) genes
from a representative collection of all African cichlids
to further examine behaviora (i.e., parental care) and
morphological (apophysis and lower pharyngeal jaw)
hypotheses concerning the evolution of the tilapiine
cichlids. This gene was previously analyzed by Kocher
et al. (1995) in an effort to elucidate taxonomic rela-
tionships among the east African cichlids of Lakes Ma-
lawi and Tanganyika. For reconstructing the history of
parental care evolution in cichlids, we assembled the
most complete composite phylogeny of any molecular
and morphological studies.

Materials and Methods

We determined the complete DNA sequence of the
ND2 gene in 39 presumed tilapiine cichlids (38 species
and 1 subspecies) from nine genera (Boulengerochromis
[1], Iranocichla [1], Oreochromis [13], Pelvicachromis
[1], Sarotherodon [4], Steatocranus [2], Slomatepia [1],
Tilapia [14], Tristramella [1]), in an additional 14 spe-
cies of cichlids from Africa (representatives of al major
lineages of the Lake Tanganyika cichlid species flock
[11] and representatives of the main west African line-
ages [5]), and in one species from Madagascar. Addi-
tionally, we included previously published ND2 se-
guences of three Tanganyikan and one Neotropical cich-
lids in our anaysis (Kocher et a. 1995) (table 2). The
Madagascan genus Oxylapia was used as an out-group
in the phylogenetic analysis because the position of
Madagascan and Indian cichlids as an out-group for the
African cichlids is firmly established (Zardoya et al.
1996; Farias et al. 1999, 2001). The genus Amphilophus
was included as a representative of the monophyletic
Neotropic cichlid clade (Farias, Orti, and Meyer 2000).

DNA was extracted from the muscle, liver, or fin
clip tissue using standard protocols. The entire ND2
gene was PCR amplified using published primers in the
flanking methionine (**“ND2Met” 5'-CATACCCCAA-
ACATGTTGGT-3', internal primer number 2, Kocher
et al. 1995) and tryptophan (‘*ND2Trp”’ 5'-GTSGSTTT-
TCACTCCCGCTTA-3', internal primer number 7, Ko-
cher et al. 1995) tRNA genes. In some cases, the gene
was amplified in two steps, using ND2Met and the in-
ternal primer ND2B (5'-TGGTTTAATCCGCCTCA-3,
internal primer number 10’, Kocher et al. 1995) and a
newly designed internal primer ND2.2A (5'-CTGACA-
AAAACTTGCCCCCTT-3') and ND2Trp.
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Amplifications were carried out in 25-pl reaction
volumes in a Perkin-Elmer GeneAmp® PCR System
9700 (PE Applied Biosystems) using Taq DNA poly-
merase (0.125 pl = 25 U/ml, Pharmacia). The PCR pro-
tocol was 92°C for 1 min, 47 to 55°C for 1 min, and
72°C for 2 min, for 35 cycles. The amplification product
was purified with the QIAquick PCR Purification Kit
(QIAGEN) and resuspended in 30 pl ddH,O. One to
seven microliters (30-90 ng) was used as a template in
a BigDye Terminator Ready Reaction Mix (Perkin-El-
mer) and 1 wl of primer (10 wM) in 10-pl reactions
with the PCR protocol: 96°C for 10 s, 50°C for 5 s, and
60°C for 4 min, for 25 to 30 cycles. The cycle sequenc-
ing product was purified with an ethanol-ammonium ac-
etate precipitation (3 M NaOAc, pH 4.6), the samples
were dried and resuspended in 4 to 6 wl of a5:1 deion-
ized formamide:blue dextran/EDTA (pH 8.0) solution,
denatured at 90°C for 2 min, and loaded into 4% acryl-
amide gels. Gels were run on an ABI PRISM™377HT
DNA Sequencer (PE Applied Biosystems).

Analyses of the ND2 Gene

To assess the degree of saturation of the transition
and transversion mutations in each codon position, the
number of substitutions (Y-axis) was plotted against Ki-
mura-2-parameter distances (X-axis) of 1,680 pairwise
comparisons of ND2 (fig. 2).

Phylogenetic Analyses

Maximum parsimony (MP), maximum likelihood
(ML), and neighbor-joining (NJ) analyses were con-
ducted using PAUP* 4.0b6 (Swofford 2001). Phyloge-
netic hypotheses with MP were reconstructed using the
heuristic search option with simple stepwise addition of
taxaand TBR branch swapping. Because of some degree
of saturation (fig. 2), transitions at the third positions of
fourfold degenerate amino acids were excluded from the
MP analyses. Additionally, synonymous transitions of
the first positions of the leucine codons were also ex-
cluded. Bootstrapping (Felsenstein 1985) was employed
with 500 iterations. ML topologies were obtained by
25,000 puzzling steps, using the substitution model of
Hasegawa, Kishino, and Yano (1985) with an empiri-
cally determined transition-transversion ratio (3.0), an
estimated value for the gamma shape parameter (0.29),
and a proportion of invariable sites (0.33) and with the
empirical base frequencies determined by the program
PUZZLE (Strimmer and Haeseler 1997). Topologies
were generated from matrices of corrected genetic dis-
tances using the NJ algorithm (Saitou and Nei 1987).
Genetic distances were corrected for multiple substitu-
tions using Kimura's two-parameter method (1980) and
the gamma parameter of 0.29.

Reconstruction of Parental Care Behavior in the
Family Cichlidae

In order to elucidate the evolution of parental care
behavior in the family Cichlidae, we assembled a com-
posite phylogenetic tree based on diverse molecular and
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Table 2

List of Species Examined in the ND2 Analysis with Information About the Source, Original Lab or Collection Number

Individual, L ocality, and GenBank Accession Number

Source/Collector/ Accession
Species Original Number Locality Number

Amphilophus citrinellus. ............ Kocher et al. 1995 Nicaragua U07246
Astatotilapia burtoni . .............. Meyer Lake Tanganyika AF317266
Bathybatessp. .................... Kocher et al. 1995 Lake Tanganyika u07239
Benthochromis tricoti .............. Meyer Lake Tanganyika AF317264
Boulengerochromis microlepis. ... ... Meyer Lake Tanganyika AF317229
Chromidotilapia guentheri .......... Meyer — AF317270
Ctenochromis oligacanthus. . ........ Meyer Lake Tanganyika AF416779
Cyclopharynx fwae ................ Sturmbauer Congo AF317277
Ectodus descampsii ................ Meyer Lake Tanganyika AFR317273
Heterochromis multidens. . .......... Meyer Congo AF317269
Iranocichla hormuzensis............ Papenfuss Iran AF317278
Lamprologus congoensis. . .......... Meyer Lake Tanganyika AF317272
New crosscichlid. ................. Schliewen/Stiassny Congo River basin, Republic of Congo AF416780
Oreochromis amphimelas . .......... Seeger — AF317230
Oreochromis andersonii ............ Kullander/12761 Kafue River at Chanyanya AF317231
Oreochromis esculentus. . ........... Balirwa/OE-L40 Lake Victoria basin AF317232
Oreochromis leucostictus . .......... Seehausen Lab breed AF317233
Oreochromis macrochir. ............ Kullander/13358 Zaire drainage: Chambeshi River AF317235
Oreochromis mossambicus . ......... Spieler Lab breed AF317234
Oreochromis mweruensis . .......... Kullander/13357 Zaire drainage: Lake Mweru-Wantipa AF317236
Oreochromis niloticus. ............. Balirwa/ON-V.I Lake Victoria basin AF317237
Oreochromis niloticus vulcani ... . ... Spieler Lab breed AF317242
Oreochromis schwebischi ........... Pouyaud/12 Congo River AF317238
Oreochromis tanganicae. ........... Kullander/12815 Zaire drainage: Lake Tanganyika AF317240
Oreochromis urolepsis. ............. Seeger — AF317239
Oreochromis variabilis............. Seehausen Lake Victoria AF317241
Oxylapiapolli..................... Reinthal/Stiassny M adagascar AF317275
Pelvicachromispulcher............. Meyer — AF317271
Perissodus polylepis ............... Meyer Lake Tanganyika AF317265
Sarotherodon caudomarginatus . . . . .. Stiassny Sierra Leone AF317243
Sarotherodon galilaeus............. Spiefler Lab breed AFR317244
Sarotherodon melanotheron ......... Pouyaud/39 Kouilou Lagune Congo AF317245
Sarotherodon occidentalis. . ......... Pouyaud/958 Guinea AF317246
Spathodus erythrodon .............. Meyer Lake Tanganyika AF317267
Steatocranus casuarius . ............ Sturmbauer Lab breed AFR317247
Seatocranus tinanti................ Seehausen Lab breed AF317248
Somatepia mariae................. Sturmbauer — AF317279
Telmatochromis temporalis. ......... Kocher et a. 1995 Lake Tanganyika U07266
Thysochromis ansorgii. . ............ Seehausen Benin AF317263
Tilapia brevimanus . ............... Pouyaud/921 Kogon River, Guinea AF317249
Tilapia buettikoferi ................ Pouyaud/927 Freetown, Sierra Leone AF317251
Tilapia busumana ................. Pouyaud/925 Bia River, Ivory Coast AF317250
Tilapiacabrae.................... Pouyaud/20 Kouilou River, Congo AF317252
Tilapiacessiana................... Pouyaud/934 Cavally River, lvory Coast AF317253
Tilapiacoffea..................... Pouyaud/1028 St. Paul River, Ghana AF317254
Tilapia discolor ................... Pouyaud/153 Pra River, Ghana AF317255
Tilapia guineensis . . ............... Pouyaud/23 Kouilou River, Congo AF317256
Tilapialouka ..................... Pouyaud/942 Bourouma River, Guinea AF317257
Tilapiamariae.................... Spiefler Lab breed AF317258
Tilapiarendalli ................... Kullander/12805 Zambezi drainage: Kafue River AF317259
Tilapia sparrmanii................. Kullander/12807 Zambezi drainage: Kafue River AF317260
Tilapiawalteri .................... Pouyaud/949 Cess River, Liberia AF317261
Tilapia zllii ...................... Pouyaud/83 Lake Manzalla, Nile, Egypt AF317262
Trematocara unimaculatum . ........ Meyer Lake Tanganyika AF317268
Tristramellasimonis . .............. Balshine-Earn |srael AF317276
Tropheus moorii................... Kocher et a. 1995 Lake Tanganyika uo7267
Tylochromis leonensis. ............. Meyer Lake Tanganyika AF317274

morphological data. According to morphological
(Stiassny 1991) and molecular (Zardoya et al. 1996; Far-
ias et al. 1999; Farias, Orti, and Meyer 2000) studies,
the Madagascan and Indian cichlids have been posi-
tioned basal to the monophyletic African and Neotrop-
ical cichlids. Phylogenetic relationships among Neotrop-
ical cichlids were recently determined by Farias et al.

(1999) on the basis of the 16S rRNA sequences and in
a morphological study by Kullander (1998).

The west African genera were positioned according
to our own results and studies by Greenwood (1985),
Stiassny (1991), and van der Bank (1994). According to
Meyer et a. (1990) the Tanganyikan cichlids were po-
sitioned in an ancestral position to the monophyletic
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quences for al three codon positions.

species flocks of Lake Victoria and Lake Maawi. Phy-
logenies of the monophyletic tribes Ectodini and Lam-
prologini have been adopted from Sturmbauer and Mey-
er (1993) and Sturmbauer, Verheyen, and Meyer (1994),
respectively.

The tilapiine genera Myaka, Pungu, and Konia
have been inserted at positions suggested by previous
studies of Sodsuk (1993) and Schliewen, Tautz, and Pa&-
bo (1994). Representatives of the genera Iranocichla,
Oreochromis, Tilapia, Sarotherodon (except the crater
lake species of Barombi-Mbo), Stomatepia, and Tristra-
mella were placed according to the results from our MP
analysis.

The evolution of parental care behavior (form of
care and sex of caregiver) in the family Cichlidae was
examined by mapping those states onto this composite
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phylogeny using MacClade Version 3.06 (Maddison and
Maddison 1992).

Reproductive Data

In the reconstruction of parental care behavior we
considered the form of care (substrate-brooding and
mouthbrooding) and the sex of the caregiver (biparental,
female-only, and male-only). Delayed and immediate
mouthbroodings have not been distinguished. As ‘‘bi-
parental,” we defined those species where both the male
and the female perform behavior which is likely to in-
crease the chances of survival of the offspring (see aso
Keenleyside 1991). The assigned reproductive data are
based on the results from Trewavas (1983), Koslowski
(1985), Loiselle (1985), Staeck and Linke (1985), Linke
and Staeck (1987), Richter (1989), Keenleyside (1991),
Stiassny (1996), Kawanabe, Hori, and Nagoshi (1997),
Kuwamura (1997), Stawikowski and Werner (1998), J.
Freyhof (personal communication), and M. Stiassny
(personal communication).

Analysis of Character Evolution

The composite phylogeny was assembled in
MacClade 3.06 (Maddison and Maddison 1992). Mul-
tiple nodes were treated as unresolved ‘‘soft polyto-
mies’ rather than as multiple speciation events. Unor-
dered character states were used, allowing any character
state (form of care or sex of caregiver) to transform into
any other using the Fitch parsimony option (Maddison
and Maddison 1992). Where the reproductive behavior
is unknown (shown by alack of a box next to the taxon
name), the program assigns the most parsimonious re-
productive character to the branch. The numbers of tran-
sitions in character states was determined by hand be-
cause the trees included some equivocal branches. Typ-
ically, we report the transitions in a range—the mini-
mum number shows the transitions that have been
verified unambiguously in the trees, the maximum num-
ber shows all the possible changes.

Results

The ND2 gene reveals some degree of saturation
of transition mutations in the third codon position at
larger genetic distances (fig. 2).

All tree-generating methods result in similar topol-
ogies with respect to the relationships of tilapiine cich-
lids in the trees (figs. 3-5). The phylogram generated by
the NJ analysis (fig. 5) reveals some long branches for
the West African species Chromidotilapia guentheri and
Pelvicachromis pulcher and also for the Tanganyikan
species Trematocara unimaculatum, which might poten-
tially result ina**pulling” of these species to more basal
positions. Despite the long branches, their phylogenetic
positions seem to be reasonable with respect to the bio-
geographic data.

MP analyses, with the exclusion of transitions in
fourfold degenerate third codon positions and transitions
in first positions of leucine codons, yielded a most par-
simonious tree with a tree length of 2,028 steps and a
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consistency index (Cl) of 0.2763 excluding the uninfor-
mative sites (Kluge and Farris 1969) (fig. 4).

In all the trees the genus Tilapia is split into five
groups (figs. 3-5). The species composition of these five
groups is identical in all analyses. The monophyly of
the three west African Tilapia species, T. brevimanus,
T. discolor, and T. busumana, hereafter designated as
the ““A-Tilapia-group,” is well supported (ML 80, MP
94, NJ 54). A more species-rich group of the Tilapia
species that live in west Africaand afew speciesin east
Africa, including T. buettikoferi, T. cessiana, T. coffea,
T. guineensis, T. louka, T. rendalli, T. walteri, and T.
zllii, is also clearly monophyletic (ML 73, MP 95, NJ
95), hereafter designated with **B-Tilapia-group’ (figs.

3-5). The ““New Cross cichlid” (C-Tilapia-group) from
the middle Congo river (Lundberg et a. 2000) is always
found solely in quite basal positions in al topologies,
although in somewhat different positions—we designate
this species to form the “‘C-Tilapia-group.” The re-
maining three Tilapia species, assigned into two groups,
are placed in more derived groups. The two species T.
cabrae and T. mariae are found to be sister species in
al trees (D-Tilapia-group, ML 92, MP 59, NJ 66). Fi-
nally, T. sparrmanii is found to group with Boulenger-
ochromis microlepisin al trees (ML 88, MP 23, NJ 34).
The order of appearance among the first three (A-, B-,
and C-Tilapia-groups) and between the last two Tilapia
groups (D-Tilapia-group and T. sparrmanii) varies in
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FiG. 4—The phylogenetic tree obtained by the exclusion of transitions at the third positions of fourfold degenerate amino acids and
synonymous transitions at first positions of leucine codons with MP of ND2 data set using PAUP* 4.0b6 by Swofford (2001). Numbers on the
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the three tree-generating methods. In the ML analyses
the D-Tilapia-group is found to cluster generally with
the genus Steatocranus (fig. 3), in MP it is found to be
basal to the mouthbrooding tilapiine genera Iranocichla,
Oreochromis, Sarotherodon, Stomatepia, and Tristra-
mella (fig. 4). In the NJ analyses the D-Tilapia-group is
placed basal to the named mouthbrooding tilapiine gen-
era and the Lake Tanganyika cichlids (except Tyloch-
romis) (fig. 5). Also, the positions of T. sparrmanii and
Boulengerochromis microlepis are found to be some-
what unstable. In ML they are found to be basal to the
mouthbrooding tilapiine species, in MP they are basal
to the mouthbrooding tilapiines and the species of Lake
Tanganyika, and in NJ they occupy a position basal to
the Tanganyikan cichlids (figs. 3-5). All aternative po-

sitions for the D-clade are statistically rather weakly
supported. In this study all represented members of the
genus Oreochromis, which includes O. tanganyikae, an
endemic species from Lake Tanganyika, form a strongly
supported monophyletic group (ML 87, MP 97, NJ 100).
However, the so-called Soda tilapias, which inhabit
highly alkaline and hot small lakes in east Africa, were
not represented in this study. Originally, they were con-
sidered to represent a subgenus within the genus Or-
eochromis but have recently been assigned to a distinct
genus Alcolapia (Seegers, Sonnenberg, and Yamamoto
1999). In contrast to Oreochromis, the genus Sarother-
odon might be paraphyletic because the remaining
mouthbrooding tilapiine genera Iranocichla, Somatepia,
and Tristramella are grouped within this genus. The re-
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lationships within the genus Sarotherodon and their re-
lationship to the genera Iranocichla, Tristramella, and
Somatepia are not firmly established on the basis of our
molecular data. Despite some differences in topology,
all obtained phylogenies indicate a clear subdivision of
the species that are currently assigned to the genus Ti-
lapia into at least five distinct groups.

The ND2 data included in this study do not permit
to unambiguously resolve the relationships among the
tilapiine cichlids of the Sarotherodon group (i.e., genera
Sarotherodon, Iranocichla, Tristramella, and Stomate-
pia), Oreochromis, Boulengerochromis, Tilapia spa-
rrmanii, and the D-Tilapia-group and among the Lake
Tanganyika tribes (Tropheini, Limnochromini, Perisso-

dini, Ectodini, Bathybatini, Trematocarini, and Eretmo-
dini) and further representatives of the Lake Tanganyika
radiation (Lamprologus congoensis [Lamprologini], As-
tatotilapia burtoni [Haplochromini], Cyclopharynx fwae
[Haplochromini]). The Lake Tanganyika radiation ap-
pears to be monophyletic with respect to the tilapiine
lineages, except for Boulengerochromis, whose position
at the base of the Lake Tanganyika endemic cichlids
remains somewhat uncertain. Because there is a good
resolution of both the basal and the very recent species
relationships, the poor resolution in the trees after the
branching-off of Steatocranus is likely to reflect a true
biological phenomenon—the rapid origin of many cich-
lid lineages in east Africa within a short time span dur-



ing that part of the evolutionary history of cichlid fishes
(figs. 3-5).

The Evolution of Parental Care in Cichlids

On the basis of the imposed composite phylogeny,
the most parsimonious reconstruction of reproductive
characters evolution reveals 13 evolutionary steps and
indicates that mouthbrooding evolved from substrate-
brooding 9 to 18 times with seven transitions in the
Neotropical cichlids and 2 to 11 transitions to mouth-
brooding in the African cichlids (fig. 6). Transitions in
the reverse direction have been inferred in 1—the evo-
lution of the substrate-brooding Lamprologini from the
mouthbrooding ancestors of the Lake Tanganyikan spe-
cies flock (Sturmbauer and Meyer 1993; Stiassny and
Meyer 1999)—to 2 cases in the African clade.

The most parsimonious reconstruction of the evo-
lution of biparental and uniparental care reveals a min-
imum of 25 evolutionary transitions in the cichlid fam-
ily (fig. 7). The phylogeny indicates that biparental care
is the ancestral state in cichlids, and uniparental care
(especially female-only care) is a more derived behav-
ior that evolved several times independently. In the
Neotropical cichlids we found five to six transitions to
female-only care, and in the African clade female-only
care evolved 11 to 17 times. Mae-only care evolved
only twice in the cichlids. The tree indicates that evo-
lution took place in the reverse direction—from uni-
parental to biparental care—4 to 12 times in the Afri-
can cichlids and O to 2 times in the Neotropical cichlids

(fig. 7).
Discussion

In order to determine if one of the previously pro-
posed morphological criteria is suitable to describe a
monophyletic tilapiine group, we undertook the most in-
clusive molecular phylogenetic study of the tilapiines to
date. Our study includes a total of 39 putative tilapiine
species (table 2). Apart from the tilapiines, we included
several major west African cichlid lineages, which have
been identified previously to be basal and paraphyletic
to the east African lineages of the great lakes (Stiassny
1991; Zardoya et a. 1996; Farias et a. 1999). Addi-
tionally, many representatives of the Tanganyikan radi-
ation, which do not strictly inhabit Lake Tanganyika but
can be assigned to this lake phylogenetically (e.g., A.
burtoni and C. fwae as members of the Haplochromine
tribe; L. congoensis as a representative of the Lamprol-
ogines), were included in this study. Not all cichlid spe-
cies that live in Lake Tanganyika can be traced back to
a single ancestral lineage (e.g., Boulengerochromis);
clearly, afew representatives of some lineages were able
to leave the confines of this lake (e.g., L. congoensis, A.
burtoni) or entered the lake late in its history; the clear-
est example for this is the endemic Lake Tanganyika
tilapiine species O. tanganicae. Therefore, the Lake Tan-
ganyika cichlid species flock is not strictly monophy-
letic, athough the vast majority of species can be traced
back to a single ancestral lineage that is probably related
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to the tilapiine west African river cichlids such as
Seatocranus.

Tilapia is Not a Monophyletic Group

Our study is the first to show that the tilapiine
assemblage of the African cichlids (i.e., Boulengero-
chromis, Iranocichla, Oreochromis, Pelvicachromis,
Sarotherodon, Seatocranus, Stomatepia, Tilapia, and
Tristramella) is clearly not monophyletic. Likewise,
the genus Tilapia, as currently defined, is also poly-
phyletic (figs. 3-5). We rather find evidence that some
tilapiine species (e.g., T. cabrae, T. mariae, T. spa-
rrmanii, genera Oreochromis, Sarotherodon, Stomate-
pia, Tristramella, and Iranocichla) are more closely re-
lated to genera and tribes that are traditionally consid-
ered to be nontilapiines (e.g., Tropheini, Lamprologini,
and Perissodini) than to representatives of their own
assemblage (representatives of the A- and B-Tilapia-
groups), as previously defined by both Trewavas (1983)
and Stiassny (1991) (table 1). That the genus Tilapia
is probably not a phylogenetically cohesive group was
already suggested by Stiassny, Schliewen, and Domi-
ney (1992). In our study this genus is divided into at
least five different groups, with three of them in basal
positions in the phylogeny of the African cichlids (figs.
3-5). The presumably most basal Tilapia group (the A
group), on the basis of the MP and NJ analyses, com-
prises the species T. brevimanus, T. busumana, and T.
discolor, which are distributed in Ghana and Ivory
Coast. The ND2 sequences of these species also differ
diagnostically from all other Tilapia species by having
a TAG instead of a TAA as the stop codon. Because
of its V-shaped lower pharyngeal jaw, T. busumana has
been thought to be a basal tilapiine (Greenwood 1987),
and this presumed ancestral position of T. busumana
as one of the most basal African lineages is confirmed
in this molecular analysis.

The B-Tilapia-group includes T. coffea, T. gui-
neensis, T. louka, T. rendalli, T. walteri, T. Zllii, T. buet-
tikoferi, and T. cessiana. It is interesting to note that the
latter two species appear as sister speciesin our tree and
are representatives of the subgenus Heterotilapia (Thys
van den Audenaerde 1970). The other species of the B-
Tilapia-group have been assigned to the subgenus Cop-
todon (Thys van den Audenaerde 1970), which on the
basis of our data would appear to be paraphyletic.

The C-Tilapia-group is made up of a single, pos-
sibly biparental, mouthbrooding species New Cross
cichlid from the Congo River. This species will be for-
mally described shortly by U. Schliewen and M. Stiass-
ny (personal communication).

Because the sister group relationship of T. mariae
and T. cabrae is well supported in the ML, MPB, as well
as NJ phylogenetic analyses (figs. 3-5), we designated
them as the D-Tilapia-group. Interestingly, the type spe-
cies of the genus Tilapia T. sparrmanii Smith (1840)
(Jordan 1963) is clustered in all tree topologies, abeit
with a low bootstrap support, with B. microlepis. Be-
cause there is no well-supported monophyletic grouping
with the other species, we suggest that T. sparrmanii is
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the only representative of the genus Tilapia in the pre-
sent study. Thus, on the basis of these findings, only the
type species is labeled with the genus name Tilapia in
the boxes in our figures and might well be the only
species that should remain taxonomically assigned to
this genus. It is noteworthy that T. sparrmanii and T.

cabrae exhibit a much more southern distribution in Af-
rica than any other Tilapia species, which are predom-
inately distributed throughout west Africa. Although T.
mariae is found chiefly in west Africa, the southern
range of its habitat (southern Cameroon) is contiguous
with that of T. cabrae.
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Fic. 7—The phylogenetic reconstruction of the evolution of the sex of caregiver in the family Cichlidae (maternal: red; paternal: blue; biparental:
green; equivocal: gray). Bat: Bathybatini; Cyp: Cyprichromini; Ect: Ectodini; Ere: Eretmodini; Hap: Haplochromini; Lam: Lamprologini; Lim:
Limnochromini; Per: Pewrissodini; Til: Tilapiini; Tre: Trematocarini; Tro: Tropheini; Tyl: Tylochromini.

Although one of the two major groups identified in
a previous alozyme study (Pouyaud and Agnese 1995)
is composed of the same species as our B-Tilapia-group,
the other group of this previous study is composed of
species from three Tilapia groups as defined by us (A-,
B-, and D-Tilapia-groups). This difference appears to be
a consequence of the difference in the resolution power
of the two marker systems (alozymes vs. mitochondrial

DNA sequences) because many samples from these two
studies are identical.

Tilapia sparrmanii seem to be more closely related
to the mouthbrooding species of the colloquialy named
Tilapias (Oreochromis and the Sarotherodon group
comprising the genera Sarotherodon, Somatepia, Tris-
tramella, and Iranocichla) and to several diverse non-
tilapiine genera of Lake Tanganyika than to other rep-
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resentatives of its own genus that are found in the dis-
tantly related A-, B-, and C-Tilapia-groups (figs. 3-5).

Despite the saturation of the transition mutationsin
the third codon positions (fig. 2) which is mainly caused
by synonymous substitutions in the fourfold degenerate
codon positions, the relationships among the basal
groups are well resolved. Hence, the sometimes short
branches and, therefore, the often weak bootstrap sup-
port for relationships among members of the D-Tilapia-
group, T. sparrmanii, the genera Sarotherodon, Oreo-
chromis, and Boulengerochromis, and the Tanganyikan
cichlids may reflect arapid origin of these lineages early
on in the history of diversification of the Lake Tangan-
yika cichlid species flock (Sturmbauer 1998). This pe-
riod of rapid speciation would hence explain the limited
resolving power of the phylogenetic relationships with
any genetic marker.

What, if Anything, is a Tilapia—Systematics and
Nomenclature of Tilapiine Cichlids

According to the nomenclature conventions, only
species which form a natural (monophyletic) group with
an explicitly designated type species share the genus
name with this species. Because there is no proof of a
monophyletic relationship of the type species of the ge-
nus Tilapia, T. sparrmanii Smith (1840) (Jordan 1963),
with any other so-called Tilapia species, we will here-
after refer only to this species using the genus name
Tilapia as the only *‘true Tilapia species.” We suggest
that the representatives of the other four Tilapia groups
(A-, B-, C-, and D-Tilapia-groups) should be renamed
and be given new genera names that connote their
strongly supported monophyly in the tree of the African
cichlids. The continued use of the genus name Tilapia
for al five diverse, and only relatively distantly related,
groups of the tilapia-like African cichlids would falsely
imply close or even monophyletic relationships that are
clearly rejected by this study. However, because there
are no rules for informal names, a continued use of the
term “tilapiine”’ for tilapia-like fishes seems likely.

Our finding that the only true Tilapia species T.
sparrmanii of our study is more closely related to some
nontilapiines—the cichlids of Lake Tanganyika—than to
other presumed Tilapia species (e.g., A- and B-Tilapia-
group) affects the phylogenetic integrity of the tradi-
tional morphology-based tilapiine phylogenetic hypoth-
eses presented by Regan (1920, 1922), Trewavas (1983),
and Stiassny (1991). Morphology-based criteria proved
to be insufficient to describe a monophyletic tilapiine
group. The apophysis criterion used by Regan (1920,
1922) and Trewavas (1983) and perhaps aso the two
features of the lower pharyngeal jaw applied by Stiassny
(1991) seem to be plesiomorphic characteristics of an-
cient cichlid fishes, which have been retained in differ-
ent groups (e.g., D-Tilapia-group, Sarotherodon, Oreo-
chromis, and Tristramella) and lost repeatedly in others
(e.g., Haplochromini, Lamprologini, and Eretmodini).
Hence, these morphological traits are homoplasious and,
therefore, probably of limited phylogenetic value.

Boulengerochromis

The monotypic genus Boulengerochromis, which is
the largest of al cichlid species, and endemic to Lake
Tanganyika, has been classified by Greenwood (1978)
as a tilapiine fish because of the morphology of its
apophysis. This phylogenetic placement is quite remark-
able because this genus has a clearly distinct ecology
from all the other tilapiines; it is the largest species of
all cichlids, reaching ailmost 90 cm in length. Whereas
the tilapiines are typically slow swimming, primarily
herbivorous fish, Boulengerochromisis afast swimming
piscivore. The designation of Boulengerochromis as ti-
lapiine has been challenged repeatedly before because
no species with intermediate habits and morphology are
known (Fryer and Iles 1972). Although lepidological in-
vestigations (Lippitsch 1998), allozyme analyses (Nish-
ida 1991, 1997), and ND2 sequence data (Kocher et al.
1995) all contradict the classification of Greenwood
(1978) and Poll (1986), these studies were based only
on a limited subset of tilapiines. In the present study B.
microlepis typicaly groups closely with T. sparrmanii
(figs. 3-5). Additionally, this species is found to group
with the mouthbrooding tilapiines of the genus Oreo-
chromis and the Sarotherodon group in ML analyses,
albeit with only a low bootstrap support (fig. 3). This
placement of Boulengerochromis would tend to support
Greenwood's (1978) and Poll’s (1986) classification of
this species as a true tilapiine cichlid. In contrast, in NJ
and MR, Boulengerochromis is found either to group
within the Tanganyikan cichlids (NJ, fig. 5) or group
basal to the mouthbrooding tilapiines of the genus Or-
eochromis and the Sarotherodon group (MP, fig. 4), re-
spectively. Hence, we are currently unable to ascertain
the phylogenetic position of this enigmatic fish.

Seatocranus, Somatepia, Tristramella, and
Iranocichla

The phylogenetic relationship of the riverine Congo
genus Seatocranus to the tilapiines is controversial. Al-
though Trewavas (1983) proposed that this genusis, ac-
cording to its apophysia structure, a tilapiine fish, this
classification is contradicted by Stiassny’s (1991) pha
ryngeal jaw criterion. In the MP and NJ analyses, Sea-
tocranus branches off from the remaining African cich-
lids after the B- (MP, fig. 4) or C- Tilapia-group (NJ,
fig. 5), respectively, and appears to be a sister taxon to
an assemblage of T. sparrmanii, the D-Tilapia-group,
Oreochromis, the Sarotherodon group, and the Tangan-
yikan lineages (except Tylochromis). Because the boot-
strap support for all three topologies is rather weak, the
relationship of this genus to the tilapiine cichlids of the
genera Iranocichla, Oreochromis, Sarotherodon, Sto-
matepia, and Tristramella remains uncertain.

Because the genera Iranocichla, Somatepia, and
Tristramella are found to group within the genus Sar-
otherodon, we used the informal name Sarotherodon
group for this assemblage (figs. 3-5). A close phylo-
genetic relationship between Sarotherodon and Tristra-
mella has already been suggested in several previous
studies (Trewavas 1942; Steinitz and Ben-Tuvia 1960,



reviewed in Peters and Berns 1982). Because of the
well-supported close relationship of S. galilaeus with S.
mariae, and S occidentalis with Tristramella simonis,
we conclude that the genus Sarotherodon is not mono-
phyletic. Whether the genera Tristramella, Slomatepia,
and Iranocichla should be assigned to this genus will
require additional study. The informal usage of the name
Sarotherodon group should, therefore, at this stage not
imply monophyly.

Evolution of Parental Care Behavior in the Family
Cichlidae

We reconstructed the evolution of parental care be-
havior by mapping these traits on a composite phylog-
eny of the family Cichlidae. Our composite tree com-
prises recent phylogenies of the Neotropical cichlids
(Kullander 1998; Farias et al. 1999, 2001; Farias, Orti,
and Meyer 2000) and, on the basis of our new findings
of the ND2 data set, the relationships of the so-called
tilapiines and their position in the African clade (figs. 6
and 7).

Substrate spawning by both parents is widely con-
sidered to be the ancestral state in cichlids (Lowe-
McConnell 1959). A family wide reconstruction of the
evolutionary changesin parental care behavior of cichlid
fishes, carried out by Goodwin, Balshine-Earn, and
Reynolds (1998), suggests that mouthbrooding has
evolved from substrate guarding 10 to 14 times, zero to
three reversals are inferred to have occurred, and tran-
sitions to mouthbrooding happened four to seven times
in the African cichlid fishes and six to seven times in
the Neotropical cichlid fishes. On the basis of our anal-
ysis, there is evidence that mouthbrooding evolved 2 to
11 times in the African clade and seven times in the
Neotropical clade and that evolution in the reverse di-
rection occurred in 1 to 10 occasions (fig. 6).

In agreement with the analysis of Goodwin, Bal-
shine-Earn, and Reynolds (1998), we found that the sex
of the caregiver has been more evolutionarily labile than
the form of parental care. Minimally 16 (11 in African
+ 5 in Neotropical) and maximally 23 (17 in African
+ 6 in Neotropical) to female-only care transitions can
be inferred from our reconstruction (fig. 7). We recon-
structed only two transition to male-only care and 4 to
14 reversals back to biparental care compared with a
total of 9 to 18 transitions from substrate spawning to
mouthbrooding with only 1 to 10 reversals back to sub-
strate spawning (figs. 6 and 7).

The reasons for the low number of transitions in
the form of care compared with the sex of caregiver are
probably related to the fact that this behavior is more
dependent on the evolution of the complex morpholog-
ical and physiological structures. For successful mouth-
brooding, there is a need for a wide buccal cavity, high
gill-raker numbers to prevent a loss of the eggs, and
often the ability of the caregiver to fast during brooding
(Fryer and lles 1972; Keenleyside 1991). On the other
hand, egg attachment systems and larval headglands are
essential to facilitate substrate-brooding. Substrate- and
mouthbrooders also differ in the size of their eggs and
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their clutch size (Peters and Berns 1982) and in the du-
ration of the developmental intervals during early on-
togeny (Noakes and Balon 1982). Whereas substrate-
brooders lay a lot of small eggs, mouthbrooders have
only a few but big and yolky eggs. The evolution from
one form of care to the other is, therefore, presumed to
be a relatively slow process that involves evolutionary
changes of several morphological and physiological sys-
tems. Transitions in the sex of the caregiver are less
constrained and mostly influenced by ecological factors,
like predation pressure, food abundance (Townshend
and Wootton 1985), and the operational sex ratio (Bal-
shine-Earn 1996). For example, high predation risk to
the offspring would favor biparental care of the free-
swimming fry, and a high probability of remating op-
portunities for the male because of a female-biased sex
ratio would result in the desertion of the male. Goodwin,
Balshine-Earn, and Reynolds (1998) found in their study
of evolutionary transitions in parental care behavior that
mouthbrooding evolved in tilapiine fish only once, sup-
porting Trewavas hypothesis, and that within a mono-
phyletic cluster of different mouthbrooding tilapiine
genera female-only care evolved four times and male-
only care only once. According to their topology of
cichlid relationships, Goodwin, Balshine-Earn, and
Reynolds (1998) presumed that uniparental mouth-
brooders evolved from biparental substrate-brooders and
mouthbrooders, as hypothesized by Iles and Holden
(1969), and female-only and biparental mouthbrooding
evolved independently from biparental substrate-brood-
ing (Lowe-McConnell 1959; Kraft and Peters 1963).

The high diversity of parental care behaviorsin Ti-
lapias has prompted many questions concerning its evo-
lutionary history (Lowe-McConnell 1959; Iles and
Holden 1969; Peters and Berns 1978a, 1982; Trewavas
1980, 1983; Goodwin, Balshine-Earn, and Reynolds
1998). In this group there are species that spawn and
protect their eggs and larvae on the substrate (like sand
or gravel) and others which brood them in their buccal
cavity.

In addition, the sex of the caregiver also varies: in
some species both parents (typically for the species of
the A-, B-, and D-Tilapia groups but also in S gali-
laeus), in others only the female (very common: all rep-
resentatives of the genus Oreochromis, T. simonis, and
S. caudomarginatus) or only the male (this form of care
is rare and only known with certainty from S melan-
otheron and S occidentalis) take care of the offspring.
In contrast to most of the fish families in which unipa-
rental care by males is the predominate behavior (Git-
tleman 1981; Blumer 1982), the only known cichlid fish
exhibiting paternal care are S. melanotheron (Lowe-
McConnell 1959) and S. occidentalis (Loiselle 1985).

On the basis of our ND2 data, the two substrate-
spawning species T. cabrae and T. mariae are found in
relative phylogenetic proximity to the mouthbrooding
genera Iranocichla, Sarotherodon, Somatepia, Tristra-
mella, and Oreochromis and the Lake Tanganyika cich-
lids in both the MP and NJ analyses (figs. 4 and 5). It
is striking that these species exhibit morphological (such
as the morphology of their buccal cavity and the number
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of gill rakers) or behavioral characteristics that suggest
that they have a common ancestry with the mouthbrood-
ing tilapiines. It is assumed that oral transport of eggs
was the first step in the evolution of mouthbrooding
(Lowe-McConnell 1959; Baylis 1981). Tilapia mariae
has been observed carrying eggs by mouth from one pit
to another. The representatives of the genera Sarother-
odon and Oreochromis typically have 13 to 28 gill rak-
ers on the first gill arch, which prevent a loss of eggs
during mouthbrooding. In contrast to the other substrate
spawners, which have previously been considered as be-
ing Tilapia species, T. mariae and T. cabrae have 12 to
15 instead of only 6 to 12 gill rakers (Apfelbach 1969;
Trewavas 1983). A further similarity to the mouthbrood-
ing tilapiines is the wider head of T. mariae compared
with other substrate spawners (Trewavas 1983). Thisis,
by some workers, considered to be a preadaptation for
mouthbrooding because it would permit for the larger
buccal volume that is necessary for mouthbrooding be-
havior (Peters 1961). On the other hand, one has also to
keep in mind that a wider head and the number of gill
rakers could also be explained as an adaptation for the
feeding method—most of the so-called Tilapia species
are scrapers or pickers, whereas, e.g., the genus Oreo-
chromis are filter feeders. Additional mouthbrooder
characteristics of T. mariae are sexua dimorphism and
contact behavior of the fry (Apfelbach 1969). All tree
topologies show a clustering of biparental (S. galilaeus),
paternal (e.g., S. melanotheron), and materna (e.g., S
caudomarginatus, al representatives of the genus Or-
eochromis) mouthbrooding species, but the monophyly
of these taxaisin all cases only weakly supported (ML
47, MP 21, NJ 30) (figs. 3-5). The abeit weakly indi-
cated monophyly of the representatives of al tilapiine
mouthbrooding taxa would confirm Trewavas (1980)
hypothesis of a single origin of the different mouth-
brooding types and rule out Peters and Berns' (1978a,
1982) polyphyletic hypothesis. Allozyme analyses
(McAndrew and Maumdar 1984; Sodsuk and Mc-
Andrew 1991; Pouyaud and Agnese 1995) and a SATA-
satellite DNA study (Franck et al. 1994) have also found
a close relationship between the mouthbrooding types,
but the exact relationship remained unresolved in these
studies al'so.

The relationships within the genus Sarotherodon
and also its relationships to the genus Oreochromis re-
main somewhat uncertain. However, that the genus Sar-
otherodon is monophyletic seems questionable on the
basis of this study and was already called into question
by Schliewen, Tautz, and Paabo (1994). There are sev-
eral genera, including the maternal mouthbrooding gen-
era Tristramella and Slomatepia, that are nested within
the apparently paraphyletic genus Sarotherodon (figs. 3—
5). Whereas Trewavas (1980) hypothesis for the evo-
lution of parental care in Tilapias did not consider the
phylogenetic position of the Isragli genus Tristramella,
our analyses strongly indicate that the maternal mouth-
brooding species T. simonisis in fact a close relative of
the genus Sarotherodon. Moreover, Schliewen, Tautz,
and Paabo (1994) showed that several Sarotherodon
species and additional genera (e.g., Konia, Myaka, and

Pungu) of mostly biparental mouthbrooding species of
endemic Cameroon tilapiine cichlids cluster with
Sarotherodon.

Peters and Berns (1982) have suggested that the
stronger atrophy of the egg attachment system and the
larval headglands of the maternal mouthbrooders (Or-
eochromis) are a strong indication that these species are
older than the biparental and paternal mouthbrooders
(Sarotherodon), whose organs are less rudimentary. The
ML analysis indicates that T. simonis, Stomatepia mar-
iae, Iranocichla hormuzensis, and the genus Sarother-
odon, which form an only weakly supported monophy-
letic group, appear as a sister group to the maternal
mouthbrooders of the genus Oreochromis (fig. 3). This
topology disagrees with Peters and Berns' (1978a, 1982)
hypothesis because this sister group relationship indi-
cates that both groups of species are of the same age.
However, in the MP and NJ analyses there is no mono-
phyletic grouping of these taxa—in contrast, in these
tree topologies the Sarotherodon group is shown to be
paraphyletic and basal to the genus Oreochromis (figs.
4 and 5). These topologies aso contradict the hypothesis
of Peters and Berns' (1978a, 1982) because it would
imply that the biparental and paternal mouthbrooding
Sarotherodon species are older than the maternal mouth-
brooders of the genus Oreochromis. Because all tree to-
pologies are only poorly resolved, they do not alow
final conclusions about the evolution of the parental care
within this group.

In our composite phylogeny of tilapiines the en-
demic species of the Barombi-Mbo lake were adopted
from Schliewen, Tautz, and Paabo (1994) and placed as
a sister group to S. galilaeus. A reconstruction of the
parental care behavior based on the ML analysis would
indicate an evolution of the sex of caregiver from bi-
parental substrate-brooding to maternal mouthbrooding
and from maternal mouthbrooding to biparental mouth-
brooding (fig. 3). That maternal mouthbrooding evolved
directly from biparental substrate-brooding was also
proposed by Goodwin, Balshine-Earn, and Reynolds
(1998). In contrast to Goodwin, Balshine-Earn, and
Reynolds (1998), we also included the maternal mouth-
brooder (Stiassny 1996) S. caudomarginatus. Because
of this, the MP-based reconstructions indicate that pa-
ternal mouthbrooding evolved at least in one case via a
maternal mouthbrooding stage (fig. 4). This result would
contradict the hypothesis of 1les and Holden (1969) who
suggested that female-only and male-only care evolved
independently from a biparental mouthbrooding stage.
However, because of the fact that the relationships be-
tween the different species within the Sarotherodon
group are only weakly resolved, a detailed reconstruc-
tion and final conclusions of the evolution of the sex of
the caregiver is still wanting.
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tochondrial DNA sequences. Mol. Phylogenet. Evol. 20:
361-374.) appeared while this article was under review.
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