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Difficulties in interpreting the evolutionary signifi-
cance of Lake Malawi cichlid morphologies led us to
examine molecular techniques for resolving relation-
ships among closely related species. Mitochondrial
DNA (mtDNA) sequence variation in the first half of
the control region (445 bp) was examined within and
between two sp of Mela hromis, a genus of
rock-dwelling cichlids from Lake Malawi, Africa. The
mean number of pairwise differences observed within
Melanochromis auratus (Boulenger) and Melano-
chromis heterochromis Bowers and Stauffer mtDNA
haplotypes was 2.0 (0.45%) and 5.0 (1.13%), respectively,
and a mean of 4.9 (1.11%) pairwise differences between
the two species was observed. Mean pairwise differences
between Melanochromis sp and Pseudotroph
zebra (Boulenger), another species of rock-dwelling
cichlid and Tramitichromis cf. liturus, a sand-dwelling
genus, were 11.2 (2.52%) and 21.9 (4.93%), respectively.
Species divergence and radiation within the genus
Melanochromis appears to have occurred rapidly and
recently. Mitochondrial DNA sequence variation within
this genus was sufficient for generating hypotheses
concerning the evolutionary relationships within the
genus and for examining generic-level relationships
within and among the major cichlid lineages in Lake
Malawi. © 1984 Academic Press, Inc.

INTRODUCTION

The rock-dwelling cichlids (mbuna) of Lake Malawi
constitute a major portion of the haplochromine species
flock endemic to the lake. All of the mbuna are en-
demic to Lake Malawi and have probably evolved
within the last one to two million years, some within
the past 10,000 years (Ribbink et al., 1983; Owen et
al., 1990). Rapid speciation among these fishes has re-
sulted in the proliferation of reproductively isolated
but morphologically similar species. In a major survey

of the Lake Malawi mbuna, Ribbink et al. (1983) recog-
nized 196 putative species and, recently, Konings
(1990) identified over 200 described and undescribed
species of mbuna. An understanding of the phyloge-
netic relationships within this complex assemblage of
fishes is necessary to address questions concerning the
processes responsible for such explosive evolution. The
lack of discrete morphological characters suitable for
cladistic analysis and confusion surrounding mbuna
systematics and taxonomy, however, has led to diffi-
culties in reconstructing species-level phylogenies.

Recent developments in molecular genetics have
provided new techniques for examining the relation-
ships among closely related taxa. Specifically, the dis-
covery of extensive variation in mitochondrial DNA
(mtDNA) has proven useful in the study of conspecific
populations and recently diverged species (e.g., Avise
et al., 1987). Mitochondrial DNA studies of Lake Ma-
lawi cichlids have focused mainly on interlake com-
parisons (Meyer et al., 1990) or on generic-level com-
parisons within lakes (Kornfield, 1991; Moran and
Kornfield, 1993; Moran et al., in press).

The objectives of the present study were to deter-
mine the extent and pattern of intra- and interspecific
sequence variation in the mtDNA control region in two
species of Lake Malawi cichlids and to evaluate the
utility of mtDNA sequence variation for addressing
phylogenetic questions at the generic and species level.

MATERIALS AND METHODS

We chose to sequence a 445-bp region located within
the first half of the mtDNA control region, which has
been shown to be a quickly evolving segment of the
mtDNA genome (Greenberg et al., 1983; Vigilant et al.,
1989). A total of 68 individuals of M. auratus from
eight locations (Mitande Rocks, Chidunga Rocks, Ma-
zinzi Reef, and Namalenje, Nakantenga, Maleri,
Thumbi East, and Domwe islands) and 32 individuals
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of M. heterochromis from six locations (Zimbawe Rocks
and Chinyamwezi, Chinyankwazi, Mumbo, Domwe,
and Thumbi East islands) (Fig. 1) were collected using
a monofilament net (T m *x 1 m x 1.5 cm) while
SCUBA diving. Because of the strong lithophilic na-
ture of mbuna, these fishes are rarely found over open
water or along sandy beaches, and geographically iso-
lated populations are often reproductively isolated.
The possible exception is Domwe Island and Zimbawe
Reef, which are close enough for the exchange of mi-
grants.

DNA Methods

A small sample of muscle was removed from the
right side of each fish and fixed in 70% ethanol for
transportation to the laboratory. Approximately 250
mg of muscle was digested in 500 pl extraction buffer
(10 mm Tris, pH 8.0, 2 mm EDTA, in 10 mM NaCl, 1%
SDS, 8 mg/ml dithiothreitol, and 0.4 mg/ml proteinase
K) at 36°C for 12 h and then phenol extracted (Kocher
et al., 1989). The DNA was then ethanol precipitated
by the addition of 2 vol 100% ethanol (4°C), resus-
pended into 250 wl TE (10 mm Tris, pH 8.0, and 1 mm
EDTA), and stored at 4°C.

The region of mtDNA targeted for PCR was approxi-
mately 650 bases long and consisted of part of the pro-
line tRNA gene and the first half of the control region.
The forward primer (5'-AGCTCACGCCAGAGCG-
CCGGTCTTCTAAA -3') is located in the threonine
tRNA gene adjacent to the control region. The reverse
primer (5'-CCTGAAGTAGGACCAGATC-3") is located
in a conserved sequence near the middle of the control
region (Shields and Kocher, 1991). Amplifications were
performed in a 50-pl reaction volume containing 67
mm Tris, pH 80, 2 mm MgCl,, 98 mm B-
mercaptoethanol, 0.1% Tween, 1 mm each dGTP,
dATP, dCTP, and ¢TTP, 1.5 units Thermus aquaticus
DNA polymerase (AmpliTag, Perkin Elmer-Cetus), 1
mM each primer, and 1 pl template. Thirty cycles of
amplifications, consisting of denaturation at 93°C for
30 s, annealing at 50°C for 60 s, and extension at 72°C
for 120 s, were performed. Amplified products were pu-
rified using Centricon-100 columns (Amicon Division,
W.R. Grace & Co.).

Sequencing from the forward primer proved unsatis-
factory, so two overlapping regions were sequenced in
the reverse direction. Amplification for sequencing was
carried out using double-stranded template and the
Taq DyeDeoxy Terminator Cycle Sequencing kit (Ap-
plied BioSystems, Inc.) for use with their Model 373A
DNA Sequencing System. The two primers used in-
cluded the reverse primer used in the initial amplifi-
cation reaction (5-CCTGAAGTAGGACCAGATC-3")
and another reverse primer with the sequence 5'-
AGTTCTCATCGGTCTTAAAC-3', located approxi-
mately 150 bases downstream from the other primer.
These two primers provided reliable sequence informa-
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tion on 445 bases in all individuals. Ambiguous results
from the two primers were resolved by repeated se-
quencing of both sections.

Phylogenetic Analysis of DNA Sequences

Relatively high levels of mtDNA sequence conserva-
tion among populations and between species permitted
alignment of sequences by eye, and no insertions or
deletions were observed. Population-level variation
was evaluated by sequencing multiple individuals
from several populations each of M. auratus and M.
heterochromis (see Tables 1 and 2). Overall nucleotide
diversity (w, Nei and Li, 1979) was calculated as a mea-
sure of polymorphism within each species. Intra- and
interspecies level variation was estimated based on
pairwise differences within and between species. Inter-
generic sequence comparisons were also conducted us-
ing Pseudotropheus zebra Boulenger, another species
of mbuna collected from Mitande Rocks, and Trami-
tichromis cf. liturus, a sand-dwelling species collected
just north of the Nankumba Peninsula.

The phylogenetic relationship among mtDNA haplo-
types was estimated by the maximum parsimony crite-
rion using outgroup rooting and the heuristic search
algorithm of PAUP Version 3.0L (Swofford, 1991). A
consensus tree was produced from equally parsimoni-
ous trees using the 50% majority rule. The bootstrap
option of PAUP was used to demonstrate confidence
in position of tree nodes, and 1000 replications were
performed. Selection of appropriate outgroups for phy-
logenetic analysis of closely related mbuna is difficult
because of the overall lack of understanding of cichlid
evolutionary histories. Therefore, both P. zebra (an-
other species of mbuna) and T. cf. liturus (a sand-
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TABLE 1

Frequency Distribution of mtDNA Haplotypes among
68 Individuals of M. auratus from Eight Different Lo-
cations

Haplotype

Population AUR1 AURZ AUR3 AUR4 AUR5 AUR6
Domwe 1. 1 0 0 0 0 0
Thumbi East L. 24 0 ] 0 0 0
Namalenje L. 16 0 0 0 0 0
Mazinzi Reef 1 0 0 0 ] 0
Chidunga Rocks 5 9 5 0 1] 0
MNakantenga L. 0 0 0 5 0 0
Mitande Rocks 0 0 0 0 1 0
Maleri L. 0 0 0 0 0 1

dwelling cichlid) were used to root the trees. The sand-
dwelling cichlids represent a lineage separate from,
but closely related to, the mbuna (Fryer and Iles,
1972). .

A phylogram generated using the neighbor-joining
method of Saitou and Nei (1987) was identical to that
obtained using maximum parsimony and is not pre-
sented.

RESULTS

Sequence Comparisons

Alignment of mtDNA sequences from M. auratus
and M. heterochromis is shown in Figs. 2 and 3. Of the
445 sites analyzed, 6 (1.35%) were variable within M.
auratus populations and 11 (2.50%) were variable
within M. heterochromis populations. Within each spe-
cies, the distribution of substitutions varied, with only
one variable site shared between the two species.
Among the 68 individuals of M. auratus examined, six
unique haplotypes were identified (Table 1); another

TABLE 2

Frequency Distribution of mtDNA Haplotypes among
42 Individuals of M. heterochromis from Six Different
Locations

Haplotype

Population HET1 HET2 HET3 HET4 HET5 HET6
Domwe 1. 5 0 0 0 0 0
Zimbawe Reef 5 0 0 0 0 0
Mumbe I 1 13 1 0 0 0
Thumbi East L. 0 0 0 15 0 0
Chinyankwazi 1. 0 0 0 0 1 0
Chinyamwezi L. 0 0 0 0 0 1

six unique haplotypes were found among the 42 indi-
viduals of M. heterochromis (Table 2). No mtDNA hap-
lotypes were shared between species. When more than
one individual was examined at a given location, we
found little sequence divergence and 75% of the popu-
lations were fixed for a single haplotype. Five geo-
graphically distinct populations of M. auratus (see Fig.
1 and Table 1) shared a single haplotype; within M.
heterochromis, three geographically proximate popula-
tions (see Fig. 1 and Table 2) shared a single haplotype.
Only one population each of M. auratus (Chidunga
Rocks) and M. heterochromis (Mumbo Island) was poly-
morphic, although multiple individuals were not ex-
amined at all locations. Nucleotide diversities () were
0.0008 and 0.0050 for M. auratus and M heterochromis,
respectively.

A summary of pairwise differences within and be-
tween the M. auratus and M. heterochromis haplotypes
is shown in Table 3. The number of transitional substi-
tutions, based on pairwise comparisons, outnumbered
transversional substitutions 6.5 to 1 in M. auratus and
14 to 1 in M. heterochromis. Such transitional bias in
substitutions in mtDNA has been observed previously
(Brown et al., 1982, 1986; Wilson et al., 1985), with
apparent transition to transversion ratios generally
decreasing with increased divergence times (Kraus
and Miyamoto, 1991; Brown et al., 1993). Among the
six M. auratus haplotypes, the mean number of pair-
wise substitutions was 2.0 (0.45%), compared with 5.0
(1.13%) observed among M. heterochromis haplotypes
(Table 4). Mean pairwise substitutions between M.
auratus and M. heterochromis haplotypes were 4.9
(1.11%).

At the generic level, comparisons between Mela-
nochromis species and P. zebra and T. cf. liturus re-
vealed a total of 23 (5.2%) and 33 (7.4%) variable sites,
respectively. The mean number of pairwise substitu-
tions within the mbuna genera (Melanochromis spp.
vs P. zebra) was 11.2 (2.52%) (Table 4). Comparisons
between the mbuna (Melanochromis spp. and P. zebra)
and T. cf. liturus (sand dweller) resulted in a mean of
21.9 (4.93%) pairwise substitutions.

Phylogenetic Relationships

A total of 13 equally parsimonious trees was found,
and the 50% rule consensus tree is shown in Fig. 4,
with results from 1000 bootstrap replications. Al-
though the limited number of substitutions contrib-
uted to low bootstrap values, the branch separating the
outgroups (PZEB and TLIT) and the Melanochromis
species was highly supported (86%). The 13 trees dif-
fered primarily with respect to the relationship among
M. heterochromis mtDNA haplotypes. The six M. aura-
tus haplotypes, which differed by no more than three
substitutions, formed an unresolved clade contained
within the group of M. heterochromis haplotypes.
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Genotype
Designation

AURL

HETL

P. zebra (PZER)
T. licurus (TLIT)

100
TTTGCCGEGE TCTGOCTTOC ATGTAAACGE AATGCATATA TGTATTAACA CCATTATTTT ATATCAAACA TATCCTATAT ATTAATACAT

AURL
HET1
PZEB
TLIT

200
ATCATTTACA AAAACATAGA CAAATATACC ACATATTTGT TTAAACCATT TTAACTAAAG GGTACATAAA CCATAACTGA ATATTCTCCA

AURL
HET1
PZER P P

TLIT R T LT EE R T

AURL
HET1
PZEB
TLIT

AURL
HET1
PZEB
TLIT

FIG. 2.

haplotypes. Dots indicate id with AUR1

DISCUSSION

Traditionally, discrimination of cichlid species has
been based on morphology. Morphologically similar
species were further distinguished on the basis of
male breeding coloration or behavioral characteristics
(Greenwood, 1965; Fryer and Iles, 1972; Lewis, 1982;
Ribbink et al., 1983; Stauffer, 1991). Recently, multi-
variate statistical analyses of morphometric and me-
ristic data have been used to identify slight changes
in overall shape associated with color pattern diver-
gence in closely related species (Stauffer and Boltz,
1989; Stauffer and Hert, 1992). Subtle variation in
color among conspecific allopatric populations, how-
ever, may not always be associated with a divergence
in morphometry and meristics, and several geographi-
cally isolated color variants have been designated con-

Genotype
Designation

AURL
AURZ
AUR3
AUR4
AURS
AURS
HET1
HET2
HET3
HET4
HETS
HETS

P. zebra (PZEB)

T. licurus (TLIT)

FIG.3. Aligned DNA h

ing variable

TACCCATATT TAATGTAGTA AGAGCCCACC ATCAGTTOAT TCCTTAATGT CAACGGTTCT TGAAGGTCAA GGACAAGTAT TCGTGGGGGT TTCAC

10 50
COCTTCOTAC TGOTTCAAAC AMAGGGGATT TTAACCCCOG CCCCTAACTC CCAMAGCTAG GATCCTAATT TAGACTATTG

150

-

LT

300 iso0
ATAAATACCT ATTAATTACT AMACGATAGT TTAAGACCGA TCACAACTCT CACTAGTTAA GTTATACCAA GTACCCACCA TTCTATTCAT

400 445

. T.  ErssssEres resesErsan Acvr viaan

Aligned control region sequences for AURL (M. auratus), HET1 (M. heterochromis), PZEB ( P. zebra), and TLIT (T. cf. liturus)
i and dashes indicate gaps.

specific (Eccles and Lewis, 1978; Ribbink et al., 1983;
Bowers and Stauffer, 1993). Furthermore, plasticity in
morphology and color polymorphisms exhibited by
many cichlid species (Ribbink et al. 1983) may result
in apparently morphologically dissimilar populations
that are more closely related genetically to each other
than to morphologically similar populations. These ob-
servations underscore the difficulties associated with
cichlid species discrimination and the obstacles con-
fronted in the phylogenetic reconstruction of this com-
plex species flock.

The biological species concept (Mayr, 1992), which
requires the potential for interbreeding (reproductive
compatibility), is difficult to apply with respect to Lake
Malawi mbuna. Because of their lithophilic nature
(Fryer and Iles, 1972; Ribbink et al., 1983), mbuna
rarely venture over open water or long expanses of

de positions in the control region. See Tables 1 and 2 for genotype designations.

Dots indicate identity with AUR1 sequence, dashes indicate gaps, and position numbers are shown across the top. These sequences have
been submitted to the GenBank data library under Accession Nos. U01929-U01931 (M. auratus) and U01936-U01941 (M. heterochromis).
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TABLE 3

Pairwise Differences among M. heterochromis (HET) and M. auratus (AUR) Haplotypes for the First Half of
the Control Region (below the Diagonal) and the Ratio of Transitions to Transversions for Each Comparison

(above the Diagonal)

Genotype HET1 HET2 HET3 HET4 HET5 HET6é AURL AURZ AUR3 AUR4 AURS AUR6 PZEB TLIT
HET1 - 4/1 30 6/0 40 4/0 2/1 3/0 an 3z 4/0 n 121 20/4
HET2 5 - 11 6/1 41 6/1 22 32 32 an 50 3n 1273 2005
HET3 3 2 -_— 70 T 70 an 4/1 32 42 50 4/1 121 20/4
HET4 6 7 7 —_ 4/0 40 4/1 51 5/1 52 6/0 5/1 10/1 16/4
HETS 4 5 7 4 - 410 21 an 3 32 410 3 81 16/4
HET6 4 7 7 4 4 - 41 51 5/1 5/2 6/0 51 101 18/4
AURL 3 4 4 5 3 5 - 10 10 11 210 11 100 18/3
AUR2 4 5 5 6 4 6 1 - 20 21 20 2/0 110 193
AUR3 4 5 3 6 4 [ 1 2 - an 210 20 90 17/3
AUR4 5 4 6 7 5 T 2 3 3 — 2/0 20 111 19/4
AURS 4 5 5 6 4 6 1 2 2 3 - 210 11/0 19/3
AUR6 4 4 5 6 4 ] 1 2 2 3 2 — 11/0 19/3
PZEB 13 14 13 11 9 11 10 11 9 12 11 11 - 17/3
TLIT 24 25 24 20 20 22 21 22 20 23 22 22 20 —

Note. Comparisons with P. zebra (PZEB) and T. f. liturus (TLIT) are also shown.

sand, effectively isolating populations that may poten-
tially interbreed. This may result in little or no gene
flow among populations that otherwise would be con-
sidered conspecific. In addition, demonstration of re-
productive compatibility under laboratory conditions,
often considered support of conspecificity, is not neces-
sarily valid for cichlids, since premating reproductive
isolating mechanisms have been shown to break down
under artificial conditions (Holzberg, 1978; Stauffer
and Hert, 1992). Furthermore, reproductive compati-
bility is considered a shared primitive feature, and
grouping of populations into species on the basis of this
trait is inconsistent with the study of the underlying
processes of evolution (Rosen, 1979). Barring any un-
usual selection pressures, previously sympatric popu-
lations that have become geographically isolated
should remain on the same phylogenetic trajectory for

TABLE 4

mtDNA Sequence Variation Based on Pairwise
Comparisons Between Haplotypes

Comparison Mean = SD %
Intraspecific

M. auratus (15) 2.0 = 0.75 0.45

M. heterochromis (15) 50 = 161 1.13
Interspecific/congeneric (36)

M. auratus vs M. heterochromis 49 = 1.11 111
Intergeneric—mbuna (12)

Mel hromis vs P: lotroph 11.2 = 148 2.52
Intergeneric—mbuna vs sand (13)

Mel. hromis and Pseud: h

vs T. of. liturus 219 = 1.69 4.93

Note. The number of comparisons made is shown in parentheses.

some time (Frost and Hillis, 1990) and thus be consid-
ered conspecific.

Extent and Pattern of Sequence Divergence

Mitochondrial DNA sequence variation among con-
specific populations of cichlids in Lake Malawi was
low, but the extent and pattern of variation differed
between the two species examined. Five allopatric pop-
ulations of M. auratus shared a single haplotype, and
this haplotype was fixed in two of the populations in

i|— HET4 Thumbi Easc

f———— HETS Chinyamwezi

HETS Chinyankwazi

86

HET1 Zimbawe, Domwe, Mumbo

HETZ Mumbo
HET3 Mumbo
AUR4

Domwa, Namalenje, Mazinzi,
= ML Thumbi East, Chidunga
[ AURS Mitande
l— AURE Maleri
—— AURZ Chidunga
L— AURI Chidunga
_|——-— PZEB
TLIT
FIG. 4. Majority rule phylog of the 13 mini

length trees for M. auratus and M. heterochromis mtDNA haplotypes
based on maximum parsimony using P. zebra and T. cf. liturus as
outgroups. Bootstrap scores (percentages over 1000 replicates) are
indicated for the main branches. The 13 trees summarized in the
consensus diagram each had a length of 45 and a consistency index
of 0.844. The geographic location for each haplotype is shown.
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which multiple individuals were analyzed, supporting
either the recency of population divergence or the ge-
netic cohesiveness of these populations. The polymor-
phic population of M. auratus was from Chidunga
Rocks (see Fig. 1), a rocky outerop located offshore and
effectively isolated from other suitable mbuna habitat.

Sequence divergence within M. heterochromis was
greater than that observed within M. auratus, possi-
bly because of differences in life histories between the
two species, or because M. heterochromis may be an
older lineage. Three populations of M. heterochromis
(Mumbo and Domwe islands and Zimbawe Reef), lo-
cated within 5 km of each other, shared a single haplo-
type, although the Mumbo Island population was poly-
morphic. A few individuals of M. heterochromis from
Mumbo Island, possessing the shared haplotype, may
possibly have colonized Zimbawe Reef and Domwe Is-
land during the southern expansion of the lake, re-
sulting in the present distribution of mtDNA haplo-
types.

The low level of mtDNA sequence divergence ob-
served within these two species of Melanochromis may
be a result of recent isolation of populations (e.g., less
than 10,000 years) or possible population bottlenecks
following colonization events. Lake levels have fluc-
tuated substantially over the history of the lake, and
rocky outerops in the southern portion of the lake con-
taining endemic fauna may be less than 200 years old
(Owen et al., 1990). In addition, Lake Malawi cichlids
are predominantly mouth brooders and a new popula-
tion can be established by a single female, resulting in
a potential genetic bottleneck. The effective population
size of mbuna species is difficult to estimate and may
be quite variable. For example, estimates of M. auratus
abundances at several locations in the southern por-
tion of the lake ranged from 2 to 10 individuals per 50
m? and distribution varied depending on depth and
substrate size (Ribbink ef al., 1983). Small effective
population sizes may contribute to rapid mtDNA hap-
lotype extinction and eventual monomorphism, and
our results suggest exchange of mtDNA haplotypes
has been infrequent among geographically isolated
populations.

Intergeneric comparisons among rock-dwelling spe-
cies revealed a mean sequence divergence of 2.52%,
and between rock- and sand-dwelling species, the
mean sequence divergence was 4.93%. These values
are higher than those reported by Moran and Kornfield
(1993), who analyzed mtDNA restriction fragment
length polymorphisms in several genera of cichlids
from lakes Victoria, Tanganyika, and Malawi. They
found that within the mbuna, morphologically discrete
genera differed by as little as 0.2%, and sequence di-
vergence between rock- and sand-dwelling genera av-
eraged 3.3% (Moran and Kornfield, 1993). Differences
between these two studies may be because restriction
fragment analysis may underestimate sequence diver-

gences (i.e., Aquadro and Greenberg, 1983; Thomas
and Beckenbach, 1989; Brown ef al., 1993), or because
the control region may evolve more rapidly than the
mtDNA genome as a whole. It is also possible that
these differences simply reflect differences in the taxa
examined.

Phylogenetic Analyses

Despite the limited sequence divergence, we found
the species examined could be differentiated based on
mtDNA haplotypes. The low bootstrap values obtained
reflect, in part, the limited number of substitutions ex-
hibited among species, and results may be improved
by increasing the number of base pairs sequenced. The
six M. auratus haplotypes formed a subclade within a
larger assemblage made up of M. heterochromis and
M. auratus, suggesting that M. heterochromis may be
paraphyletic with respect to its mtDNA. Phylogenetic
lineage sorting of mtDNA during speciation may have
resulted in discordance between biological species
boundaries and mtDNA haplotypes (Avise et al., 1983;
Moran and Kornfield, 1993). We are presently sequenc-
ing the D-loop region in all Melanochromis species,
which will allow us to draw conclusions concerning the
relationship between these two species and the re-
mainder of the genus.

Retention of Ancestral Polymorphisms

One problem associated with phylogenetic analysis
of recently diverged species that have undergone rapid
trophic radiation is the retention of ancestral mtDNA
polymorphisms (Neigel and Avise, 1986; Moritz et al.,
1987; Nei, 1987). Following a speciation event, the dis-
tribution of mtDNA haplotypes within a species may
be polyphyletic prior to becoming monophyletic. The
time to monophyly is affected by effective population
size, population growth rate, variance in number of
offspring, and mode of speciation (Moritz et al., 1987;
Avise et al., 1984). Within lineages that have under-
gone rapid radiation, it is possible that not enough
time has elapsed for character evolution, leaving very
little evidence available for determining the sequen-
tial pattern of speciation events.

Recently, Moran and Kornfield (1993) have sug-
gested the presence of retained ancestral polymor-
phisms within the Lake Malawi cichlid lineages. Based
on restriction fragment length polymorphisms, they
distinguished two major groupings of mtDNA haplo-
types within the mbuna, with some species contain-
ing both lineages; thus, some species were polymorphic
for divergent mtDNA lineages. They attributed their
findings to incomplete mtDNA lineage sorting and the
retention of an ancestral polymorphism. Although we
cannot rule out this hypothesis, our results suggest
that population-level mtDNA sequence variation may
have been quite low or even nonexistent in some
mbuna species. In populations for which multiple indi-
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viduals were examined, 75% were fixed for a single
mtDNA haplotype, and similar results were observed
in populations of sand-dwelling species (unpublished).
It is possible, however, that the riverine ancestral spe-
cies that gave rise to the Lake Malawi species flock
contained enough mtDNA polymorphism to confound
phylogenies estimated using mtDNA sequence diver-
gence. Additional sequencing and the development of
nuclear markers will be necessary to resolve the ques-
tion of retained ancestral polymorphisms.
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