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The complete sequence (1047 bp) of the mitochondri-
ally encoded ND2 gene was obtained from 31 species
of cichlid fishes to investigate the evolutionary history
of the species flocks of the East African lakes. The ob-
served pattern of nucleotide substitution in this se-
quence is typical of mitochondrial genes, showing a
high transition bias and rapid mutational saturation,
especially at codon positions where base frequencies
are unequal. The base composition of the third posi-
tion of codons is heterogeneous among species, sug-
gesting frequent shifts in the pattern of substitution.
Phylogenetic analysis of the sequences shows that the
mtDNA variation in Lake Malawi cichlids is nested mo-
nophyletically within the range of variation shown by
Tanganyikan cichlids. The closest Tanganyikan rela-
tives of the Malawi flock are members of the tribe Tro-
pheini. Classifications based on morphology are gener-
ally supported by the mtDNA data, with some
significant exceptions in the Tropheini and Lampro-
logini. Because of an apparently rapid radiation of the
Tanganyikan lineages, it is difficult to assess the basal
topology of the Tanganyikan radiation at this time.
Divergences among tribes are consistent with an
intralacustrine radiation within the past 10 million
years. © 1995 Academic Press, Inc.

INTRODUCTION

The cichlid fishes of the East African Rift Valley
lakes have been touted as the premier example of “ex-
plosive” adaptive radiation in vertebrates for more
than 50 years. Lake Malawi contains over 400 de-
scribed species of endemic cichlids (Konings, 1990;
Greenwood, 1991), more species of fish than any other
lake in the world. Other East African lakes show simi-
lar levels of diversity (Greenwood, 1974; Fryer and Iles,
1972). Many of the nominal species have been shown
to be assemblages of sibling species (e.g., McKaye et al.,
1982, 1984; Ribbink ef al., 1983), causing some workers
to estimate that as many as 1000 species of cichlids

may reside within Lake Malawi alone (Lewis et al.,
1986). These “species flocks” are an ideal system in
which to study the ecological and genetic mechanisms
of speciation and morphological evolution in verte-
brates (Echelle and Kornfield, 1984).

The geologic history of these lakes is complex. The
Rift Valley has been extremely active geologically, es-
pecially during the past 2-5 million years. Banister
and Clarke (1980) suggested that the current Tangan-
yikan basins were formed about 2.6 mybp and that
Lake Malawi is even more recent (<1 my). Cohen et al.
(1993, however, have estimated from sedimentation
data that the Tanganyikan basins began to form 9-12
mybp. The continuous block faulting of the region
makes reconstruction of drainage patterns difficult.
Furthermore, because these basins have been closed
systerns for most of their history, minor climatic fluc-
tuations have had major effects on lake levels. Twenty-
five thousand years ago, water levels in lakes Malawi
and Tanganyika were 250—-500 meters below the cur-
rent water lines (Scholz and Rosendahl, 1988). Ex-
treme lake level fluctuations have occurred in even
more recent times and may have aided microallopatric
differentiation of taxa (Owen et al., 1990).

Surprisingly, even though cichlids are a morphologi-
cally diverse group, there are few morphological char-
acters which can be used to describe intrafamilial rela-
tionships (Stiassny, 1991). The constant repatterning
of the cichlid head has been achieved not by the devel-
opment of new features, but by small changes in rela-
tive growth rates among structures (Strauss, 1984).
Discrete characters useful for developing phylogenies
are few. Dissatisfaction with traditional morphological
approaches has prompted the investigation of new
kinds of characters, such as reproductive behavior and
bower form (McKaye, 1991; McKaye et al., 1993) to re-
solve relationships.

Nishida (1991) used allozyme polymorphisms to
study relationships within the Tanganyikan flock. He
found a number of old (>>5 my) lineages among the 12
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tribes of Tanganyikan cichlid defined by Poll (1986).
Nishida suggested that Tanganyika represents an evo-
lutionary reservoir from which the Lake Victoria and
Lake Malawi flocks arose. Because no representatives
of the Malawi or Victoria flocks were included, the rela-
tionship of these flocks to Tanganyikan species could
not be examined.

Mitochondrial DNA is widely recognized as an impor-
tant tool for resolving relationships among closely re-
lated species. Dorit (1986) was the first to analyze
mtDNA to determine relationships among East African
cichlids. He showed that there is remarkably little in-
traspecific variation in the mtDNA sequence of Lake
Victoria cichlids and that sufficient interspecific varia-
tion exists to reconstruct phylogenies for members of
the Psammochromis—-Macropleurodus lineage. Meyer
et al. (1990) extended this work by directly sequencing
mtDNA from a number of Lake Victoria and Malawi
cichlids. These data provided support for an extremely
recent, monophyletic origin of each flock. Kocher et al.
(1993) compared six pairs of morphologically similar
taxa from lakes Malawi and Tanganyika and found
that the Malawi taxa had a recent, monophyletic origin.

The noncoding region used for these earlier studies
has serious deficiencies when applied to deeper diver-
gences. Because of the high rate of substitution, rate
heterogeneity among sites, and an unknown pattern of
selective constraint (Kocher and Wilson, 1991), it is dif-
ficult to properly account for multiple substitutions. Ac-
curate phylogenetic reconstruction, in which branch
points are well-calibrated with geologic time, may be
easier to accomplish from protein-coding sequences,
whose evolutionary properties are more fully under-
stood (Irwin et al., 1991).

The current study focuses on a different mitochon-
drial gene, NADH dehydrogenase subunit 2 (ND2), be-
cause it may exhibit more uniform substitution proba-
bilities among codons. QOur goals were first to
characterize the patterns and rates of substitution in
the ND2 gene and second to use this information to
achieve a more accurate reconstruction of the history
of East African cichlids.

MATERIALS AND METHODS

DNA sources. Most fish were collected by scuba di-
vers using monofilament gill nets. Additional wild-
caught and F,; specimens were also studied (Table 1).
Species identifications were made immediately upon
capture in the field, before body colors were lost.
Voucher specimens have been deposited with the Penn
State University Fish Museum. Whole fish were placed
in several volumes of 100% ethanol for 24-48 h,
wrapped in alcohol-moistened cheesecloth, and sealed
in a plastic bag for transportation to the laboratory. In
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TABLE 1

Specimens Examined

Lake Malawi

Chembe village, Cape Maclear, Malawi
Chembe village, Cape Maclear, Malawi
Chembe village, Cape Maclear, Malawi
Aquarium trade, U.S.A.

Monkey Bay, Malawi

Lake Tanganyika

Buccochromis lepturus
Champsochromis spilorhynchus
Lethrinops auritus
Pseudotropheus zebra
Rhamphochromis sp.

Tribe Bathybatini
Bathybates sp.
Tribe Cyprichromini
Paracyprichromis brieni
Tribe Ectodini
Callochromis macrops
Cardiopharynx schoutedeni
Opthalmotilapia ventralis
Xenotilapia flavipinnus
Xenotilapia sima
Tribe Eretmodini
Tanganicodus irsacae
Tribe Lamprologini
Chalinochromis popeleni
Julidochromis marlieri
Lamprologus callipterus
Lepidiolamprologus elongatus
Neolamprologus brichardi
Neolamprologus tetracanthus
Telmatochromis temporalis
Tribe Limnochromini
Gnathochromis pfeffert
Limnochromis auritus
Tribe Perissodini
Perissodus microlepis (a)
Perissodus microlepis (b)
Tribe Tilapiini
Boulengerochromis microlepis
Oreochromis niloticus
Tribe Tropheini
Cyphotilapia froniosa
Lobochilates labiatus
Petrochromis orthognathus
Tropheus moorii var. Moba
Tribe Tylochromini
Tylochromis polylepis

Fish market, Uvira, Zaire
30 km S Bujumbura, Burundi

Marlier’s Rocks, Uvira, Zaire
C.R.8.N. guest house, Uvira, Zaire
Meriel Shreyen, Bujumbura, Burundi
Meriel Shreyen, Bujumbura, Burundi
Fish market, Uvira, Zaire

Meriel Shreyen, Bujumbura, Burundi

Meriel Shreyen, Bujumbura, Burundi
Meriel Shreyen, Bujumbura, Burundi
Marlier’s Rocks, Uvira, Zaire

30 km S Bujumbura, Burundi
Luhanga, Zaire

30 km S Bujumbura, Burundi
Luhanga, Zaire

1 km S Bemba Springs, Zaire
Meriel Shreyen, Bujumbura, Burundi

Meriel Shreyen, Bujumbura, Burundi
Luhanga, Zaire

Fish market, Uvira, Zaire
Fish market, Uvira, Zaire

Meriel Shreyen, Bujumbura, Burundi
Luhanga, Zaire

Meriel Shreyen, Bujumbura, Burundi
Meriel Shreyen, Bujumbura, Burundi

Fish market, Uvira, Zaire
Central America

Cichlasoma citrinellum George Barlow, Berkeley, California

the lab, samples were returned to 70% alcohol for long-
term storage. DNA was extracted from the dorsal mus-
culature of each fish using a standard proteinase K
digestion/phenol-chloroform extraction procedure
(Kocher et al., 1989). Two individuals of Perissodus mi-
crolepis were included as a blind control to test the ac-
curacy of the sequencing reactions and gel scoring in
the laboratory.

ND2 sequences. The sequencing strategy is dis-
played in Fig. 1. The ND2 gene was first amplified us-
ing primers directed at the glutamine and asparagine
tRNAs. Sequences obtained from the ends of this frag-
ment were then used to design additional primers. Typ-
ically, the entire gene was amplified with primers 1 and
6, and the double-stranded product sequenced with the
internal primers 2-5 and 7-11. Amplified products
were purified by separation on agarose gels, and the
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FIG. 1. Amplification and sequencing strategy for the ND2 gene. Bars depict the ND2 and flanking tRNA genes. Arrows indicate the
positions of primers used. The primer sequences are 1, GLN 5"-ctacctgaagagateaaaac-3'; 2, MET 5'-cataccecaaacatgttggt-3'; 8, ND2.1 5-aca
ggtcaatgagaaattcaacaa-3'; 4, ND2.2A 5'-ctgacaaaaacttgeceeett-3'; 5, ND2.T 5'-acatcetgaacaaaagecee-3; 6, ASN 5'-cgegtttagetgttaactaa-3';
7, TRP 5'-gagattttcactccegetta-3'; 8, ND2.4 5-ttggttagttettgaaggat-3’, 9, ND2.4A 5'-aagccecttgttiggttagttet-3'; 10, ND2B 5'-tggtttaateegectea

gee-3% 11, ND2A 5’-aactteggggagtcaagecat-3'.

DNA was recovered by hot phenol extraction (Maniatis
et al., 1982) or by digestion with GELase (Epicentre
Technologies). Direct cycle sequencing with dye-labeled
terminators was performed according to the manufac-
turer’s instructions (Applied Biosystems Inc.). Labeled
fragments were analyzed on an ABI 373A automated
DNA sequencer. Sequences were edited with the aid of
the SeqEd program (Applied Biosystems). Typically,
300 bases could be scored from a single reaction.

Data analysis. The sequences were compiled and
translated with the mammalian mitochondrial code us-
ing the ESEE multiple sequence alignment editor
(Cabot and Beckenbach, 1989). OBSDIS, a modification
by Arend Sidow of Felsenstein’s DNADIST algorithm
(Felsenstein, 1989), was used to count transition and
transversion differences among all possible pairs of
taxa. Distance trees were constructed using the neigh-
bor-joining algorithm (Saitou and Nei, 1987) as imple-
mented in MEGA (Kumar et al., 1993). Parsimony
analysis was conducted with PAUP Ver. 3.0s (Swofford,
1991) on a Macintosh Quadra 950 computer. Programs
in the GCG package (Ver. 7; Devereux et al., 1984) were
used to study the composition and structure of the
gene. Tests for compositional stationarity were per-
formed using the method of Rzhetsky and Nei (1995).

RESULTS

ND2 Sequences

Sequences of 1047 nucleotides for each of the 31 spe-
cies have been deposited in GenBank (Accession Nos.
U07239-U07270). The predicted proteins are all 348
aa long and no indels were observed. The two individu-
als of Perissodus included as a blind control differed at
only three sites (all silent), which is within the expected
range of intraspecific variation. The fraction of first,
second, and third position sites which were variable
was 31.5, 14.9, and 90.5%, respectively.

Compositional Bias

Strong bias in base composition can seriously com-
promise some methods used to correct observed differ-
ences to actual divergence (Saccone et al., 1990). In ad-

dition, many phylogenetic reconstruction algorithms
assume identical base composition in all lineages. Com-
positional bias has typically been summarized with a
single statistic, which obscures patterns in the distri-
bution of nucleotides on the two strands. Deviation
from an expectation of equal frequencies of all four
bases can take three forms (Perna and Kocher, 1995).
The number of GC base pairs may not equal the num-
ber of AT pairs (quantified as the percentage GC).
Paired bases can exhibit skew, which is the nonrandom
orientation of paired bases in the helix. For example,
among A-T base pairs, most of the A’s might be found
on ona strand. Two kinds of skew are possible, that in-
volving A-T and that involving G-C. The values of
GC%, GC, and AT skew vary among positions in
codons.

Table 2 lists the base composition at the first, second,
and third positions of codons and at the fourfold degen-
erate sites of the ND2 gene. Base composition varies
significantly among codon positions. First positions are
the most GC-rich (52.7%), presumably because of selec-
tion for a high leucine and alanine content in the pro-
tein. First positions exhibit moderate positive AT skew
and negative GC skew. Second positions exhibit a low
frequency of A and a high frequency of T. Both GC and
AT base pairs exhibit strong negative skew. Again,
composition probably reflects selective constraints aris-
ing from the membrane-spanning structure of this pro-
tein, since hydrophobic amino acids are encoded by co-
dons containing C and T at the second position. The
bias at first and second positions in these sequences is
greater than that reported for mammalian cytochrome
b (Irwin et al., 1991). Third positions contain a high
proportion of A and T. While AT base pairs at these
sites exhibit a slight positive skew (+0.104), GC base
pairs are highly skewed (—0.774), reflecting a very low
frequency of G on the sense strand. The highest levels
of GC skew are found at fourfold degenerate positions.
By way of comparison, the carp shows a similar GC
skew, but also a much stronger AT skew (+0.73) than
the cichlids at the fourfold sites.

Although base composition appears relatively homo-
geneous among the African species (Table 2) statistical
tests (Rzhetsky and Nei, 1995) indicate considerable
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Base Composition at the First, Second, and Third Position of ND2 Codons in 28 Species of Cichlid Fish

First Second Third Four-fold
Species G A T C G A T C G A T C G A T C
Buccochromis lepturus 19.2 29.8 18.1 33.0 115 16.0 37.2 35.2 52 324 241 384 46 260 246 446
Champsochromis spilorhynchus 19.2 29.8 18.1 33.0 11.5 16.0 37.2 35.2 54 321 235 390 42 265 237 456
Lethrinops auritus 19.2 29.8 18.1 33.0 115 16.0 37.2 35.2 54 324 235 387 46 269 236 449
Pseudotropheus zebra 18.9 29.8 18.6 32.7 115 16.0 38.1 34.4 40 338 252 370 33 274 242 451
Rhamphochromis sp. 19.3 29.6 18.4 32.8 11.5 15.5 37.6 35.3 3.7 333 259 371 37 267 253 442
Bathybates sp. 18.3 30.1 16.6 35.0 11.7 16.6 38.1 33.5 57 301 226 415 41 260 219 479
Paracyprichromis brieni 18.9 30.1 181 33.0 11.2 16.0 37.2 35.5 23 338 281 358 23 274 265 438
Callochromis macrops 19.8 29.5 18.1 32.7 11.2 16.0 37.0 35.8 60 307 244 390 59 237 242 461
Cardiopharynx schoutedeni 20.6 28.7 18.3 32.4 11.2 16.0 37.5 35.2 66 338 266 358 55 245 286 414
Opthalmotilapia ventralis 20.3 29.2 17.5 33.0 11.2 16.0 37.0 35.8 57 309 281 352 50 248 275 428
Xenotilapia flavipinnus 20.1 295 18.1 32.4 11.2 16.0 37.2 35.5 3.7 321 301 341 37 244 295 424
Xenotilapia sima 20.1 29.8 17.2 33.0 11.2 16.6 37.2 35.0 60 298 275 367 55 240 272 433
Tanganicodus irsacae 19.5 30.1 18.3 32.1 11.2 16.0 37.5 35.2 26 344 309 321 28 276 295 401
Chalinochromis popeleni 19.8 29.2 18.1 33.0 11.2 16.0 37.0 35.8 37 324 266 372 36 262 271 430
Julidochromis marlieri 20.6 28.7 17.2 335 11.5 16.6 37.2 34.7 63 295 284 358 7.2 231 285 412
Lamprologus callipterus 20.1 28.7 17.8 335 11.7 15.8 37.2 35.2 60 307 255 378 63 240 276 421
Lepidiolamprologus elongatus ~ 18.6 30.1 18.1 332 11.2 16.3 36.1 35.4 29 327 261 384 28 259 255 458
Neolamprologus brichardi 19.8 29.5 175 33.2 11.7 15.8 37.0 35.5 57 295 284 364 63 222 290 425
Neolamprologus tetracanthus 20.3 28.4 17.8 33.5 11.5 15.8 37.2 35.5 57 307 255 381 63 242 278 417
Telmatochromis temporalis 19.5 29.2 18.3 33.0 11.5 16.0 37.2 35.2 57 298 295 350 55 237 297 411
Gnathochromis pfefferi 19.2 28.9 19.5 32.4 11.2 16.0 375 35.2 49 315 264 372 42 245 273 440
Limnochromis auritus 19.2 30.1 17.8 33.0 11.2 16.0 37.2 355 52 327 264 358 4.1 277 264 418
Perissodus microlepis (a) 21.2 27.8 18.3 32.7 10.9 16.3 37.5 35.2 69 289 241 401 50 243 243 464
Perissodus microlepis (b) 21.2 27.8 18.3 32.7 10.9 16.3 375 35.2 66 289 249 395 54 239 248 459
Boulengerochromis microlepis ~ 19.2 29.2 181 33.5 11.2 16.0 36.7 36.1 29 335 255 381 36 279 221 464
Oreochromis niloticus 189 30.4 16.9 33.8 11.2 15.5 37.5 35.8 49 312 246 393 50 250 223 477
Cyphotilapia frontosa 18.7 30.7 17.5 33.0 11.2 15.8 37.1 35.9 49 316 256 379 37 274 256 434
Lobochilotes labiatus 19.5 29.3 18.4 32.8 11.2 15.8 37.4 35.6 29 336 250 385 27 271 252 450
Petrochromis orthognathus 19.5 29.3 18.4 32.8 115 15.5 37.1 35.9 3.7 330 256 376 37 269 260 434
Tropheus moorii 19.8 28.7 17.8 33.8 11.2 16.3 37.2 35.2 52 315 261 372 50 257 252 441
Tylochromis polvlepis 19.5 29.8 17.8 33.0 11.2 15.8 37.0 36.1 34 332 226 407 27 269 224 479
Cichlasoma citrinellum 18.6 309 16.6 33.8 10.6 16.0 37.8 35.5 46 332 178 444 50 270 194 486
Cyprinus carpio 20.7 34.8 15.2 29.3 12.6 15.5 36.8 35.1 5.7 503 129 310 72 541 8.6 30.1
Mean (excluding carp) 19.6 29.5 17.9 33.1 11.3 16.0 37.3 35.4 48 318 258 377 45 256 257 442
Standard deviation 0.720 0737 0.591 0.545 0.242 0.280 0371 0504 130 159 250 229 1.23 158 253 222
Composite bias® 0.167 0.303 0.270 0.273
GC%"* 52.7 46.7 42,5 48.7
ATS' +0.245 —0.400 +0.104 —0.002
GCS -0.256 -0.516 -0.774 -0.815

Note. Species are listed according to tribal affiliation in Table 1.

¢ Composite bias in base composition is calculated as B = (2/3) sum;.,_4|f, — 0.25|, where f; is the frequency of the i th base.

* GC content is calculated as GC% = (G + /(G + C + A + T).

* AT skew is calculated as ATS = (A — T)/(A + T); GC skew is calculated as GCS = (G — CY/(G + O).

heterogeneity. The 32 cichlid sequences are heteroge-
neous in composition at third positions (P < 0.0001),
even when Cichlasoma (which has a lower fT) is ex-
cluded (P < 0.0003). The Malawi flock appears homoge-
neous (P > 0.17), but is significantly different from the
Ectodines (P < 0.05). The five Ectodines are barely ho-
mogeneous (P = 0.072); Xenotilapia sima and X. flavi-
pinnus are significantly different (P < 0.05). These
compositional differences imply that the mutational
spectrum for mtDNA varies over much shorter time
scales than currently believed.

The amino acid composition of the Cichlasoma ND2
protein is compared with other ND2s and with cyto-

chrome b in Table 3. The most notable feature of all of
these proteins is the extremely high content of nonpo-
lar amino acids; leucine constitutes 22% of the cichlid
ND2 protein. The amino acid composition of the ND2
protein is considerably more biased than that of cyto-
chrome b, particularly because of an abundance of thre-
onine and a lack of phenylalanine and valine. The
higher bias of ND2 may result in more rapid saturation
for amino acid differences.

Distribution of Variation

ND2 is a part of the mitochondrial respiratory com-
plex I. Ragan (1987) describes evidence that ND2 is one



424

TABLE 3

Comparison of the Amino Acid Composition of Mito-
chondrial Genes in a Cichlid, Carp, Human, and Dro-
sophila

ND2 Cytb

Cic Car Hum Dro Car Hum Dro
Alanine 31 39 20 13 30 25 21
Arginine 4 6 4 2 8 7 8
Asparagine 9 8 20 30 17 15 24
Aspartic acid 1 4 0 1 11 11 10
Cysteine 1 1 0 2 4 2 3
Glutamine 15 14 10 7 6 8 8
Glutamic acid 8 5 6 8 6 4 3
Glycine 19 18 13 13 25 24 25
Histidine 7 6 4 3 12 12 11
Isoleucine 25 28 32 34 32 39 45
Leucine 77 66 64 65 60 64 58
Lysine 8 9 12 10 10 9 7
Methionine 11 19 24 27 13 15 11
Phenylalanine 13 9 15 37 30 24 31
Proline 23 19 23 7 21 23 23
Serine 25 23 28 36 22 29 17
Threonine 46 49 43 19 23 30 19
Tryptophan 11 11 11 10 13 12 13
Tyrosine 7 8 10 10 14 17 18
Valine 7 6 8 7 24 10 23
Total 348 349 347 341 381 380 378
Bias® 035 036 034 039 026 028 027

* Bias in amino acid composition is calculated as

g - sumlf, - 0.051]
1.95

where f; is the frequency of the ith amino acid.

>

of several mitochondrially encoded peptides which re-
side in the hydrophobic fragment of complex I. This
fragment is thought to wrap around the other two com-
ponents of the complex, the flavoprotein and iron-pro-
tein fragments. The high content of hydrophobic amino
acids in the ND2 sequence supports the idea that it is
almost entirely embedded in the membrane. Compari-
son of the cichlid amino acid sequences reveals gener-
ally higher levels of variation in the second half of the
protein. Several segments (amino acids 19-24, 126~
141, 165-178, 249-260) show unusually low levels of
variation, which may be indicative of functional con-
straint. The latter two regions are conserved in the se-
quence of human ND2 and appear to be located in turns
between membrane-spanning helices. Conservation of
these regions, together with the maintenance of a
transmembrane configuration, seem to be the major
constraints on the evolution of this protein.

Although the assumption is rarely tested, most phy-
logenetic reconstruction methods assume an equal
probability of substitution among sites. We estimated
the number of potentially variable amino acids by two
methods. Using the capture/recapture method (Sidow
et al., 1992), a comparison of Buccochromis and Cichla-
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soma yields an estimate of 86.7 + 18.8 variable codons.
This raight be an underestimate of the actual number
of variable codons because functional constraint for hy-
drophobicity of this protein may reduce the variability
of second position sites, violating assumptions of the
method. A second estimate was made by counting the
number of changes per site in a tree relating four Ma-
lawi and seven closely related Tanganyikan taxa. A
least-squares fit of the number of substitutions per site
to a Poisson distribution yields a similar estimate of
about 100 variable codons. Therefore, it seems likely
that approximately 25% of the amino acids in the ND2
molecule are free to vary at any particular instant. This
value compares to an estimate of 37% for 13 diverse
calmodulin sequences and 39% for 4 vertebrate albu-
min sequences (Sidow et al., 1992).

We also estimated the number of third position sites
which are free to undergo a transversion (Uzzell and
Corbin, 1971; Holmquist et al., 1983). A larger number
of these sites are expected to be variable, since nucleo-
tide substitutions at many sites will not result in amino
acid replacement. We counted the number of substitu-
tions at each site over parsimony trees (constructed us-
ing all substitutions weighted equally) at three differ-
ent time depths (Table 4). Among closely related taxa,
the Poisson model fits reasonably well, suggesting that
all sites are free to vary. Among more distantly related
taxa, the Poisson model fits only if an increasingly large
invariant class of sites is postulated. Fitting of a nega-
tive binomial distribution does not lead to a consistent
estimate of the gamma parameter (&), and methods for
estimating the standard error of k£ are not yet available
(Tamura and Nei, 1993). Since approximately 215 co-
dons of the ND2 gene are fourfold degenerate and at
least some transversions must be possible among the
133 twofold degenerate codons, we estimate that be-
tween 250 and 300 third position sites are typically free
to undergo a transversion.

Accumulation of Sequence Difference

Figure 2 displays the accumulation of pairwise se-
quence difference among cichlid species, including the
distantly related Cichlasoma. Because no reliable fossil
dates are available for the divergence of these taxa, the
least saturated component of the data (the number of
third position transversion differences) was used to plot
the accumulation of sequence difference. Transitions
and transversions are plotted separately for each of the
three codon positions. The largest third position trans-
version difference observed among African taxa was
abour 10%. Comparisons between Cichlasoma and the
African taxa displayed about 25% third position trans-
version difference.

The strong transition bias characteristic of animal
mtDNA is clearly evident at the third positions. The
initial transition/transversion ratio observed at third
positions is about 10/1. Saturation does not occur until
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TABLE 4

Estimates of the Number of Codons Free to Undergo a Transversion at the Third Position

Negative
Observed changes per site Poisson Modified Poisson binomial
0 1 2 3 4 x: Sites x? K b
Tree 1 315 31 1 0 0 0.186 — — 20 0.232
Tree 2 304 39 2 4 0 0.514 250 0.003 2 0.004
Tree 3 285 51 8 2 1 3.908 195 0.080 1 0.022

Note. Taxa for tree 1, Pseudotropheus, Champsochromis, Lethrinops, Rhamphochromis, Tropheus, Gnathochomis, Petrochromis, Lobochi-
lotes, Opthalmotilapia; taxa for tree 2, Pseudotropheus, Champsochromis, Rhampochromis, Tropheus, Gnathochromis, Petrochromis, Lo-
bochilotes, Xenotilapia flavipinnus, Cardiopharynx, Cyphotilapia; taxa for tree 3, Pseudotropheus, Champsochromis, Rhamphochromis, Tro-
pheus, Opthalmotilapia, Xenotilapia, Julidochromis, Lamprologous, Lepidiclamprologus, Oreochromis.

about 25% sequence difference. The pattern of satura-
tion is complex, however (Fig. 2f). Transitions involv-
ing A and G saturate at 12-15% difference, whereas
those involving C and T saturate at 30-40% difference.
These values are each somewhat less than expectations
(23 and 48%, respectively) calculated from base fre-
quencies (e.g., 1 — (G/(G + A))?? — (A/(G + A))?), indicat-
ing the additional factor of mild selective constraint at
these sites.

In contrast to the third positions, there are strong
constraints on the first and second positions, derived
from selection on protein structure. Substitutional
saturation occurs at much lower levels of divergence
for these sites. The overall rate of transitional substitu-
tion at first and second positions is at least 10-fold
lower than for third positions. The saturating values of
transitions are about 7.5% for first positions and only
2.5% at the second position. Transversions accumulate
linearly at first positions until at least 7.5%, while at
second positions saturation occurs at only 2.5% differ-
ence.

Previous studies of some of these taxa have focused
on a 350-bp segment encompassing the rapidly evolv-
ing first half of the control region. In Fig. 3, total se-
quence difference in the control region is plotted
against third position transversion difference for eight
taxa for which control region and ND2 sequences are
available. The control region saturates at 15-20% dif-
ference. This saturation occurs very rapidly—at about
2% third position transversion difference. The control
region initially accumulates change as rapidly as third
position transitions, but it saturates earlier, at a lower
difference value.

Distance Analysis

The first step in the phylogenetic analysis was to
discover which taxa were closely related. For this pur-
pose we used the third position transversion divergence
values, corrected for multiple hits using a gamma dis-
tribution (o = 20) {Tamura and Nei, 1993). The topol-
ogy of the neighbor-joining tree (Fig. 4) is not sensitive

to small changes in the number of variable sites as-
sumed.

The Ectodini are one of several major clades easily
distinguished in this tree. A second cluster contains
Gnathochromis, elements of the Tropheini, together
with the Malawi taxa. The relationship of these two
clusters to the Limnochromini, Perissodini, Cyprich-
romini, and Cyphotilapia is not well defined. Deeper in
the tree, there is a well-defined clade containing lam-
prologine taxa. Tanganicodus diverges at about the
same point. The deepest branches of the tree lead to
Boulengerochromis, Bathybates, Oreochromis, and Ty-
lochromis. Cichlasoma is too distantly related to be a
useful outgroup in this analysis.

A striking feature of this tree is the apparent varia-
tion in rate among lineages. In particular, several
mtDNAs of the tribe Ectodini appear to be evolving at
a very high rate. These differences in rate may be re-
lated to the rapidly evolving base composition of this

group.
Parsimony Analysis of Tribal Clusters

A parimony analysis was used to further examine
three clusters (Lamprologini, Ectodini, Tropheini/
Haplochromini) identified in the distance analysis. In
each case, all characters were weighted equally, and
the reliability of the most parsimonious tree was esti-
mated with 2000 bootstrap samples.

The phylogeny of the lamprologines is resolved well
by these data. Bootstrap analysis shows significant
support for nearly all segments of the tree (Fig. 5a).
Lepidiolamprologus elongatus is the clear sister group
to the other lamprologine taxa studied here. Neolam-
prologus is clearly not monophyletic. N. tetracanthus is
a sister to Lamprologus callipterus, while N. brichardi
clusters with Julidochromis marlieri and Telmatoch-
romis temporalis. This result confirms the assessment
of others (Brichard, 1989; Poll, 1986) that Neolamprolo-
gus is not a natural assemblage.

Parsimony analysis also corroborates previous views
of Ectodine phylogeny (Sturmbauer and Meyer, 1993).
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Specifically, it supports the idea that Cardiopharynx
and Opthalmotilapia are sister taxa and that Calloch-
romis is the outgroup to the other four taxa (Fig. 5b).
It should be noted, however, that this arrangement is
at odds with the distance tree (Fig. 4). Our data do not
support the idea that the Cyprochromini are the sister
group to the Ectodines (Sturmbauer and Meyer, 1993;

Meyer, 1993). Paracyprichromis falls outside the clade
containing the Ectodines, Limnochromis, and Tropheus
in 69% of the bootstrap samples.

The Tropheini/Haplochromine clade was examined
using Xenotilapia as the outgroup (Fig. 5¢). There is a
clear division between the Tanganyikan and the Ma-
lawi members of this clade. The Malawi taxa cluster
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transversion difference in ND2.

together in all 2000 of the bootstrap samples. The Tro-
pheini are a much less tightly clustered group. Al-
though monophyly of the Tanganyikan taxa is sug-
gested (78% of the bootstrap samples), the internal
structure of this clade is not well resolved.

Relationships among Basal Lineages

The distance tree is ambiguous in two regions. First
is the relationship among seven major lineages of the
Tanganyikan flock (Tropheini, Cyprichromini, Ectod-
ini, Eretmodini, Lamprologini, Limnochromini, and
Perissodini). In an attempt to resolve the relationships
among these groups, we performed an analysis of
amino acid sequences using the default mitochondrial
transformation matrix of PAUP. No significant cluster-
ing was found in bootstrap analyses using Oreochromis
as an outgroup.

A second area of ambiguity is the relationships
among the most basal taxa (Oreochromis, Boulengero-
chromis, Tylochromis, Bathybates, lamprologines, and
haplochromines). For this analysis, we again used pro-
tein parsimony, with Cichlasoma as an outgroup. Only
a few clades appeared in more than 50% of the boot-
strap samples, the most frequent being a clustering of
Oreochromis and Tylochromis (69%).

DISCUSSION

It is increasingly apparent that patterns of nucleo-
tide substitution in mtDNA have not yet been ade-
quately modeled. Recognition of the transition bias
characteristic of mtDNA is but a first step in modeling
the accumulation of substitutions in this molecule.
Both the rate of substitution and the base composition
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of the molecule vary with selective constraint among
codon positions. Codons vary among one another in
their probability of substitution, even at third posi-
tions. These variations do not invalidate the use of
DNA sequences for phylogenetic analysis. Rather, they
encourage us to study more closely the forces shaping
the evolution of these molecules. The increasing ease
with which sequences can be obtained encourages the
thought that these variations can be taken into account
by analysis of larger data sets.

Pattern of Substitution in ND2

ND2 was chosen for this study because, at least in
mammals, it is evolving more rapidly than other mito-
chondrial proteins (Anderson et al.,, 1982). While a
faster rate implies fewer selectional constraints, amino
acid substitutions are far from random. Perhaps be-
cause of their highly skewed amino acid composition,
these membrane-embedded proteins have a relatively
small proportion of variable sites. At the nucleotide
level, saturation for change occurs before theoretically
expected limits at every codon position. Only third posi-
tion transitions appear to approach expectations based
on base frequency.

A surprising finding was the lack of stationarity for
base composition among some closely related taxa. De-
viations are especially prevalent in the Ectodini, which
have probably diverged within the last 5 my. The idea
that base composition may fluctuate widely over short
time-scales has important implications for our under-
standing of mtDNA evolution and the application of
these data to phylogenetic analysis.

Relationships among East African Cichlids

Three major clades were identified with some confi-
dence. The first contains the Malawi taxa, Gnathoch-
romis, and the Tropheini (with the significant excep-
tion of Cyphotilapia). A second clade encompasses the
Ectodini. The third clade contains the lamprologines.
The relationship of these lineages to other Tanganyi-
kan tribes is not well defined. Deeper in the tree, an
unresolved polytomy exists among Bathybates, Bou-
lengerochromis, a clade containing Tylochromis and
Oreochromis, and a lineage leading to the rest of the
taxa.

Our tree is similar in most respects to that of Nishida
(1991). His consensus tree did not resolve the relation-
ships among the seven recent tribes of Tanganyikan
cichlids. His placement of the lamprologines outside
the other tribes is consistent with our data. Our data do
not support the suggestion that the Eretmodini share
a common ancestor with the Tropheini/Haplochromini
(Sturmbauer and Meyer, 1993). Neither do we find sup-
port for the suggestion that the Cyprichromini are the
sister group to the Ectodini. While it is likely that the
radiation of these tribes occurred over a relatively short
period of time, we believe the failure to resolve these
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lineages arises because the pattern of evolution of this
sequence has still not been adequately incorporated
into phylogenetic algorithms.

Stiassny (1991) proposed that Tylochromis is the sis-
ter group to the other African cichlids included in this
study. In all of our analyses, Tylochromis clustered
with Oreochromis in the unrooted tree. Distance analy-
sis strongly suggests that these are relatively closely
related taxa. Analysis of additional tilapiines is under-
way toresolve the relationship of Oreochromis and Saro-
therodon to Tylochromis. There is clearly a need to
study other potential outgroup taxa to root the tree.

Morphological Evolution

The paradox of morphological evolution in cichlids is
that, although they have undergone spectacular mor-
phological diversification, there are no discrete, syna-
pomorphic characters which can be used to distinguish
clades (Stiassny, 1991). Molecular data are beginning
to suggest a pattern of frequent reversal of many mor-
phological characters. Sturmbauer and Meyer (1993)

discuss this for members of the tribe Ectodini. Perhaps
it should not surprise us that these morphological char-
acters, which have undergone tremendous eveolution-
ary modifications, may also have experienced a large
number of character state reversals.

Oliver (1984), relying especially on characteristics of
the anal fin spots, rejected the hypothesis of monophyly
for the Malawi flock. Greenwood (1979) suggested that
true ocellae (fin spots with a clear surrounding ring) are
apomorphic to nonocellar spots. Both types are found
among the Malawi taxa. True ocellae, found in the
mbuna, are also found in Lake Victoria, riverine
haplochromines, and Tanganyikan Tropheini. Oliver
suggested that the resemblances between Malawi
mbuna and the Tanganyikan genera Tropheus, Petro-
chromis, and Simochromis were the result of immedi-
ate common ancestry. Mitochondrial data refute this
hypothesis and suggest that the ocellar nature of anal
fin spots has arisen multiple times during the radiation
of East African cichlids.

Yamaoka (1985) suggested that the pattern of intes-
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tinal coiling was a reliable source of characters for the
reconstruction of phylogeny in Tanganyikan cichlids.
His grouping of taxa into Cyathopharynx- and Asproti-
lapia-like lineages is not consistent with Sturmbauer
and Meyer’s (1993) mtDNA-based phylogeny. Yamaoka
(1985) also suggested that Tanganicodus shares a
highly derived intestinal type with Tropheus. Our data
suggest that Tanganicodus is only distantly related to
the Tropheini (Fig. 5). Intestinal morphology may not
be a reliable character for phylogenetic analysis (Rein-
thal, 1989).

Time-Scale for the Lacustrine Radiations

The East African cichlid flocks are unique because
such a large number of species have arisen in such a
short time. The actual age of the flocks, however, has
been the subject of considerable debate. The most re-

cent geologic estimates suggest that Lake Tanganyika
is 9-12 my old (Cohen et al., 1993). Lake Malawi is con-
siderably younger, perhaps 2 my at most (Fryer and
Iles, 1972), while Lake Victoria originated less than
750,000 years ago (Greenwood, 1974) and may have
dried repeatedly during the last 200,000 years (Meyer,
1993). Molecular evidence is consistent with a very
young age for the Victoria flock (Sage et al., 1984;
Meyer et al., 1990).

Table 5 shows the third position transversion diver-
gence estimates for important clades, using several es-
timates of the number of variable sites. The divergence
among Lake Victoria cichlids is based on a calibration
of control region divergence (Meyer et al., 1990) to ND2
divergence (Fig. 3). Divergence among the Victoria
flock is about 0.2%, and among the Malawi flock is
about 1.7%. While it is premature to calibrate the ND2
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TABLE 5

Divergence Estimates for Important Clades of East
African Cichlids

Estimated divergence”

Observed
no. of 300 250 200
differences sites sites sites
Intra-Victoria <1.0 0.2 0.2 0.2
Intra-Malawi 5.0 1.7 2.0 2.6
Malawi/Tropheini 8.1 2.8 3.4 4.2
Lamprologini 11.8 4.1 5.0 6.3
Ectodini 15.8 5.6 6.8 8.6
Oreochromis/the rest 22.0 7.9 9.7 12.4
Cichlasoma/the rest 83.0 40.3 54.5 88.6

Note. Divergence values are corrected for multiple hits assuming
different numbers of sites free to accumulate substitutions.

“ Transversion differences corrected for multiple hits according to
the formula

divergence = —0.5 In (1 — 2(d/x)),

where d is the observed number of transversion differences, and x is
the number of sites assumed to be free to vary.

clock from the present set of samples, 1% third position
transversion divergence may equate to approximately
1 million years since the separation of the taxa com-
pared. Using a multiple hit correction which assumes
300 variable third position sites, the Malawi/Tropheini
divergence is about 2.8%. The Ectodini that we have
sequenced shared a common ancestor at about 5.6% di-
vergence, probably at the same time the more slowly
evolving Lamprologini share an ancestor (4.1% diver-
gence). Using the same assumption of 300 variable
sites, the Oreochromis-Tylochromis clade shows 7.9%
divergence from the other African taxa, and Cichla-
soma shows 40.3% divergence. These latter estimates,
however, are highly sensitive to the estimate of the
number of variable sites and could range to as much as
12.4 and 89%, respectively. The estimates based on
250-300 variable sites are probably the most reliable
and suggest that the Lamprologini and Ectodini that
we have sequenced are considerably younger than the
most recent estimates for the age of the lake (9-12 my).
Sequencing of additional riverine taxa will be needed
to address the question of how many lineages founded
the Tanganyikan fiock.

CONCLUSIONS

Mitochondrial sequences are clearly an effective tool
for resolving the phylogeny of East African cichlids.
Our work to date provides a skeletal framework for the
evolution of East African cichlids, which can be fleshed
out with additional sequences. Behavioral, morphologi-
cal, and evolutionary biologists working on this impor-
tant model system need independent tests of hypothe-
ses of relationship. Mitochondrial sequences can
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provide such tests. Our analysis has demonstrated sev-
eral inconsistencies in Poll’s (1986) groupings of Lake
Tanganyika cichlids. Neolamprologus is clearly an un-
natural grouping. Cyphotilapia does not appear to be
a mermber of the Tropheini, and the placement of Gna-
thochromis suggests that the Limnochromini may be
heterogeneous as well. Study of additional Tropheini,
riverine haplochromines and species from Lake Malawi
is needed to fully characterize the ancestors of the Ma-
lawi and Victoria flocks.

It is surprising that the large amounts of sequence
data reported here were not sufficient to completely re-
solve the phylogenetic history of these taxa. Three
things conspire to limit our conclusions. First, it is
likely that the radiation of this group occurred in a
short interval of time associated with the filling of the
lake basins. Second, it has been difficult to identify ap-
propriate, closely related outgroup taxa. Finally, it is
clear that current algorithms for reconstructing phy-
logeny do not allow accurate modeling of the substitu-
tional process in this molecule. The kinetics of substitu-
tion are complex and vary among codon positions. It is
not sufficient merely to assign different rates to each
position, since base composition varies dramatically
among positions. Although in scoring only third posi-
tion transversions we have not used all of the informa-
tion present in the data, none of the current algorithms
for phylogenetic reconstruction allow us to accurately
model the substitution process without this simplifica-
tion. We hope that this set of closely related sequences
will stimulate further refinement of algorithms for
the recovery of phylogenetic information from DNA
sequences.
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