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Lake Malawi in eastern Africa harbors >500 endemic species of cichlid fishes, all 
of which are believed to have emerged from a single founding population in the 
past 2 Myr. Molecular characterization of differences among the species could 
provide important information about the nature of speciation in the period of 
adaptive radiation. Because of the close relationship, however, molecular variation 
among the species has been difficult to ascertain. In this communication, we provide 
evidence for extensive differences, in major-histocompatibility-complex (Mhc) class 
II genes, between two related species, Pseudotropheus zebra and Melanochromis 
auratus. We used specific primers to amplify and sequence intron 1 and exon 2 of 
the class II genes from 18 individuals. Although we found 20 different sequences 
among the 42 that we produced, there was not a single sequence shared by the two 
species. Thus the study suggests that different cichlid species of Lake Malawi have 
different profiles of class II alleles, presumably because the polymorphism present 
in the ancestral founding population segregated differentially into the various species. 
These results make Mhc genes an important tool for elucidating speciation. 

Introduction 

Cichlids are bony fishes (teleosts) of the order Perciformes (perchlike fishes), 
family Cichlidae. They are characterized by a bilaterally compressed body, a single 
pair of nostrils, a single well-developed dorsal fin whose anterior rays protrude as 
spines, and a pair of bones (lower pharyngeals) in the floor of the throat (Fryer and 
Iles 1972; Keenleyside 199 1). They occur naturally in Africa, Madagascar, South and 
Central America, Syria and the Jordan Valley, India, and Ceylon; they have been 
introduced by humans into other tropical regions, and they are maintained by aquarists 
all over the world. In several regions, cichlids have undergone recent adaptive radiations 
resulting in richness of species. Nowhere, however, have the radiations been as spec- 
tacular as in the Great Lakes of eastern Africa-Lake Malawi, Lake Tanganyika, and 
Lake Victoria. In Lake Malawi alone, there are >500 cichlid species, all except a few 
endemic (Ribbink 1984; Lewis et al. 1986; Eccles and Trewavas 1989). Most of the 
species of Lake Malawi are believed to have arisen in the past 2 Myr (the estimated 
age of the lake; Beadle 198 1)) possibly from a single, geographically isolated founding 
population (Eccles and Trewavas 1989; Meyer et al. 1990). Hence Lake Malawi, as 
well as other African lakes, can be viewed as natural laboratories for the study of . 
speciation. 

Until recently, most of the work describing speciation of African cichlids has 
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focused on morphological and behavioral characters (Greenwood 198 1; Eccles and 
Trewavas 1989). In the past few years, however, a few studies have appeared in which 
biochemical traits, such as allozyme variation (Kornfield 199 1) and mitochondrial 
DNA polymorphism ( Meyer et al. 1990; Sturmbauer and Meyer 1992, and accepted), 
have been exploited. A serious limitation of the biochemical studies is proving to be 
the generally low variability of the loci, because of short divergence times; one exception 
to this is the major histocompatibility complex (A&K). 

The genes of the Mhc code for proteins that bind short peptides derived from 
other proteins inside the cell and that then display them on the cell surface (Klein 
1986; Rothbard and Gefter 199 1). In an uninfected cell or organism, the displayed 
peptides are derived from degraded self proteins; in an infection, some of the self 
peptides can be replaced by peptides derived from proteins of the invading parasite. 
The displayed nonself peptides are recognized by specialized receptors on thymus- 
derived lymphocytes, and the recognition initiates the specific arm of the immune 
response. In all vertebrates studied thus far, the Mhc consists of a large set of loci that 
structurally and functionally can be divided into two classes, I and II. In each class, 
the loci can further be divided into two subclasses, A and B, coding for the a and p 
polypeptide chains, respectively. The functional kfhc loci are highly polymorphic: A 
large number of alleles occurring at appreciable frequencies can be discerned at many 
of the loci, and the nucleotide diversity of the alleles is often considerable [it is not 
uncommon for two alleles to differ by >50 substitutions in the coding regions alone 
( Klein and Figueroa 1986)]. The Mhc polymorphism is known to evolve transspecifi- 
tally: In mammals, some of the allelic lineages have been estimated to be >30 Myr 
old and are believed to have been passed through many speciation events (Klein 1980, 
1987; Klein et al. 1993). This last feature makes the Mhc particularly valuable for the 
study of speciation and adaptive radiation. If the founding population of adaptively 
radiated species could be shown to be highly polymorphic at its Mhc loci, and if the 
polymorphism could be demonstrated to have segregated into these species, the Mhc 
could become a useful tool for elucidating the mechanism of speciation. In an earlier 
publication (Klein et al., accepted), we provided evidence for Mhc class II B gene 
polymorphism of the founding populations of African lake cichlids. Here we take the 
first step toward demonstrating segregation of the polymorphism in different species. 

Material and Methods 

Two cichlid species- Pseudotropheus zebra Boulenger, 1897 (“blue” or “red 
dorsal”) and Melanochromis auratus Boulenger, 1897-were obtained from local 
dealers ( Aquaristik H. Pelz, Bondorf, Germany, and Kolle Zoo, Stuttgart). DNA was 
isolated from the spleen and hepatopancreas of individual fishes by the standard method 
in an automated nucleic acid extractor (Applied Biosystems, Weiterstadt, Germany). 
Fragments of the isolated genomic DNA encompassing intron 1 and exon 2 were 
amplified by the polymerase chain reaction (PCR); the amplification products were 
cloned; and the clones were sequenced.’ The conditions of the PCR were as follows: 
denaturation for 2 min at 94OC, followed by 40 cycles of denaturation for 1 min at 
94°C annealing for 30 s at 55”C, and primer extension for 2 min at 72°C; the final 
extension was for 10 min at 72°C. The sequences of the primers were as follows: 
Tu383 (3’ end of exon l )-5’-CTCTTCATCAGCCTCAGCACA-3’; Tu377 (degen- 
erate primer, 3’ end of exon 2)--5’-TGATTTAGACAGA(G/A)(T/G)G(T/G)- 
(T/C)GCTGTA-3’; Tu422 ( 3’ end of exon 2, based on the Auha-M-23 1 a sequence; 
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see Klein et al., accepted)-5’-TGATTTAGACAGAATGGCGCTGTA-3 ‘; and Tu423 
(3’ end of exon 2, based on the Auha-M-23 1 b sequence)-5’-TGATTTAGACA- 
GAGGGTTGCTGTA-3’. The primers were used in the combination Tu383-Tu377 
or Tu383-Tu422+Tu423. 

The 335-457-bp-long PCR products were purified in low-melting-point agarose 
(GIBCO BRL, Eggenstein, Germany) and were cloned in pBluescript II plasmid vector 
(Stratagene, Heidelberg). The clones were sequenced by the dideoxy chain-termination 
method (Sanger et al. 1977) using the version 2.0 Sequenase Kit (U.S. Biochemical, 
Cleveland) and [ 35S] dATPaS ( Amersham Buchler, Braunschweig ) . Evolutionary re- 
lationships among the sequences were inferred from genetic distances esti- 
mated by using Kimura’s ( 1980) two-parameter method and from a dendrogram 
constructed by using the neighbor-joining method (Saitou and Nei 1987). The se- 
quences reported in this communication have been deposited in the GenBank under 
the accession numbers L 17439-L 17484. 

Results 

The assumption underlying the present study was that the large founding cichlid 
population in Lake Malawi contained a high number of alleles at its ikfhc loci and 
that the emergence of individual species from this population was accompanied by 
segregation of these alleles. According to this assumption, cichlid species from Lake 
Malawi should be found to differ in the spectrum of Mhc genes that they possess. The 
differences could be either quantitative (in frequencies of shared Mhc genes), qualitative 
(in the presence or absence of certain Mhc alleles), or both. To test this assumption, 
we selected two widely distributed species from the same trophic group (epilithic algae 
feeders) and from a similar habitat (the rocky shores of Lake Malawi)- Pseudotro- 
pheus zebra and Melanochromis auratus-positing that, if differences can be found 
between them, differences between other species in different trophic groups and habitats 
would be even more likely to occur. We obtained six individuals of P. zebra (“blue”- 
individuals l-3; “red dorsal” -individuals 189, 192, and 193) and 12 individuals of 
A4. auratus, isolated genomic DNA from them, PCR-amplified segments of their Mhc 
class II B genes, and sequenced the cloned amplified products. The amplified segment 
encompasses intron 1 and almost the entire exon 2 (the primers used in the amplifi- 
cation were specific for sequences at the 3’ end of exons 1 and 2; see Klein et al., 
accepted). Its length varied from 335 bp to 457 bp, depending on the length of intron 
1 in the different Mhc class II B genes. This segment was chosen because exon 2 was 
shown to be the most polymorphic part of coding class II B sequences (Ono et al. 
1992, 1993; Klein et al., accepted) and because intron 1 of cichlid fishes consists of a 
12-nucleotide element tandemly repeated a different number of times in different 
genes-a feature that serves as a convenient marker for the classification of genes into 
groups ( Klein et al., accepted). 

Altogether, we obtained 18 and 28 nucleotide sequences from P. zebra and M. 
auratus, respectively. The different intron 1 sequences are given in figure 1; the trans- 
lation of the exon 2 sequences into amino acid sequences appears in figure 2. A den- 
drogram showing the relationships among the exon 2 sequences described in this study 
is given in figure 3. 

Some of the sequences are undoubtedly those of alleles at the same locus. At the 
same time, however, some of the sequences must be derived from genes at different 
loci, because more than two different sequences were obtained from most of the tested 
individuals. [Unlike some other fishes that are believed to be of polyploid origin (Ohno 
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FIG. 2.-Amino acid sequences translated from exon 2 sequences of Meuu and Psze. Dashes (-) indicate identity with the top sequence, asterisks (*) indicate gaps 
introduced to improve the alignment, and dots (.) indicate unavailability of sequence information. The simple majority consensus was obtained from sequences that included 
those reported elsewhere ( Klein et al., accepted). The residues are numbered starting with the N-terminal residue of the mature protein (the first four residues are encoded in 
exon 1 and hence are not shown). The amino acids are abbreviated according to the international single-letter code. 
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FIG. 3.-Genetic-distance dendrogram showing the relationships among the Meau and Psze exon 2 
nucleotide sequences. In batches of identical sequences only the first is listed by its full name; the remaining 
sequences in the batch are listed by their numbers only. The scale shows genetic distances calculated by 
using Kimura’s ( 1980) two-parameter method. The dendrogram is constructed according to the neighbor- 
joining principle (Saitou and Nei 1987). Numbering on nodes indicates the number of times that a particular 
branch is recovered per 100 bootstrap replications. Classification of the genes, based on intron 1 sequences, 
is indicated by brackets. Note that genes Meau-M-228g, Meau-M-236c, Psze-M-189a, Psze-M- 192a, Meau- 
M-235e, Meau-M-227d, Psze-M-lc, Psze-M-2d, and Meau-M-233b may be recombinants, and this fact 
may have influenced the topology of the dendrogram. 
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1970), cichlids appear to be diploid (Kornfield 1984), and hence a maximum of two 
alleles is expected to occur at each locus per individual.] Since in the present study 
we are unable to distinguish alleles at a locus from genes at different loci (this distinction 
will be possible only when the genomic organization of the cichlid Mhc is worked 
out), we refrain from assigning definitive genetic symbols to the described sequences. 
Instead, we use tentative designations consisting of the genus and species abbreviation 
( ” Meau” for xelanochromis auratus and “ Psze” for Pseudotropheus zebra; see Klein 
et al. 1990)) the lake abbreviation (“M” for Lake Malawi), the seriall&mber of the 
individual, and the serial letter of the sequence from each individual. Our inability, 
at this stage of the analysis, to distinguish alleles from genes at different loci has little 
bearing on the aim of the present study, which is to determine the representation of 
the different genes in the two cichlid species. 

The sequences are divided into groups on the basis of the length and sequence 
similarity of intron 1 (fig. 1; see Klein et al., accepted). The variation in length stems 
from the fact that different genes vary in the number of 12-nucleotide repeats. The 
consensus sequence of the repeat is ATCAATACACTG, but variations on this theme 
are common, both in sequence and in length (Klein et al., accepted). Intron 1 sequences 
classified as belonging to the same group (fig. 1) are clustered also in the dendrogram 
constructed from exon 2 sequences (fig. 3 ) . 

Our results reveal that M. auratus and P. zebra do indeed differ in the spectra of 
their Mhc genes (figs. l-3 ) . Among the 46 sequenced genes, there are no two that are 
identical in the two species, while repeated occurrences of the same sequence in different 
individuals of the same species are common. For example, 50% of M. auratus indi- 
viduals have a sequence identical to that of Meau-M-236c, and another 17% have a 
recombinant sequence related to it (see below), while none of these sequences has 
been found in P. zebra. Similarly, 67% of ikf. auratus individuals have a sequence 
identical to that of Meau-M-227g, while no P. zebra individuals do (although, in this 
case, the latter species has two related sequences- Psze-M-2d and Psze-M- 1 a). Were 
there a complete overlap in alleles present in the two species, it would have been 
detected even in the relatively small sample of individuals tested. That no overlap has 
been detected in the samples suggests that the overlap in the entire population is either 
small or nonexistent. Absence of overlap, in turn, indicates that segregation of alleles 
occurred during the formation of the two species. 

In addition to this main conclusion, our study also provides additional information 
about cichlid Mhc class II B genes. In an earlier study (Klein et al., accepted), we 
defined nine groups of cichlid class II B genes, based mainly on intron 1 sequences. 
Here we define a tenth group, found in Meau-M-236c and in corresponding genes of 
other M. auratus individuals. Like all other groups, it is distinguished by its length 
determined by the number of 12-nucleotide repeats and by sequence similarity. Of 
the two species, ikf. auratus has been found to possess genes of groups 1, 2, 4, 5, 9, 
and 10, whereas P. zebra has groups 1, 2, 4-6, and 9. Hence groups 3, 7, and 8 are 
missing in both species, while group 6 is missing in ikf. auratus and group 10 is missing 
in P. zebra. A few notes on the genes, in the order in which they appear (from top to 
bottom) in figure 3, follow. 

Genes Psze-M-3d, Psze-M-2c, and Psze-M- 193d have identical intron 1 sequences 
(group 9); the first two also have identical exon 2 sequences, while the third differs 
from the two by a single, nonsynonymous substitution. The identical intron 1 sequences 
of Meau-M-227c and Meau-M- 194h differ from the three Psze sequences by 7 sub- 
stitutions, whereas the Meau and Psze exon 2 sequences differ by 17.9 (Psze-M- 193d) 
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and 16.8 (Psze-M-3d) substitutions, of which 15.8 and 14.7, respectively, are non- 
synonymous [the substitutions are estimated by using the method of Li et al. ( 1985)]. 
The dominance of nonsynonymous over synonymous substitutions and of exon 2 
over intron substitutions, in these and other genes discussed below, suggests that bal- 
ancing selection operates on these genes (Hughes and Nei 1989) and hence that they 
are functional. 

Genes (Meau-M-228g and Meau-M-226f), (Meau-M-236c, Meau-M-234c, 
Meau-M-232c, Meau-M-23ld, Meau-M-228b, and Meau-M-226e), and (Meau-M- 
236a and Meau-M-226c) fall into three batches indicated by the parentheses. Genes 
in parentheses are identical in both intron 1 and exon 2 sequences, and hence, for 
further discussion, we shall consider only the first member of each batch. The Meau- 
M-228g and Meau-M-236a genes have identical intron 1 sequences (group 5), and 
their exon 2 sequences are also identical, but only up to codon 50; the 3’ parts of their 
exon 2 sequences are very different from each other (differing by 4 1.7 substitutions, 
ofwhich 33.3 are nonsynonymous). The Meau-M-236c gene (group lo), on the other 
hand, is very different from Meau-M-228g (group 5 ) and Meau-M-236a (group 5 ) 
in intron 1 and in codons 5-40 of exon 2 (differing from Meau-M-228g by 21.4 
substitutions, of which 15.9 are nonsynonymous) but is identical to Meau-M-228g 
in the remaining exon 2 codons. It appears, therefore, that Meau-M-228g and Meau- 
M-236~ are reciprocal recombinants, the former being derived from Meau-M-236a 
and an unidentified gene X and the latter being derived from X and an unidentified 
gene Y. In both recombinants, the exchange took place in approximately the same 
position in the middle of exon 2. 

Genes Psze-M-192k and Psze-M-189~ differ from each other in both intron 1 
(group 5 ) and exon 2. Genes Meau -M-227a and Meau -M- 194d are identical in intron 
1 and exon 2, and gene Psze-M-193g has an intron 1 similar to the two (only two 
substitutions differentiate the two sets of intron sequences) but a different exon 2. 

Genes Psze-M-3e, Psze-M-2a, and Psze-M-193b are identical in their intron 1 
(group 4) and exon 2 sequences. Similarly, Meau-M-233f, Meau-M-230d, and Meau- 
M-229a are also identical. The intron 1 sequences of the Psze and Meau batches differ 
by a single nucleotide substitution; the exon 2 sequences differ by 6.1 substitutions, 
all of which are nonsynonymous. Genes Meau-M-235e and Meau-M-227d have iden- 
tical intron 1 and exon 2 sequences, and the intron 1 sequence is identical with that 
of the above Psze group 4 sequences; the exon 2 sequence is, however, completely 
different from exon 2 sequences of that group. Moreover, the Psze-M- 189a and Psze- 
M-192a genes, which have identical intron 1 sequence and differ by a single, nonsyn- 
onymous substitution in their exon 2 sequences, differ, in 5-6 nucleotides only, from 
the above intron 1 group 4 sequences, but they differ from the Meau-M-235e gene 
by 53.1 substitutions, of which 45.6 are nonsynonymous. Most of the latter differences 
are in the 3’ part of exon 2, while the 5’ parts of these genes are rather similar. Hence, 
all these genes appear to be related to one another, but some of them may have 
diversified by recombination with genes from outside this group. 

Genes Psze-M-189b and Psze-M-192~ are identical in their intron 1 (group 6) 
and exon 2 sequences. They appear to be distantly related to the Psze-M-3a and Psze- 
M- 193e genes, both of which possess group 6 introns. The Psze-M- 1 c gene has group 
2 intron 1, except for the 3 ’ end, where it resembles group 6 introns. Since its exon 2 
sequence is related to the exon 2 sequences of Psze-M-189b, Psze-M-3a, and Psze- 
M- 193e, the Psze-M- lc gene is probably the result of recombination between group 
2 and group 6 genes. 
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Genes Meau-M-234a, Meau-M-227g Meau-M-233a, Meau-M-228a, Meau-M- 
229e, Meau-M-230b, Meau-M-23 1 a, and Meau-M- 194a are all identical in both their 
intron 1 (group 2) and exon 2 sequences. Gene Psze-M-2d is identical with this batch 
in exon 2 but differs from it by three substitutions and one 7-nucleotide indel in intron 
1. Since exon 2 normally accumulates substitutions more rapidly than does intron 1, 
the Psze-M-2d may also be derived by recombination. Gene Meau-M-233b may be 
yet another recombinant, since its intron 1 differs from intron 1 of the Meau-M-227g 
batch by a single substitution, but exon 2 sequences of the two genes are very different 
from each other. Intron 1 of Psze-M-2d and the Psze-M- la gene may be distantly 
related to these sequence batches. 

Discussion 

The study of molecular evolution in cichlid fishes of the eastern African lakes is 
hampered by a paucity of suitable markers. Variability of nuclear genes among different 
species of a single lake is very limited (M&aye et al. 1982; Sage et al. 1984; Verheyen 
et al. 1985; Kornfield 199 1) , and mitochondrial DNA analysis, while useful for defining 
main phylogenetic lineages within Lakes Malawi and Tanganyika, is powerless as far 
as most recent radiations are concerned, particularly in Lake Victoria (Meyer et al. 
1990; Sturmbauer and Meyer 1992, and accepted). While the Mhc genes may not 
evolve faster than many other nuclear genes (Klein et al. 1993), they have the advantage 
of retaining their polymorphism over periods of time far exceeding the species’ life 
spans. Utilization of Mhc polymorphism in the analysis of adaptive radiation, however, 
presupposes the fulfillment of two requirements: (a) the polymorphism of the entire 
species flock must be large, and (b) the species -or at least the species lineages-must 
differ in their A4hc genes. The differences cannot be expected to arise by generation 
of new alleles during or since the speciation event (for that to occur, the time interval 
is too short, just as it is for other nuclear genes); rather, they may be generated by 
differential apportioning (segregation) of individual alleles into different species because 
of genetic drift in the founding populations, if these latter are relatively small. 

Extensive Mhc variability in the species flocks has now been amply documented 
(Klein et al. 1993; present paper). In ikfelanochromis auratus and Pseudotropheus 
zebra alone, we were able to demonstrate the presence of a.23 different genes, and 
many more are present in other species (Klein et al., accepted). While some of these 
genes probably occupy different loci, many are likely to be alleles and thus to constitute 
true polymorphisms. 

In a test of the second requirement, we have demonstrated in this communication 
that two species from the same flock have different gene profiles at their ikfhc loci. We 
are aware of the potential limitations of the present study: the sample tested may have 
been too small to reveal the entire range of variability in natural populations of the 
two species, and the stocks maintained by dealers may have been subjected to an 
artificial bottleneck, thus restricting and perhaps skewing the actual variability. We 
have attempted to offset these limitations by obtaining individuals of each species 
from different dealers and by choosing different morphs (“blue” and “red”) of one 
species (P. zebra). The fact that no two individuals of the sample have the same 
composition of Mhc genes indicates, however, that the stocks maintained by the dealers 
are not inbred. Hence, while it is possible that more extensive testing will reveal partial 
overlap between the two species, it is highly unlikely that the differences observed are 
solely due to sampling. Nonetheless, we are in the process of acquiring individuals 
from natural populations and also expanding the study to other cichlid species. 
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For this initial study, we selected intentionally two species with an intermediate 
degree of relatedness between them, compared with other species pairs. Both M. auratus 
and P. zebra are members of the same species flock in Lake Malawi. They were once 
considered to belong to the same genus (Pseudotropheus), but more recently taxon- 
omists regard the two species as divergent enough to assign them to different genera 
(Lewis et al. 1986). Both species belong to the same trophic group: they feed on algae 
that grow on the surface of rocks (the so-called Aufwuchs). They have evolved highly 
specialized food-collecting equipment, which enables them to scrape the Aufwuchs 
from the rock surfaces. Both species are widely distributed along the western coast of 
Lake Malawi, P. zebra in the northern part and A4. auratus in the southern part. They 
are strictly bound to rocks in shallow waters along the shore. Other members of the 
Lake Malawi species flock, particularly those belonging to different trophic groups, 
may be less related to one another and hence can be expected to show even greater 
differences in their Mhc genes than P. zebra and A4. auratus do. Hence, analysis of 
A4hc variability in cichlid fishes, though time-consuming, should prove to be rewarding. 
It may provide means of sorting out relationships among the species in the flock and 
thus of learning about the nature of the speciation process. 

The high representation of apparent recombinants among the sampled genes is 
interesting. Belich et al. ( 1992), as well as Watkins et al. ( 1992), reported a similar 
common occurrence of recombinant Mhc (HLA-B) genes in South American Indian 
tribes and argued that recombination may provide rapid means of Mhc diversification 
in populations colonizing new environments. Our findings can be interpreted as being 
consistent with this interpretation. 
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