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Abstract

Mechanisms of speciation in cichlid fish were investigated by analyzing population genetic models of sexual
selection on sex-determining genes associated with color polymorphisms. The models are based on a combination
of laboratory experiments and field observations on the ecology, male and female mating behavior, and inheritance
of sex-determination and color polymorphisms. The models explain why sex-reversal genes that change males into
females tend to be X-linked and associated with novel colors, using the hypothesis of restricted recombination
on the sex chromosomes, as suggested by previous theory on the evolution of recombination. The models reveal
multiple pathways for rapid sympatric speciation through the origin of novel color morphs with strong assortative
mating that incorporate both sex-reversal and suppressor genes. Despite the lack of geographic isolation or ecolo-
gical differentiation, the new species coexists with the ancestral species either temporarily or indefinitely. These
results may help to explain different patterns and rates of speciation among groups of cichlids, in particular the

explosive diversification of rock-dwelling haplochromine cichlids.

Introduction

Cichlid fishes in the African great lakes speciated
more rapidly than any other vertebrates in the his-
tory of the earth. One or a few ancestral species in
Lake Victoria 12,400 years ago produced more than
500 modern species of haplochromine cichlids (Meyer
et al., 1990; Johnson et al., 1996; Seehausen, 1996),
whereas other groups of cichlids speciated much more
slowly (Seehausen, 2000). Key morphological innov-
ations promoted adaptive diversification of cichlids
(Galis & Drucker, 1996). However, closely related
species of haplochromine cichlids usually are rather
similar ecologically (Bouton, Sechausen & Van Al-
phen, 1997; Seehausen & Bouton, 1997; Genner
et al., 1999) and frequently are sympatric with con-
spicuous differences in coloration (Seehausen & van
Alphen, 1999). Sexual selection played a major role in
cichlid speciation (Seehausen, Van Alphen & Witte,

1997; Knight et al., 1998; van Oppen et al., 1998;
Turner, 1998; Wilson, Noack-Kunnann & Meyer,
2000) as possibly did changes in sex determination
(Hickling, 1960; Hammerman & Avtalion, 1979; Tre-
wavas, 1983; Crapon de Caprona & Fritzsch, 1984;
Seehausen, Van Alphen & Lande, 1999).

For example, field observations and laboratory ex-
periments on a highly polymorphic cichlid species
from Lake Victoria, Neochromis omnicaeruleus, sug-
gest that this represents one original species and two
incipient species which are sympatric and ecologically
indistinguishable, but partially isolated reproductively
by both male and female mating preferences (See-
hausen, Van Alphen & Lande, 1999). In each incipient
species some X chromosomes carry a dominant sex-
reversal gene, W, that changes males to females; such
chromosomes are labelled W and are visibly marked
by blotched coloration all over the body and fins
(either black and white blotched or orange and black
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blotched). Each incipient species also is polymorphic
for a recessive autosomal gene, M, that suppresses W.
Polymorphic sex chromosomes (indicated by bold let-
ters W, X, Y), as first described in the platyfish (Orz-
ack et al., 1980; Bull, 1983), occur frequently within
and among other species of African cichlids (Hick-
ling, 1960; Hammerman & Avtalion, 1979; Trewavas,
1983; Crapon de Caprona & Fritzsch, 1984).

In many species of haplochromine cichlids
blotched coloration occurs in much higher frequency
in females than in males (Table 1). The ancestral color-
ation of the sexes for species in Table 1 is ‘plain’ blue
or yellow in males, whereas females are cryptically
brownish, with both sexes having dark vertical bars.
With homomorphic X and Y chromosomes (a nonde-
generate Y chromosome) the alternative mechanisms
of X-linkage and recessivity, or partial sex-limited
expression, of blotch genes remains a possible ex-
planation for some of these species. However, breed-
ing experiments with N. omnicaeruleus (Seehausen,
Van Alphen & Lande, 1999), Pseudotropheus zebra
(Knight, 1999) and Paralabidochromis chilotes from
Zue (O. Sechausen, unpublished) demonstrated that
blotch (both black and white, and orange and black
types) is semi-dominant and strongly associated by
tight linkage or pleiotropy with dominant X-linked
sex-reversal genes, suggesting that W factors may be
widespread in haplochromine cichlids.

These observations motivated us to construct pop-
ulation genetic models to investigate the potential for
speciation by sexual selection on linked color and
sex-determining genes.

X-linkage of sex reversal

Dominant female determiners, W, are likely to be X-
linked (creating W chromosomes) for the following
reason. Suppose that the ancestral species is male het-
erogametic as for most animals, with XX females and
XY males (White, 1973), but that the sex chromo-
somes are homomorphic as in many fishes includ-
ing cichlids (Kornfield, 1991). The Y chromosome
tends to accumulate deleterious recessive mutations
tightly linked to the male-determining allele, y, which
initially, before the appearance of W, is always het-
erozygous (Charlesworth, 1991). After W appears,
matings between XY males and WY females produce
YY sons, and by recombination progeny genotypes
that carry W and are homozygous for the y allele, with
reduced fitness.

Recombination on the sex chromosomes therefore
inhibits invasion of the population by the W allele,
depending on the recombination rate. Thus tight link-
age of the W allele to the original female determiner,
x, facilitates the invasion of W, which then needs
only a moderate selective advantage to invade (see
Appendix).

A stable polymorphism of W, or any other gene,
linked to the sex-determining locus that interacts with
it to affect fitness will favor reduced recombina-
tion between them (Bull, 1983; Charlesworth, 1991).
Suppressed recombination on the Y chromosome is
thought to be one of the initial steps in the evolution of
degenerate Y chromosomes (Charlesworth, 1991). A
nonrecombining region on the sex chromosomes car-
ries color markers in guppies (Haskins et al., 1970)
and in the platyfish (Kalman, 1970). For this reason,
and to simplify the models, we assumed a region
of no recombination on the sex chromosomes, al-
though this has not been demonstrated in cichlids. This
part of the model is then equivalent to the three sex
chromosome system (W, X, Y) in the platyfish (Orz-
ack et al., 1980; Bull, 1983). A sufficient condition
for stable polymorphism of all three sex chromo-
somes under random mating is a fitness advantage to
W- females and a disadvantage of YY males (Orz-
ack et al., 1980), neither of which has been demon-
strated in cichlids, although they appear to be neces-
sary ingredients for stable sympatric speciation in our
model.

To this basic sex-determining system we add a
novel blotched color mutation, indicated by a prime
! linked to the W chromosome. There are then four
types of sex chromosomes, W, W, X, and Y inher-
ited as alleles at a single locus. We also introduce a
second unlinked locus with two alleles, m and M, that
is a recessive suppressor of W, such that WYMM and
W'YMM are male. A third unlinked locus with two
alleles, ¢ and C, determines male and female mating
preferences based on the color of potential mates. The
details of this genetic system are based primarily on
observations on N. omnicaeruleus (Seehausen, Van
Alphen & Lande, 1999), supported by data on other
cichlid species cited above. In some variants of the
model we introduced the blotched color mutation on X
chromosomes instead of W chromosomes, or allowed
recombination on the sex chromosomes between W
and blotch loci. The next section describes the oper-
ation of sexual selection by male and female mating
preferences, and how these are affected by sex-ratio
selection.



Table 1. Sex differences in frequency of blotched phenotypes in haplochromine cichlids

Lake Island Phenotype Female frequency Male frequency Reference Comment
species population of blotch? Percentage (sample size) ~ Pecentage (sample size)
Lake Victoria
Neochromis omnicaeruleus Makobe WB 25.6 0.3 0% WB homozyg. female
OB 33.3b (516) 0.8 (2082) Sechausen et al., 1999 3% OB homozyg. female
Ruti OB 0.6 (50) 0 (300) 0O.Seehausen, unpublished
Neochromis greenwoodi OB 8-61° (244) 0-3 (283) Seehausen and Bouton, 1996
Neochromis ‘unicuspid scraper’ OB 40 (5) 0(12) Seehausen and Bouton, 1996
Paralabidochromis chilotes WB 13 (8) 0(17) Greenwood, 1981
Zue WB 2 (44) 0(51) 0O.Seehausen, unpublished
Ruti WB 100 (3) 0Q3) O.Seehausen, unpublished
Paralabidochromis chromogynos WB 100 (22) 0(7) Greenwood, 1981 100% WB heterozyg. female
Hoplotilapia retrodens WB 37 3
OB 31(35) 0(32) Greenwood, 1981
Macropleurodus bicolor WB 30 (50)° 4 (50)° Greenwood, 1981
Ptyochromis sauvagei WB 25 (42)°¢ 0 (42)¢ Greenwood, 1981
+++ + 0O.Seehausen, unpublished
‘Haplochromis’ barbarae WB 50
OB 38 (8) 0(D) Greenwood, 1981
‘Haplochromis’ cronus WB 30 (3) 0(5) Greenwood, 1981
Lipochromis obesus Some (48)¢ 0 (48)° Greenwood, 1981
Lipochromis melanopterus OB 10 (10) 0(10) 0O.Seehausen, unpublished
Harpagochromis altigenis WB 24 (12.5)¢ 0(12.5)¢ Greenwood, 1981
Lake Kivu
‘Haplochromis’ vittatus WB 2 (319)¢ 1(319)° Snoeks, 1994
‘Haplochromis’ adolphifrederici WB 45 (11) 9(11) Snoeks, 1994
‘Haplochromis’ paucidens WB 59 (100) 2(43) Snoeks, 1994
‘Haplochromis’ occultidens WB 7 (15) 8(12) Snoeks, 1994
Lake Malawi
Pseudotropheus zebra Nkhata OB ++ + Holzberg, 1978
Nkukute OB 20 (432)dl 0 (many) Knight, 1999 Includes 4% O females®
Fisheries OB 38 (570) 0.07 (many) Knight, 1999 Includes 21% O females
Pseudotropheus ‘zebra gold’ OB ++ + Holzberg, 1978; Knight, 1999
Pseudotropheus callainos Tanzania OB 100 (many) 100 (many) Spreinat, 1995 Both sexes almost all O
Pseudotropheus estherae Minos OB 100 (many) No exact figure Konings, 1995 Almost 100% O females

Nkungu Reef OB 100 (many) No exact figure

Konings, 1995

Almost 100% O females

20B = orange blotched; WB = black and white blotched (Seehausen et al., 1999).

bVariable among populations: high in clear water, low in murky water.

In the reference separate sample sizes are not provided for females and males; half the total sample is attributed to each sex here.
dObservations were done Scuba diving.

€What is referred to as O (orange) by many authors in Lake Malawi are (at least partly) homozygous OB.

fReferred to as W (white) by most authors, which is homologus to O (homozygous OB).

LEY
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Male and female mating preferences

We generalized a model of female mate choice in
polygamous species (Lande, 1981) to incorporate mat-
ing preferences by both sexes, as observed in Neo-
chromis omnicaeruleus (Seehausen, Van Alphen &
Lande, 1999). The importance of developing models
of sexual selection where both sexes choose mates
is discussed by Bergstrom and Real (2000). We sup-
pose that mating preference by both sexes depends
on the colors of potential mates (Seehausen, Van Al-
phen & Lande, 1999). The probability of mating
between male and female genotypes is assumed to
be proportional to the product of their frequencies
and their mating preferences, suitably normalized so
that: (i) All females mate and each female geno-
type produces the same expected number of zygotes.
This implies that female mating preferences are se-
lectively neutral with respect to natural and sexual
selection (Lande, 1981). (ii) All male genotypes spend
equal total time or effort in courtship display. Male
mating preferences are manifested by courting dif-
ferent female types disproportionately to the female
frequencies in the population, which can directly af-
fect male mating success. The model therefore entails
that male mating preferences experience direct sexual
selection.

Mating preferences of both sexes, as well as color
morphs, may be subject to indirect sex-ratio selection
through their associations with sex-determining genes
when there is a biased sex ratio in the population.
Sex-ratio selection operates by favoring genotypes that
produce more progeny of the rarer sex and hence more
grandchildren (Fisher, 1958; Hamilton, 1967). For
example, in a population with a female-biased sex
ratio, the average male contributes more autosomal
genes to the next generation than the average female,
because every individual receives equal autosomal
contributions from its mother and father.

Denote the relative preference of female genotype
Jj for male genotype i as v;;, and the relative prefer-
ence of male genotype i for female genotype j as §;;.
With the adult frequencies of female and male geno-
types (after viability selection) written as pj and g}
respectively, the frequency of matings between female
genotype j and male genotype i is §;;¥;; pq;" Where

ij
85 = 8j/ Y dup; and
k

U= il Y S var-
k

These normalizations imply _ ; 8;;pj=1and P v
Squi*zl which guarantee assumptions (i) and (ii)
above are satisfied. We further assume that the relative
preferences of both sexes are functions of male and
female colors, z; and z;, and preference phenotypes y;
and y; in males and females that may differ between
the sexes, 8;; = preflyiz;] and ;; = prefly;zil,
with preference function pref[x]=x for x >0 and
—1/x for x < 0 with pref[0] = 1. Parameters for dis-
crete phenotypes were always set such that |x| was
never less than unity except when x = 0.

Dynamics of genotype frequencies under non-
random mating were calculated using deterministic
numerical methods, employing the Kronecker dir-
ect product to build up genomic segregation matrices
from those for unlinked loci, following the method of
Lande and Wilkinson (1999), with special modifica-
tions for unlinked sex-determining loci (the suppressor
locus, M). Computations were accelerated using the
sparseness of genomic segregation matrices, contain-
ing mostly zeros, by symbolically computing the
recursion equations (Wolfram, 1999) to delete zero
terms before numerical iteration.

Results

We found that an initial mating preference against
novel colors actually facilitates their establishment,
both by increasing the association between a novel
color and the mating preference for it, and by provid-
ing a pool of preferred mates in the novel color
morphs. A preference for the ancestral phenotype and
against novel phenotypes may often exist to prevent
maladaptive hybridization between preexisting spe-
cies. In results reported here, the initially common
allele ¢ causes a preference for the ancestral pheno-
type, and the initially rare allele C causes a preference
for the novel color.

In the first mechanism, YY males have little or
no fitness disadvantage. This may occur if the effect-
ive size of the ancestral population is large enough
so that deleterious mutations have not been fixed on
the Y chromosome. Invasion of W and the appearance
of YY homozygotes would then cause rapid purging
of polymorphic deleterious recessive mutations from
the Y chromosome by natural selection. In Figure 1
natural selection favoring W and the high fitness of
YY males allow W to increase to almost 50% in
females, converting sex determination in the popula-
tion from male heterogamety (XX females and XY
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Figure 1. Change from male to female heterogamety in allopatry (with geographic isolation), followed by sympatric speciation and reversion
to male heterogamety when YY males are fully viable. A dominant female-determining chromosome W invades because of a 10% fecundity
advantage in females. The sex ratio (proportion of males in the population) decreases slightly during the transition from male to female
heterogamety and back again (panels g, c). (Some rare sex chromosome genotypes are not indicated). The reversion to male heterogamety is
initiated by appearance of a novel color ’ linked to W, with an initial frequency of 0.002 at generation 200, as if by a new mutation in a finite
population, and the creation of colored males by M, a recessive suppressor of W (panel ). Color is additive with heterozygote phenotype
z=0.5 and homozygote z=1.0 compared to z =0 in ancestors. Mating preferences also are additive with alleles ¢ and C having effects
—30 and +30 respectively in both sexes. This produces, for example, ancestral mating preferences (cc) favoring the ancestral color over blotch
heterozygotes by 30 : 1, and derived mating preferences (CC) favoring blotch heterozygotes over the ancestral phenotype by 1 : 30 in both sexes.
Initial frequencies of M and C are 0.02 and 0.002 respectively. Association between alleles at different loci is measured by the standardized
linkage disequilibrium, D, relative to its maximum value [Hartl & Clark, 1997] in females (panel d). After sudden sympatric speciation at

around generation 1000 the new colored species replaces the ancestral species on a time scale of hundreds of generations.

males) to female heterogamety (WY females and YY
males). During the transition the population sex ra-
tio is nearly unbiased (Bull, 1983). Once W becomes
established, a novel color mutation ’ is introduced
at a low frequency. Color mutations linked to an X
chromosome (or any autosome) rapidly disappear be-
cause of a disadvantage in males from preexisting
female mating preferences against new phenotypes.
In contrast, without a suppressor, color mutations
arising on W chromosomes are restricted to females
on which sexual selection does not act (because all
females mate and are equally fecund). Males with
mating preferences for the novel color morph attain
greater mating success by disproportionately courting
colored females that tend to be avoided by ancestral
males (Figure 1(b)). This sexual selection on male
mating preference is necessary for the initial increase
and quasiequilibrium of W’ and C, which become par-
tially associated. The recessive suppressor M creates
rescued males with the novel color, W "YMM. These
are the preferred mates of C-females, which causes M
to slowly increase until a critical frequency is reached,
triggering sudden simultaneous jumps to intermediate

nearly equal frequencies of W, M, and C with al-
most complete association among them. This marks
the origin of two distinct species with a high degree
of reproductive isolation (Figure 1(d)). Sympatric spe-
ciation can thus occur rapidly, within several dozen
generations. However, coexistence of the two species
is transient: on a time scale of several hundred gen-
erations W’ replaces W and, as the suppressor M ap-
proaches fixation, the population reverts from female
heterogamety back to male heterogamety. In summary,
this mechanism initially produces an allopatric shift
from male heterogamety to female heterogamety, fol-
lowed by rapid but transient sympatric speciation and
replacement of the old species by the new one, with
reversion to male heterogamety.

In the second mechanism, YY males have low
fitness due to fixation of recessive deleterious muta-
tions on the Y chromosome in small populations.
Figure 2 illustrates results in which all Y chromo-
somes carry a recessive lethal mutation so that YY
males are inviable. Initially, W chromosomes in-
crease by natural selection, skewing the population
sex ratio toward females, reaching a quasiequilibrium
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Figure 2. Sympatric speciation by sexual selection on color and sex reversal with a suppressor when YY males are inviable. Parameters
are otherwise identical to Figure 1 except that mating preferences are asymmetric between the sexes with new mating preferences, C, in
females being only half as strong as in males (Seehausen, van Alphen & Lande, 1999). The sex ratio is substantially female-biased at the first
quasiequilibrium until rescued males with the novel color W'Y MM become common (panel a). After sudden sympatric speciation at around
generation 1500 the new species may replace the ancestral one (as in Figure 1) or the two may coexist indefinitely in a stable equilibrium

(panels b—d), depending on the parameters.

balanced against sex-ratio selection. Matings between
W-females and XY males produce female-biased pro-
geny. (When YY males are inviable, WX mothers
produce 3/4 daughters and WY mothers produce 2/3
daughters.). This becomes increasingly detrimental
under sex-ratio selection as the population becomes
more female-biased. Female mating preferences again
select against new color mutations except those arising
on W chromosomes which are restricted to females.
Sexual selection on male mating preference estab-
lishes a quasiequilibrium of W’ and C, which become
partially associated. Now, in addition to being the pre-
ferred mates of C-females, rescued males with the
novel color, W'Y MM, are favored by sex-ratio se-
lection since they tend to produce more even progeny
sex ratios than ancestral males. The recessive sup-
pressor M gradually increases to a critical frequency
whereupon rescued males with the novel color sud-
denly increase from rare to common (Figure 2(a)).
A simultaneous rapid increase in W', C, and M oc-
curs with evolution of almost complete associations
among all three genes (Figure 2(b)-(d)). W' and C
achieve a stable polymorphic equilibrium while M be-
comes fixed. Two subpopulations with distinct colors
undergoing strong assortative mating have suddenly
emerged and can coexist indefinitely in a stable equi-
librium, with occasional hybridization producing rare
recombinant genotypes. Sympatric speciation can thus

occur rapidly, in a few dozen generations, with no
geographic barriers to gene flow and no ecological
differentiation.

Models with recombination between color and
sex reversal revealed a requirement for strongly sup-
pressed recombination to maintain the initial associ-
ation created by mutation to W’. Our models thus
explain observations of X-linked sex reversal that is
common in fish (Hickling, 1960; Hammerman &
Avtalion, 1979; Orzack et al., 1980; Trewavas, 1983;
Crapon de Caprona & Fritzsch, 1984; Seehausen et al.,
1999) and the association between sex reversal and
color observed in rapidly speciating cichlids (Fryer &
Iles, 1972; Holzberg, 1978; Seehausen, van Alphen &
Lande, 1999). Models with a dominant suppressor of
sex reversal displayed similar dynamics.

Discussion

These models may help to explain why some groups
of cichlids in African lakes have speciated much
more rapidly than others. The most rapidly speciating
groups in Lakes Malawi and Victoria are nearshore
rock-dwelling haplochromine cichlids, which are
territorial habitat specialists with limited dispersal
(Markert et al., 1999). Such species in spatially struc-
tured populations with small effective sizes are more



likely to have recessive deleterious Y-linked muta-
tions fixed by random genetic drift and hence YY
males with relatively low viability. The tilapiine cich-
lids speciated much more slowly, are far less spe-
cialized to particular habitats, and have much larger
effective local population sizes (Sodsuk, McAndrew
& Turner, 1995). The same holds for many offshore
haplochromines. These latter groups are thus more
likely to have YY males with relatively high viability,
predisposing them to speciation by repeated reversal
of heterogametic sex while maintaining a nearly un-
biased sex ratio (Figure 1). The smaller the disad-
vantage to YY males, the closer an advantageous W
comes to replacing X and completing the initial allo-
patric shift from male to female heterogamety; this
relaxes selection for reduced recombination on the
sex chromosomes, diminishing the likelihood of the
second phase of sympatric speciation in Figure 1. By
comparison, the rock-dwelling haplochromines appear
predisposed to sympatric speciation by sex-ratio dis-
tortion and sexual selection while maintaining male
heterogamety (Figure 2). These predictions accord
with observations that species of the tilapiine genus
Oreochromis often differ in the heterogametic sex,
are usually allopatric, and frequently similar in color
(Hickling, 1960; Hammerman & Avtalion, 1979; Tre-
wavas, 1983; Crapon de Caprona & Fritzsch, 1984).
In contrast, rock-dwelling haplochromines are usually
male heterogametic (Kornfield, 1991), with sister spe-
cies often sympatric, and usually conspicuously distin-
guished by color of one or both sexes (O.Seehausen,
unpublished results).

These mechanisms of sympatric speciation restore
the ancestral species to its original color, mating beha-
vior and sex determination. The new species carries
both sex reversal and its suppressor, restoring the
original mode of sex determination, as may have oc-
curred in the history of other sex-determining systems
(Wilkins, 1995). In the process of sympatric speciation
the new species also has acquired novel color and mat-
ing preferences that differentiate it from the ancestral
species. The process can therefore repeat in either spe-
cies with new sex determiners, colors and mating pref-
erences. This potential for repeated rapid speciation
without geographic isolation or ecological differenti-
ation may help to explain the explosive diversification
of rock-dwelling haplochromine cichlids.

Several recent models have been proposed to ex-
plain sympatric speciation in cichlids. One set of
models relies on ecological differentiation in conjunc-
tion with sexual selection and/or assortative mating
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(van Doorn, Noest & Hogeweg, 1998; Dieckmann
& Doebeli, 1999; Kondrashov & Kondrashov, 1999),
which appears inconsistent with the strong ecological
similarity often observed between closely related sym-
patric species of cichlids (Bouton, Seehausen & van
Alphen, 1997; Seehausen & Bouton, 1997; Genner
et al., 1999; Seehausen, van Alphen & Lande, 1999).
Other models of sympatric speciation depend only
on sexual selection but differ from our model in the
following respects. Wu’s (1985) model is driven by
random genetic drift such that reproductive isolation
evolves slowly, on a time scale on the order of the
inverse of the mutation rate per locus. The model of
Turner and Burrows (1995) produces two species that
coexist within a single ecological niche from one that
was initially at a balance between female mating pref-
erences and stabilizing natural selection. The model
of Higashi et al. (1999) begins with a large variance in
female mating preference and produces only a single
speciation event, after which genetic variance in the
male character is exhausted in both species (see how-
ever Takimoto, Higashi & Yamamura, 2000). Each
of these models may therefore explain only a limited
amount of sympatric speciation.

Our models are consistent with repeated events of
rapid sympatric speciation by sexual selection without
ecological differentiation, as seems to have occurred
in rock-dwelling haplochromine cichlids. In contrast
to previous models, our models are based on empirical
observations on male and female mating preferences
and the genetics of color and sex determination in
cichlids (Seehausen, van Alphen & Lande, 1999). The
unique feature of our models is the action of sexual
selection on sex-determining genes associated with
color markers in hypothetical chromosomal regions
with restricted recombination. All of the mechanisms
described by these various models may have contrib-
uted to the explosive diversification of cichlids, but
their relative importance has yet to be determined.

Experiments are now underway to test the general-
ity of sex-reversal and its suppression among closely
related species of rock-dwelling cichlids. We also
intend to investigate recombination on the sex chro-
mosomes of cichlids and to measure the fitness of
blotched morphs and YY males in the field and in the
laboratory. Preliminary theoretical analysis suggests
that population subdivision into small neighborhoods
or demes, as in rock-dwelling cichlids, can allow W
chromosomes to invade a subdivided population by
interdeme selection without an individual selection ad-
vantage, because demes with a more female-biased



442

sex ratio export more emigrants (cf. Hamilton, 1967).
It would be interesting to determine whether this
mechanism can facilitate rapid sympatric speciation
by sex reversal and sexual selection.
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Appendix. Condition for invasion of X-linked W
allele with yy lethal

Assuming that homozygotes for the male-determining
allele, yy, are lethal, with a dominant sex-linked fe-
male determining allele, W, one viable male and four
viable female sex-chromosome genotypes exist, with
frequencies summing to one, ¢+ p1+p2+p3+ps=1
and relative fitnesses (male viability, female viability
times fecundity) as follows.

Male Female

yw xw  xw yw yw
Genotype === === === === ===

xw Xw xW o xW xw
Frequency ¢ pL P2 p3 P4
Fitness 1 1 w w w

For a recombination rate r between the (x, y) locus
and the (w, W) locus, in a randomly mating popu-
lation with discrete non-overlapping generations the
recursion equations are

P 21 r 1-—r P
P g |01 1—=r r wp2
p’3 :ﬁ 01 1—-r r wp3
Py 00 r 1-—r wp4

where prime denotes values in the next generation,
and the mean relative fitness of all matings is w =
q{p1 +o[p2+ 3(p3+ pa)]}. When all Ww genotypes
are rare the linearized equations give the condition for

invasion of W as (3 —2r++/14+ 4r2) ® > 4. With

no linkage (r = 1/2) this becomes @ > 1.172 and with
tight linkage (r < 1/2) itis @ > 1+-r/2 approximately.
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