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Forsdyke (1999) has recently argued that di!erences in (G#C)%, or G#C content, may
trigger new species formation. He further argues that the genic model has shortcomings that
can be overcome by his &&chromosomal'' (hereafter, &&G#C'') model. We disagree on several
counts. First, we do not accept that the genic model has the shortcomings suggested by
Forsdyke. There is an abundance of empirical support for the contribution of individual genes,
as well as of mapped chromosomal regions, to post-zygotic reproductive isolation (and
Haldane's rule). Further, we argue that the G#C model su!ers from the same theoretical
di$culties as other speciation models based on underdominance. We also question the
evidence Forsdyke uses to support his model. Finally, we describe analyses of G#C content
in a well-studied model system of speciation (the Drosophila melanogaster species complex), the
results of which are incompatible with the G#C model. Thus, while Forsdyke's G#C model
cannot be explicitly ruled out, it is not directly supported by empirical data. In contrast, the
genic model is well supported by empirical data, holds up on theoretical grounds, and does not
require any assistance from the G#C model.
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1. Introduction

Reproductive isolating mechanisms that produce
hybrid sterility can involve both genic and chro-
mosomal di!erences between species. Several
lines of evidence have led researchers to believe
that genic di!erences play a greater role in the
initiation of the isolation process that leads to
*This manuscript is being submitted as a comment on:
Forsdyke, D. R. (1999). Two levels of information in DNA:
Relationship of Romanes' &&intrinsic'' variability of the re-
productive system, and Bateson's &&residue'' to the species-
dependent component of the base composition, (C#G)%.
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species formation (Coyne & Orr, 1998). In recent
papers, Forsdyke (1996, 1999) argues that di!er-
ences in genomic base composition (G#C con-
tent) can explain the initiation of new species
formation. He further argues that alleged short-
comings in the genic model (that post-zygotic
reproductive isolation between species re#ects
genetic incompatibilities in the hybrid o!spring)
can be addressed by incorporating the e!ect of
G#C content into the &&chromosomal'' model.
Speci"cally, Forsdyke proposes that impaired
gametogenesis in compositional heterozygotes
is responsible for hybrid sterility in incipient
species. While sequence divergence among taxa
could naturally cause G#C content divergence,
Forsdyke's suggestion that the latter contributes
( 2001 Academic Press
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directly to speciation is, in our view, not well
supported.

We begin our discussion of Forsdyke's model
by reminding the reader of the wealth of evidence
in support of genic models of speciation. We then
focus on the problems with Forsdyke's model,
which we will henceforth call the G#C model (to
distinguish it from the more traditional chromo-
somal model that deals with chromosomal
macromutations). First, we explain the major
theoretical problem associated with the G#C
model, that it requires deleterious mutations to
rise in frequency in at least one of the incipient
species. Second, we explain why Forsdyke's
post hoc evaluations of published data do not
clearly support his model. Finally, we present an
analysis of base composition variation within
and among closely related species (the data for
which has been available since 1993) which sug-
gests that, at least in the case of Drosophila
simulans and its closest relatives, the G#C model
is unsupported on empirical grounds.

2. Support for the Traditional Genic Model

When discussing speciation, it is customary to
distinguish the factors the lead to initial diver-
gence from the secondary e!ects that either
decrease the "tness of hybrids (post-zygotic isola-
tion) or prevent mating between incipient species
(pre-zygotic isolation). Although pre-zygotic
isolation may be directly favored by natural
selection (e.g. Dobzhansky, 1940; Noor, 1999),
post-zygotic isolation can only be directly
favored by natural selection under very limited
conditions (Coyne, 1974; Johnson & Wade,
1995). Instead, divergence can result simply from
independent evolution, either by drift or indirect
natural selection, of geographically isolated
populations. These incipient species may then
produce hybrids with reduced "tness (i.e. the in-
itiation of post-zygotic isolation).

The general concept of underdominance can
be applied to any unit of heredity in a diploid
system. Chromosomal macromutations, such as
translocations or multiple inversions, can, in
principle, lead to reduced "tness of chromosomal
heterozygotes. Similarly, heterozygotes for indi-
vidual genes can also have reduced "tness. The
di$culty with using underdominance to explain
hybrid "tness reduction has been addressed at
great length by population geneticists (see the
discussion by Coyne & Orr, 1998). Basically, "x-
ation of a mutation in one incipient species, either
by drift or positive selection, is di$cult if the
original heterozygote is less "t than the homo-
zygotes that represent the rest of the popula-
tion*unless intermediate states are involved or
selection is less e!ective due to inbreeding or
otherwise low e!ective population size.

One solution is provided by the &&Dob-
zhansky}Muller model'', elegantly described by
Coyne & Orr (1998). Essentially, one mutation
rises to "xation in one incipient species, while
a mutation at a di!erent gene rises to "xation
in the second incipient species. The ancestral
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due to epistasis (Dobzhansky, 1936; Muller, 1942;
Orr, 1995). As pointed out by Coyne and Orr,
the Dobzhansky}Muller model makes speci"c,
testable predictions. First, there should be an
exponential decline in hybrid "tness as the num-
ber of divergent interacting loci increases. Sec-
ond, e!ects of reciprocal introgressions should be
asymmetric, since the ancestral allele that re-
mains in one species should not have much e!ect
when recombined into the other species. Third,
complex incompatibilities, those involving epi-
static e!ects of three or more genes, may also be
common. As Coyne & Orr (1998 and references
therein) point out, the predictions of this genic
model are borne out by experimental data.

In some species pairs, reproductive isolation is
incomplete, and hybrid o!spring can be produc-
ed. &&Haldane's (1922) rule'' is the observation that
when hybrids of one sex show a greater reduction
in "tness than the other (either by reduced viabil-
ity or reduced fertility), the less-"t sex is generally
the heterogametic sex. Citing Coyne (1992), For-
sdyke (1999) argues that convincing genic ex-
planations for Haldane's rule have &&eluded
everyone'', and that existing genic explanations
must cope with &&adaptive valleys' and other
problems''. This view, however, requires that one
ignores work from the past 7 years that has led to
broad agreement on two major genic explana-
tions contributing to Haldane's rule.



(G#C) CONTENT VARIATION AND SPECIATION 133
First, according to the &&dominance theory''
(Orr, 1993; Turelli & Orr, 1995), recessive X-
linked incompatibilities should more seriously
a!ect heterogametic hybrids than homogametic
hybrids. Second, according to the &&faster male
theory'' (e.g. Wu & Davis, 1993), diverging taxa
tend to accumulate male-sterilizing incompatibil-
ities more quickly than female-sterilizing incom-
patibilities. Both theories have gained broad
support from empirical studies of hybrid sterility
(see Wu et al., 1996; Laurie, 1997; Orr, 1997;
Presgraves & Orr, 1998; Turelli & Begun, 1997;
Turelli & Orr, 2000). Interestingly, analyses by
Presgraves & Orr (1998) demonstrate that Hal-
dane's rule does not require hemizygosity (i.e.
a true heterogametic sex). They show that Hal-
dane's rule for hybrid infertility is obeyed in mos-
quitoes of the genus Aedes that have single-locus
sex determination, ruling out any type of chro-
mosomal basis for Haldane's rule in these insects.
Further, implicating simple allelic intermediate
solves the problem of &&adaptive valleys''.

Forsdyke's (1999) explanation for Haldane's
rule relies on disproportionate G#C divergence
between X and Y chromosomes, due to degener-
ation of loci on the Y chromosome (e.g. see Rice,
1994). Meiotic disruptions in hybrid o!spring of
the heterogametic sex would hypothetically cause
sterility. However, interactions besides those in-
volving the X and Y chromosomes cause hybrid
sterility (e.g. Johnson et al., 1992; Pantazidis
et al., 1993), and the Y chromosome sometimes
has no e!ect on hybrid fertility (Coyne & Orr,
1989).

One of the most important model systems
for studying the genetics of Haldane's rule has
been the species triad of Drosophila simulans,
Drosophila mauritiana and Drosophila sechellia.
In matings between these species, fertile hybrid
female o!spring are produced, while hybrid
males are sterile or inviable. Introgression studies
(e.g. True et al., 1996) have identi"ed at least
a dozen chromosomal regions (including regions
of the two large autosomal chromosomes) asso-
ciated with reproductive isolation between
D. simulans and D. mauritiana. The ability to map
these factors to speci"c regions in the genome
strongly suggests that factors represent genes.
One chromosomal region that contributes dir-
ectly to hybrid male sterility in D. simulans]
D. mauritiana matings has been cloned and se-
quenced, and it contains the gene Odysseus (Perez
et al., 1993; Perez & Wu, 1995). This gene has
a rapidly evolving homeodomain, the divergence
being most easily explained by positive selection
(i.e. adaptive evolution) on amino acid sequence
(Ting et al., 1998). Direct comparison of this
gene's sequence in representatives of each species
demonstrates that G#C content is exactly the
same (44%, C.-T. Ting, pers. comm.). Hence, the
coding potential, and not local di!erences in base
composition, at this locus contributes to its e!ect
on hybrid male sterility. One could argue that
G#C di!erences in, as of yet unsequenced, #ank-
ing DNA could produce the reproductive isolat-
ing e!ect via Forsdyke's compositional model,
but this would be special pleading. In fact, the
repeated backcross method employed by Wu and
colleagues to isolate the Odysseus locus would
be expected, under Forsdyke's &&compositional''
model, to rescue hybrid fertility, since such back-
crossing should homogenize base composition.
As Coyne & Charlesworth (1986) showed, how-
ever, this procedure did not decrease hybrid
sterility associated with a region near the forked
locus of Drosophila simulans and D. mauritiana.
Obviously, given Wu and colleagues' success in
locating the gene, the same goes for Odysseus.

Essentially, while no evolutionary geneticist
would suggest that evidence is available to ex-
plain every case of speciation by a genic model, it
is far from a theory in crisis.

3. The Problem of Simple Underdominance
in Forsdyke:s Model

Forsdyke argues that sequence di!erences
between maternal and paternal chromosomes
could interfere with synapsis during meiosis, trig-
gering checkpoint control and, ultimately, im-
pairing gametogenesis. Speci"cally, he argues
that even small di!erences in G#C content alter
the formation of stem-loop structures necessary
for synapsis (see also Forsdyke, 1998). Thus, if
two individuals have su$ciently di!erent G#C,
their o!spring might su!er sterility as a conse-
quence of this impaired gametogenesis.

As we indicated earlier, this type of model
requires underdominance. The problem of under-
dominance is solved by, among other things, the
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Dobzhansky}Muller model; that is, there are
non-additive e!ects of allelic di!erences at indi-
vidual loci on the quantitative character hybrid
fertility. The G#C model, however, cannot easily
get around the problem of underdominance. For
there to be G#C divergence between species,
there must "rst be deleterious G#C variation
within species.

This is not to say that the problem of under-
dominance is irresolvable. The e!ects of composi-
tional di!erences could be additive or synergistic,
such that heterozygosity within species could be
nearly or e!ectively neutral as long as an arbit-
rary threshold of G#C divergence*which
would be exceeded in interspecies hetero-
zygotes*was not reached. Inbreeding could also
allow for rapid "xation of A/T%G/C substitu-
tions. G#C heterozygosity could be maintained
by linkage disequilibrium with functional poly-
morphisms maintained by balancing selection,
though one would have to then consider how
many functional balanced polymorphisms are re-
quired for the G#C model to work. Finally,
some mutations may be e!ectively neutral if e!ec-
tive population size is su$ciently low; this de-
pends, of course, on the e!ect on "tness of these
mutations, something that needs to be explicitly
stated in the model. Where that threshold is
placed in a quantitative model, and what type of
epistatic model is used, will determine if su$cient
divergence at G#C is likely to arise at a rate
comparable to that of functional genic diver-
gence. In fact, this is something that one could
conceivably model and evaluate by computer
simulation. Of course, the speci"c parameters
and epistatic models employed would be open to
debate, but at least the G#C model would be
presented in a way that one could more objec-
tively judge it.

Essentially, we do not argue that the G#C
model is impossible. In the absence of quantitat-
ive analysis, however, the model may su!er from
the same problems inherent in other models that
require underdominance.

4. The Nature of the Supporting Evidence
for Forsdyke:s Model

Forsdyke's (1999) support for the G#C model
is based on post hoc examination of published
research. He cites several papers that report base
composition di!erences among species. However,
it should be obvious that some compositional
variation among species should be a byproduct
of genetic divergence. Distinguishing cause and
e!ect*speci"cally, showing that compositional
divergence has initiated post-zygotic reproduc-
tive isolation in speci"c instances* is crucial to
his case. Here, we challenge Forsdyke's sugges-
tion that work on viruses, plants and yeasts sup-
ports the G#C model.

Forsdyke (1999) discusses an article by Yin
& Hu (1997) on retroviruses, writing,

&&In certain virus species, however, signs of the
initial isolation process may still exist. This, in-
deed, may be the case with two virus species
whose members have the potential to coexist in
the same host cell (Yin & Hu, 1997); here they
would exert a selection pressure on each other to
sustain and expand any di!erences which might
prevent recombination (otherwise they would
recombine and destroy each other as individual
species)''.

First, we take issue with the teleological argu-
ment suggested by the last clause. What is the
source of this selection pressure against recombi-
nation? Why is it assumed that maintenance of
viral diversity is important, from a "tness stand-
point, to either species?

Regardless, do the "ndings of Yin and Hu
support Forsdyke's contention that &&signs of the
initial isolation process might still exist?'' The
authors showed that two retroviruses from di!er-
ent subgenera, murine sarcoma virus (MSV) and
spleen necrosis virus (SNV), were capable of
copackaging genomic RNA. However, they do
not propose any base composition-derived bar-
rier to recombination between these two species.
In fact, they note the public health implications of
retroviral recombination.

Schachtel et al. (1991) compare the base
compositions of two human herpes viruses. They
propose that the compositional di!erences be-
tween herpes simplex virus 1 and varicella zoster
virus are the result of independent evolution in
di!erent organisms or cell types. It does not
seem reasonable that these very di!erent viruses,
with di!erent host cells, should serve as a model
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system for reproductive isolation driven by base
composition di!erences.

Bronson & Anderson (1994) note that base
composition varies dramatically among retro-
viruses, possibly because of variation in muta-
tional biases during the process of reverse
transcription. They also note that two retrovirus
species inhabiting the same cell type often di!er
in base composition. At "rst, this might appear
consistent with Forsdyke's model, since a
(G#C)-based antirecombinogenic e!ect could
prevent homogenization of the two viral species.
This, however, presupposes that there would
otherwise be su$cient interspecies recombina-
tion to homogenize them. But even in the absence
of any antirecombinogenic e!ect, the two species
would remain distinct so long as e!ective popula-
tion size]recombination frequency is small.
The latter is a function of the opportunity for
recombination, not just the mechanistic poten-
tial. Further, Bronson and Anderson note that
the G#C di!erences in coexisting retroviruses
are so great that the two species have di!erent
amino acid requirements, suggesting that they
coexist because they occupy di!erent ecological
niches in the cells. One could reason that species
with similar base compositions and amino acid
requirements would be unable to coexist, leading
to either competitive exclusion or, interestingly,
diversifying selection that favors two very di!er-
ent base compositions.

Matassi et al. (1991) note that little recombina-
tion has occurred over a 6 million year period
between the &&parental'' components of the al-
lopolyploid tobacco genome. They suggest that
di!erences in &&nuclear architecture'' of the par-
ental genomes suppresses recombination, a point
acknowledged by Forsdyke. (The reader should
also note that the two components of an al-
lopolyploid genome do not necessarily form tet-
ravalents during meiosis.) Forsdyke (1999) states
&&in the light of the present work it seems possible
that the di!erences in (C#G)% would themsel-
ves be responsible for the isolation''; in fairness,
he does not otherwise promote this cause-and-
e!ect relationship. Such an argument does not
seem parsimonious when contrasted with a
simpler model, whereby two genomes di!ering in
chromosomal architecture, and coincidentally
compositionally distinct, maintain compositional
identities because insu$cient time has passed for
organism-speci"c compositional biases to homo-
genize them toward the same compositional
equilibrium. In fact, Matassi et al. are dealing
with two genomes that were quite distinct from
a compositional standpoint (albeit, heterogen-
eous within species due to isochore patterning).
The G#C model, however, begins with a single
species and, hence, compositional homogeneity
between incipient species.

Forsdyke also cites an empirical study of two
yeast species that are thought to produce sterile
hybrids due to antirecombinational activity
(Hunter et al., 1996). However, the two yeast
species studied by Hunter et al. di!er at over 10%
of their sites in coding regions of the genome,
and about 20% of sites in non-coding regions.
This divergence is much greater than would be
expected in taxa that have recently speciated.
It is, therefore, impossible to argue that this
antirecombinational activity evolved more
quickly than other barriers to gene exchange.
Furthermore, the ability of mutations in the
genes of the mismatch repair system to overcome
the large sequence di!erences (irrespective
of compositional di!erences) and signi"c-
antly rescue the infertility between these two
species argues for a strong genic component of
speciation.

It would be ludicrous to suggest that a slime
mold and a roundworm with the same overall
G#C content ought to be interfertile, and it
would be unfair to imply that Forsdyke would
suggest this, as the essence of his hypothesis is
that subtle di!erences in G#C content of geneti-
cally similar individuals have a role in the hybrid
sterility leading to speciation. We can ignore the
problem of underdominance for the moment and
ask whether patterns of G#C variation in closely
related species support Forsdyke's model. If
Forsdyke is correct, one should expect signi"cant
G#C variation among recently diverged species;
that is, there should be more variation than can
be explained by variation within species. In the
next section, we provide an analysis of G#C
content of genes sequenced in the early 1990s
in multiple strains of Drosophila simulans,
D. mauritiana, D. sechellia and D. melanogaster.
We show that the G#C model is not supported
by the data.
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5. G 1 C Content is not Correlated with
Hybrid Infertility in Drosophila

The testable question in Forsdyke's hypothesis
is whether (i) measurable di!erences in G#C
content precede subsequent genetic divergence
that reinforces reproductive isolation, or (ii) co-
incidental di!erences in G#C content arise by
independent selection and genetic drift following
genic reproductive isolation. A prediction from
the compositional model is that the variation
in G#C content among closely related species
should be greater than the variation within a spe-
cies. However, the analyses that follow show that
overall variation in G#C content is due mainly
to variation among genes and, more importantly,
within species.

There is published data for "ve genes se-
quenced in multiple individuals of all four species
of the D. melanogaster complex (Kliman & Hey,
1993; Hey & Kliman, 1993; Hilton et al., 1994).
Two of these, asense (ase) and cubitus interruptus
(ci), are in regions of the genome where little
within-species variation is expected (Begun
& Aquadro, 1992). When the DNA sequences are
compared within species, we "nd that D. simulans
gene copies di!er from each other, on average, by
0.0077 substitutions/base pair; this value for
D. mauritiana is 0.0070. The average pairwise
divergence values for the ase and ci genes are
0.0024 and 0.0058, respectively. The remaining
three, period (per), yolk protein 2 (yp2) and zeste
(z), show an average pairwise divergence of
0.0123 (weighted by gene length) for D. simulans
vs. D. mauritiana. Kliman, Hey and colleagues
have recently collected more sequence data, and
this average divergence value is essentially un-
changed (Kliman et al., in press). The average
pairwise within-species variation at the Esterase-
6 gene in D. simulans is about 2.5% (Karotam
et al., 1995), actually slightly (though not signi"-
cantly) greater than the divergence between
D. simulans and D. mauritiana (manuscript in
preparation). It is clear that, at least for some
genes, there is more variation within species than
there is between species.

We "rst performed one-way analysis of vari-
ance (ANOVA) on overall G#C content (follow-
ing arcsine-square-root transformation) at the
"ve loci to determine if there were signi"cant
di!erences among species. The results are given
in Table 1. The analyses indicate some signi"cant
di!erences between species pairs using Tukey's
test for honestly signi"cant di!erences. However,
there is no consistent pattern. D. simulans and
D. sechellia are identical at ase, while
D. mauritiana and D. sechellia are identical at ci.
The di!erence between D. simulans and D.
mauritiana at the yp2 locus is non-signi"cant.
There are no signi"cant di!erences at per or z. On
average, only 36.9% of the observed variation in
G#C content stems from di!erences between
species rather than from di!erences among indi-
viduals within species. Further, a two-way
ANOVA (species]genes) indicates that most of
the variance in G#C content is among genes,
with no signi"cant direct e!ect of species (genes:
F
4,75

"56639.95, p(0.001, species: F
2,75

"0.06,
p"0.941, genes]species: F

8,75
"4.99, p(0.001).

Put another way, the among-species variation in
G#C content is no greater than would be ex-
pected by random sampling of within-species
variation. The reader should note that the D.
mauritiana strains used in the DNA sequence
analyses are completely interfertile. The strains,
along with others, were crossed in all pairwise
combinations to generate a genetically variable
population as part of a quantitative genetics
study on abdominal bristle number. Subsequent
generations retained normal fertility (C. Seay and
R. Kliman, unpublished results).

One can always argue that there is something
unique about this group of species that should
disqualify it from a test of the G#C model. It
does not seem that the partial fertility of these
species pairs should disqualify them from consid-
eration; to the contrary, this is evidence of rela-
tively recent divergence. On the other hand, it
would be improper to call them incipient, or
partial, species. There is considerable divergence
among these species in reproductive anatomy
[e.g. male genitalia (Coyne, 1983; Coyne & Kreit-
man, 1986)], physiology [e.g. hydrocarbon
pheromones (Coyne et al., 1994)] and behavior
[e.g. courtship songs (Cowling & Burnet, 1981;
Cobb et al., 1989)]. In short, they can easily
distinguish among themselves. One could, how-
ever, point out that the power to detect signi"-
cant among-species variation in G#C content is
limited by the size of the data set. This may be



TABLE 1
G#C content at xve loci in the D. simulans, D. mauritiana and D. sechellia

ase ci per yp2 z

N sim sequences* 6 9 6 6 6
sim range- 0.502}0.502 0.389}0.390 0.622}0.636 0.588}0.589 0.530}0.538
sim mean 0.502 0.389 0.631 0.588 0.534
N mau sequences* 5 6 6 6 6
mau range- 0.501}0.505 0.391}0.391 0.626}0.628 0.588}0.589 0.531}0.534
mau mean 0.503 0.391 0.627 0.589 0.533
N sec sequences* 6 4 6 6 6
sec range- 0.502}0.502 0.391}0.391 0.628}0.629 0.586}0.587 0.535}0.536
sec mean 0.502 0.391 0.629 0.587 0.536
F (d.f )? 5.65 (2,14) 152.0 (2,16) 2.08 (2,15) 19.49 (2,15) 4.38 (2,15)
PA 0.016 (0.001 0.159 (0.001 0.032
Proportion of total 34.2% 58.6% 13.8% 49.2% 28.7%

variance from
among-species
di!erences

sim vs. mau (HSD)E 0.027 (0.001 0.140 0.309 0.607
sim vs. sec (HSD)E 1.000 (0.001 0.461 0.001 0.163
sim vs. sec (HSD)E 0.027 1.000 0.703 (0.001 0.028

Note: Sequences were originally reported as follows: all per, Kliman & Hey (1993); all yp2 and all z, Hey & Kliman (1993);
all ase and ci (D. mauritiana and D. sechellia only), Hilton et al. (1994); ci (D. melanogaster and D. simulans only), Berry et al.
(1991).

*Number of gene copies sequenced for each species (sim"D. simulans, mau"D. mauritiana, sec"D. sechellia).
-Minimum-maximum G#C content in each species.
?F"MS

species
/MS

within
; d.f."degrees of freedom.

A p-value for F.
EStatistical signi"cance of post hoc two-species comparison using Tukey's test for honestly signi"cant di!erences.
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true, but the fact remains that there is still con-
siderable within-species variation in G#C con-
tent, and Forsdyke's model does not yet explain
how members of the same species remain interfer-
tile in light of such variation.

We can also compare the G#C content of the
outgroup species D. melanogaster to that of the
species of the D. simulans complex. In general,
D. melanogaster has lower overall G#C content
than the others for the "ve genes analysed above.
However, careful examination shows that this is
due mainly to G#C content at codon third posi-
tions. In D. melanogaster and its relatives, all of
the &&preferred'' synonymous codons end in either
C or G (mainly C), so codon bias is strongly
correlated to G#C content at codon third posi-
tions. There is good evidence that selection on
codon usage became less e!ective in the
D. melanogaster lineage after its split from the
D. simulans lineage (Akashi, 1995; Kliman, 1999),
the result being lower codon bias and, therefore,
lower third codon position G#C content in the
D. melanogaster. When one looks, instead, at in-
tron G#C content of these species, no clear pat-
tern emerges, and there is considerable overlap
(see Table 2).

6. Final Comments

The "nal section of Forsdyke's article is en-
titled &&Criticisms Met''. Essentially, he predicts
the criticisms of his model that would be o!ered
by Coyne & Orr (1998). A careful reading of their
review would indicate that Coyne and Orr do not
dismiss the possible role of chromosomal macro-
mutations in reproductive isolation. They simply
point out that genic divergence can do the job.
Nevertheless, Forsdyke lists the following poten-
tial criticisms of his &&chromosomal'' model:

1. Many species lack chromosomal di!er-
ences, and chromosomal di!erences between
others may have accumulated after reproductive
isolation was complete.



TABLE 2
Intron G#C content in the D. melanogaster species complex*

Species ci- per yp2 z

D. melanogaster 0.171 0.517 0.384 0.383
(0.171}0.171) (0.511}0.522) (0.382}0.388) (0.383}0.383)

D. simulans 0.169 0.546 0.399 0.380
(0.169}0.169) (0.534}0.550) (0.394}0.409) (0.377}0.388)

D. mauritiana 0.178 0.532 0.394 0.372
(0.178}0.178) (0.529}0.534) (0.394}0.394) (0.365}0.377)

D. sechellia 0.178 0.522 0.379 0.388
(0.178}0.178) (0.518}0.524) (0.379}0.379) (0.388}0.388)

*The ase gene lacks intron sequence.
-The species mean intron G#C is listed "rst; the minimum}maximum range is given below

in parentheses.
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2. Heterozygosity for chromosomal arrange-
ments does not automatically decrease "tness.

3. It is di$cult to rule out a genic e!ect even
when chromosomal di!erences are correlated to
impaired meiosis.

4. Recent work has demonstrated genic in-
#uences on hybrid fertility.

5. Haldane's rule is easily explained by a genic
model; however, sterility due to impaired chro-
mosome pairing should a!ect both sexes.

Forsdyke's response to the "rst two criticisms
is that there is no con#ict, because there is no
single route to speciation. We agree with him on
this point. However, the absence of criticism of
the G#C model at the time of publication is not
the same as support.

His response to the third point is that (i) Ma-
side & Naveira (1996) have questioned whether
hybrid sterility gene-mapping experiments (prior
to 1996) had the resolving power to map genes of
major e!ect; and (ii) sometimes hybrid sterility
seems to be associated with chromosomal re-
arrangements. Both statements are correct, but
neither relates to the validity of the G#C model.
Essentially, Forsdyke states that both genic and
macrochromosomal variation a!ect hybrid "tness,
so we ask why he will not extrapolate genic in-
#uences to the initiation of post-zygotic isolation.

His response to the fourth criticism is based on
the paper by Maside & Naveira (1996). That is,
while Forsdyke concedes that hybrid sterility
genes might be found, he notes the authors' asser-
tion that prior studies on Drosophila were over-
interpreted. However, much of the Odysseus
research, as well as other high-resolution intro-
gression studies which showed genomic regions
contributing to hybrid sterility (e.g. True et al.,
1996), was published after Maside and Naveira's
paper was submitted.

Forsdyke's response to the "fth criticism is
that his model would give the heterogametic
sex a &&head-start'' toward speciation. That is,
gametogenesis would be impaired due to com-
positional divergence between the X and Y chro-
mosomes. There is a fundamental problem with
this argument, at least as it relates to Drosophila:
meiotic crossing-over does not occur in male fruit
#ies. On a more general level, the response to the
criticism is similar to his responses to the others:
nothing he has stated in his model is inconsistent
with observations. Again, however, this is not
evidence in favor of the G#C model. In fact,
Coyne & Orr (1989) note that the Y chromosome
often has no e!ect on hybrid sterility, a point
di$cult to reconcile with Forsdyke's suggestion
that degeneration of the Y chromosome acceler-
ates compositional divergence.

Researchers perpetually disagree on the
content of papers. In this case, we feel that
Forsdyke's (1999) article requires a response, be-
cause the genetics of speciation is of central im-
portance in evolutionary biology. We believe that
Forsdyke's article provides a misleading account
of the state of the "eld. Regardless of whether
di!erences in gene function or chromosome
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architecture can fully explain hybrid sterility, our
understanding of the genetics of post-zygotic
isolation are not furthered by conjecture. For the
model proposed by Forsdyke to have any impact
on the understanding of the genetics of hybrid
sterility, a detailed explanation of the types of
data that would support or reject this model are
needed.

We thank Jerry Coyne and four anonymous re-
viewers for helpful comments on the manuscript.
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