close to the substrate, is “softened” by
steric effects due to the structure of the
liquid crystalline molecules. From the
morphologies visible on a micrometer
scale, together with knowledge about film
thicknesses, they extracted the form of the
interaction profile on a nanometer scale.
They thus were able to infer the inter-
molecular interactions acting in their films
just by looking through a microscope.
These experimental findings are also in
accordance with three-dimensional numer-
ical simulations (/0). Unfortunately, it is
still not clear what kind of alternative pro-
cess is able to produce in polystyrene
films almost the same patterns found in
gold films. Only a thorough analysis of the
hole patterns based on Minkowski mea-
sures reveals differences, but it does not
explain where they come from.

Why is an experimental proof of spin-
odal dewetting in thin films of so much
importance? Because its existence implies
that long-range forces over the distance of
many molecular diameters can create pat-
terns on macroscopic length scales. Fur-
thermore, this process is an intrinsic phe-
nomenon that can hardly be avoided with-
out changing the system. Recent experi-
ments show that these forces can be suffi-
ciently strong to even destabilize thin lig-
uid films confined between two solid
walls, where one wall consists of a thin
solid film. Thus, for many applications in-
volving thin films or, in a more general
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sense, two parallel interfaces separated by
some medium, the understanding and the
control of the relevant molecular interac-
tions are highly desirable.

What are the prospects for such con-
trol? The influence of ubiquitous long-
range dispersive forces at separation dis-
tances up to 100 nm and more can be dras-
tic, although these forces are, at such dis-
tances, already rather weak. This is largely
neglected because directly at a surface or
an interface they are mostly weak com-

‘pared with specific interaction of short

range. For example, long-range van der
Waals forces (per unit area) at a distance
of 100 nm amount to less than 1 Pa.
Nonetheless, they can rupture 100-nm
films, even if these films are “glued” to
the substrate by specific short-range inter-
actions. Experiments by Herminghaus et
al. and others (1, 7) show that it is not pos-
sible to avoid such instabilities by a simple
surface treatment or surface modification
of the substrate. Improving adhesion be-
tween substrate and film by grafting poly-
mers onto the substrate or by adding a thin
layer of adhesion promoter [such as the
chromium layer used by Herminghaus et
al. (1)] will only stabilize films that are
sufficiently thin, namely, about the thick-
ness of this additional layer. Thus, we may
be forced to reconsider the influence of
long-range forces, especially at large sepa-
rations, in areas ranging from physical
properties of thin films (where processes

like phase transitions or phase separation
differ from the behavior in the bulk) to bi-
ology (cell adhesion or deformation).

So, if one cannot avoid this problem,
can it be of potential use? As indicated by
Herminghaus et al. (1), we can learn about
the intermolecular forces in films con-
fined by a liquid-fluid interface. At pre-
sent, especially for strong attractive forces,
there are no other techniques available that
have such a possibility. One may also con-
sider using this creative power of inter-
molecular forces to produce regular pat-
terns, probably by employing some lateral
confinement in competition with the
thickness-dependent characteristic wave-
length of the instability. Structuring of
multilayer systems by some intermediate
unstable liquid layer seems also possible.
Consequently, I expect that many groups
will intensify their efforts in these direc-
tions and not just because of the aesthetic
aspects of the evolving patterns.
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The Causes of Haldane's Rule

Michael Turelli

tionary lineages into reproductively
isolated groups, remains one of the
most elusive phenomena in evolution. The
process requires thousands to millions of
years, and we are confronted with a vast ar-
ray of demonstrable conttibutors—geo-
graphical isolation,

Enhanced online at natural selection,
www.sciencemag.org/cgi/  gexyal selection,
content/full/282/5390/889 ... 4 chan ges in
karyotype, to name several—whose relative
importance is difficult to untangle (/). The
last 10 years have brought noticeable
progress in the genetics of speciation—
progress that has come because evolution-
ary geneticists have focused largely on one
aspect of speciation: the production of invi-
able and sterile hybrids and Haldane’s rule.

Speciation, the splitting of single evolu-
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The most tantalizing regularity in animal
speciation, this rule derives from Haldane’s
(2) observation that “When in the F, [first
generation] offspring of two different ani-
mal races one sex is absent, rare, or sterile,
that sex is the heterozygous [heterogametic;
XY, XO, or ZW] sex.” Haldane’s rule is a
way station through which almost all pairs
of animal species pass on their way to pro-
ducing completely inviable or sterile hy-
brids (/). In a study on page 952 of this is-
sue, Presgraves and Orr (3) provide near-
definitive data that address the causes of
Haldane’s rule. Contrary to the classic Pop-
perian formula in which science marches
forward over the corpses of rejected hy-
potheses, their report provides empirical
support for both of the most widely accept-
ed explanations.

Haldane’s rule holds for 99% of 223
cases of sex-specific hybrid sterility and
90% of 115 cases of sex-specific hybrid in-
viability (3, 4) (see the figure). If stretched

to include cases in which hybrid females
and males differ only quantitatively in fer-
tility or viability, the rule extends to even
more animals (4) and some dioecious
plants (5). Its generality suggests that a
common evolutionary force may underlie
speciation in many different groups. The
fact that Haldane’ rule predicts inviable or
sterile (heterogametic) males in Diptera and
mammals, but inviable or sterile (heteroga-
metic) females in Lepidoptera and birds,
implies a critical role for the sex chromo-
somes in this intermediate step in specia-
tion, rather than just for gender per se.

For more than 40 years, most evolution-
ists accepted an X chromosome-based ex-
planation of Haldane’s rule proposed by
Muller (6). Muller’s hypothesis built on
Dobzhansky’s (7) insight that genetic
changes beneficial or harmless in one ge-
netic background may be deleterious in an-
other genetic background, because of nega-
tive interactions that had not been screened
by natural selection. Thus, over time—on
the order of 10° to 10° years—isolated pop-
ulations accumulate increasing numbers of
genetic changes that may be advantageous
or neutral within species but that produce
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sterility or inviability in hybrids. Muller
recognized that deleterious interactions be-
tween X-linked loci and autosomal loci
would affect the sexes differently. In par-
ticular, he argued that X-linked incompati-
bilities, if partially recessive, would more
seriously afflict the sex with only one X,
as hybrids of that sex would fully display
the deleterious recessive effects. This ex-
planation for Haldane’s rule—recently
elaborated and dubbed the “dominance
theory” (8, 9—held sway until an influen-
tial 1985 experiment (/0) reawakened in-
terest in Haldane’s rule.

Coyne (10) studied two Drosophila hy-
bridizations that obey Hal-
dane’s rule for sterility. He

SCIENCE'S COMPASS

male hypothesis—that Haldane’s rule for
sterility in male-heterogametic species fol-
lows from the faster accumulation of
male-sterilizing than of female-sterilizing
incompatibilities. This mechanism is not a
universal explanation for Haldane’s rule,
as it explains neither Haldane’s rule for in-
viability (assuming that the same incom-
patibilities afflict both sexes) nor Hal-
dane’s rule for sterility in female-heteroga-
metic species (in such species, the males
still show accelerated evolution for sexual
traits, but hybrid females are differentially
sterile or inviable). Nevertheless, the
faster-male hypothesis gained strong ex-

is that faster-male evolution can produce
Haldane’s rule for sterility in male-het-
erogametic species, whether or not the
males have “typical” hemizygous sex chro-
mosomes. As predicted by the faster-male
theory, Aedes hybridizations clearly follow
Haldane’s rule for sterility, with sterile
males appearing in all 11 cases of sex-spe-
cific hybrid sterility. Without a large region
of the X chromosome being effectively
hemizygous, Muller’s dominance mecha-
nism should be ineffective in Aedes. As
predicted by the dominance theory, Aedes
does not display Haldane’s rule for invia-
bility. In contrast, in Anopheles, where both

the dominance and faster-

male mechanisms should

created “unbalanced” hy- EXAMPLES OF HALDANE'S RULE act, 21 of the 24 examples
brid females—females who Hyvbrid females bt aales of sex-limited hybrid invi-
inherited both of their X’s i y 4 ability follow Haldane’s
from their mother (by using D hil XX XY sterile inviabl rule. Anopheles also obey
attached-X stocks in which = LT sl Haldane’s rule for sterility
females’ X chromosomes " Anopheles .|~ ,,.-‘2 = XX XY sterile, inviable in all 56 cases of sex-spe-
are connected and therefore s e cific hybrid sterility.
transmitted together to their ~~Aedes i XX XeX.* sterile M0r<?over, a larger overall
daughters). He argued that i ' fraction of Anopheles than
the sterility of hybrid males .. Mammals XX XY sterile of Aedes hybridizations
should imply sterility of the o s ; follow Haldane’s rule, as
unbalanced hybrid females Birds ~ = IW sterile, inviable 7z expected given that in
under Muller’s theory, be- 7 e T W Anopheles two Haldane’s
cause these females’ X-au- % & lepidoptera ZW sterile, inviable zz rule—producing forces are

tosome incompatibilities A
are just as severe as those '

of hybrid males. Yet unbal-

anced females were fertile

in both tests. This led to a temporary eclipse
of the dominance theory and a scramble for
alternatives (/1).

Several hypotheses were proposed (4,
12), but only one has found much support:
the “faster male” theory of Wu and Davis
(13). This theory, which attempts to ex-
plain only Haldane’s rule for sterility in
male heterogametic species, is based on a
fundamental distinction between the ge-
netics of sterility and the genetics of invia-
bility. Coyne’s test implicitly assumed that
incompatibilities causing hybrid male and
female sterility are identical or at least ac-
cumulate at similar rates. Yet we know
from work in Drosophila that, although
most lethal mutations within species kill
both sexes, most sterile mutations are sex-
specific. Thus, we might expect different
sets of loci to produce male and female
hybrid sterility. These loci might well be
subject to sex-specific evolutionary pres-
sures and thus may evolve at different
rates. Males in particular are often subject
to intense sexual selection that contributes
to rapid divergence of male phenotypes
ranging from plumage to genitalia, possi-
bly accelerating the rate of evolution at
loci that produce male-specific sterility.
These observations motivate the faster-

region.

. *X; and X,,, denote sex chromosomes that are largely homologous, with only a small sex-determining

perimental support from two recent genet-
ic introgression experiments on pairs of
Drosophila that obey Haldane’s rule for
sterility (/4). Both experiments found that
hybrid genotypes created by inserting
small segments of the D. mauritiana
genome into D. simulans were far more
likely to be male-sterile than female-sterile
(or inviable in either sex).

Although persuasive, the introgression
results involved only one small clade.
These experiments are too labor-intensive
to replicate broadly, and they do not criti-
cally evaluate the relative contributions to
Haldane’s rule of faster-male evolution and
dominance. To test the generality of both
theories, Presgraves and Orr (3) analyzed
published data from 174 mosquito hy-
bridizations, 34 from the genus Aedes and
140 from the genus Anopheles. In Aedes, a
small region of the sex chromosomes de-
termines gender, with the rest of the X and
Y chromosomes being homologous and
fully functional; thus, almost all genes on
the sex-determining chromosomes show
autosome-like patterns of inheritance. The
second group of mosquitoes, Anopheles,
has typical X-Y sex determination, with a
genetically inertY.

Presgraves and Orr’s (3) central insight

acting together. Thus,
Presgraves and Orr have
found strong evidence
supporting both of the
leading explanations for Haldane’s rule.

Our laboratory has provided comple-
mentary support for the dominance theory
in a recent study of published data from 125
Drosophila hybridizations (15). Of the 125
species pairs, 81 have “small” X chromo-
somes (including about 20% of the genome)
and 44 have “large” X chromosomes (about
40% of the genome). We compared the as-
sociation between hybrid viability/fertility
and “genetic distances,” which crudely esti-
mate evolutionary divergence times, in
large-X and small-X pairs. If hybrid dys-
function involves many incompatibilities
among loci scattered throughout the
genome, large-X pairs should experience
more X-autosome problems than small-X
pairs for a given amount of genetic diver-
gence. Thus, the dominance theory predicts
that hybrid males from large-X pairs will be
less fit than hybrid males from small-X
pairs, all else being equal. As predicted, Hal-
dane’s rule occurs at smaller average genetic
distances between large-X pairs than be-
tween small-X pairs.

These new results should bolster the con-
clusion that both faster-male evolution and

dominance contribute to Haldane’s rule. Of &

these explanations, however, only the domi-
nance theory can explain Haldane’s rule for
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inviability in any group or Haldane’s rule
for sterility in female-heterogametic taxa.
The dominance theory also provides a
natural explanation for two additional
phenomena: The repeated finding that the
X chromosome appears to contribute dis-
proportionately to hybrid inviability and
sterility (the “large X effect™) (//) and
the absence of Haldane’s rule for sterility
in mammals [see (9) for an explanation].
Conversely, faster-male evolution unques-
tionably plays a role in Haldane’s rule for
sterility in Drosophila and mosquitoes.
What remains to be done? We still
know too little about the genes that cause
postzygotic isolation. We lack, for in-
stance, direct genetic analyses assessing
whether X-linked incompatibilities in hy-
brids behave recessively, although several
lines of evidence suggest that they do (4,
9, 12, 15). The demonstrated power of an-
alyzing Haldane’s rule in diverse taxa
should encourage researchers to look more
carefully beyond Diptera. New insights
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may emerge from dioecious plants, such as
Silene, with heteromorphic sex chromo-
somes (5). We also need more genetic
analyses of Haldane’s rule in female-het-
erogametic species. If the faster-male
mechanism is working in these taxa, as
suggested by the pervasive phenotypic evi-
dence for sexual selection in birds and but-
terflies, it should oppose the appearance of
Haldane’s rule for sterility. In female-het-
erogametic taxa, therefore, we might ex-
pect to see a relative excess of hybrids pro-
ducing Haldane’s rule for inviability rather
than sterility. In fact, the most recent data
(3, 4) show that 69% of the 84 examples
of Haldane’s rule in birds and Lepidoptera
involve inviability, in contrast to only 19%
of 217 examples in Diptera. Birds and
Lepidoptera pose an additional challenge
because their sex chromosomes are gener-
ally much smaller than those of Diptera. In
these groups, how can dominance give rise
to Haldane’s rule when there are so few X-
linked loci (9)? Although the main causes

of Haldane’s rule now seem clear, many
ancillary questions await further analyses.
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How Cyanobacteria Count to 10

Robert Haselkorn

though a prokaryote, develops ele-

gantly in a way that more closely re-
sembles eukaryotic development. About
every tenth cell in its linearly arranged
string of photosynthetic vegetative cells
differentiates into an anaerobic, nitrogen-
fixing heterocyst, as shown in the figure.
This differentiation is provoked by an en-
vironmental cue—the absence of a fixed
nitrogen source in the growth medium.
Genetic analysis of mutants that cannot
differentiate properly has led to a complex
picture of interacting gene products that
control the frequency of differentiating
cells along each filament. In this issue on
page 935, Yoon and Golden show that the
gene patS, which encodes a 17-amino acid
peptide, contributes to the spacing pattern
by preventing the differentiation of cells
between two heterocysts (/). Heterocyst
differentiation can be suppressed com-
pletely by the external addition of the car-
boxyl-terminal five amino acids of the
peptide Arg-Gly-Ser-Gly-Arg.

Control of differentiation by a small
peptide sounds distinctly eukaryotic. Many
other aspects of Anabaena heterocyst dif-
ferentiation also recall or, in some cases,
anticipate, signaling processes in eukary-

The cyanobacterium Anabaena, al-
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otes. For example, some of Anabaena’s
genes encoding nitrogenase proteins con-
tain intervening DNA elements that have
to be excised during each heterocyst dif-
ferentiation, in a process reminiscent of
the rearrangements of immunoglobulin
genes in developing B lymphocytes (2).
Anabaena also houses several serine-thre-
onine-type protein kinases (3), a very
large number of histidine kinases (4),
probably a tyrosine kinase, and certainly a
phosphotyrosine phosphatase (5).

How does a suppressing peptide fit into

Signs of differentiation. Superimposed Nomarski and fluores-
cent images of wild-type Anabaena PCC 7120, taken 25 hours
after differentiation was initiated by nitrogen withdrawal. Dif-
ferentiated heterocysts are marked by expression of green fluo-
rescent protein (GFP) from a plasmid containing the hetR gene
promoter fused to the GFP coding sequences.

the current scheme for pattern regulation in
Anabaena? We already know the identity of
a few gene products that are required for
heterocysts to differentiate. The protein act-
ing earliest in the process, NtcA, is a DNA-
binding factor required for transcription of
numerous genes encoding components for
nitrogen transport and utilization. NtcA is
related by sequence to the cyclic
AMP-binding protein of Escherichia coli
(6). Among the genes regulated by NtcA is
one called ketR, whose product is required
for heterocyst differentiation (7). The figure
shows the distribution of AetR transcripts,
revealed by a fusion of the 4etR promoter to
the gfp gene, which encodes the green fluo-
rescent protein. The filaments were pho-
tographed 1 day after nitrogen
concentrations were de-
creased, when mature hetero-
cysts display their characteris-
tic spacing, about one every
ten cells. The striking result is
that the hetR gene is tran-
scribed only in the differenti-
ating cells. Exactly the same
result is reported for another
gene, patS, in the new work
by Yoon and Golden (7).
However, there is a critical
difference, established both
by the mutant phenotypes and
the phenotypes of cells carry-
ing extra copies of either the
hetR or patS genes. That is,
cells with mutant HetR do not
initiate differentiation, where-
as cells with mutant PatS dif-
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