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N aturalists have long known that cop-
ulation can be dangerous to females.
For example, female waterfowl sometimes
drown while being mated by multiple
males (1). Beyond this type of anecdotal
information, detailed quantification of the
cost of mating in wild populations of wa-
terstrides has demonstrated that: (i) males
attempt to copulate with females at a rate
that far exceeds what is needed to fertilize
her eggs, (i) males increase their fitness by
mating at this high rate, and (iii) female
fitness is reduced by supernumerary cop-
ulations (2, 3).

The first evidence for the cost of mating
in a laboratory model system came in the
mid-1970s during a study that was de-
signed to measure at the relationship be-
tween temperature stress during develop-
ment and the vigor of adults (4). This
study of Drosophila melanogaster demon-
strated that copulation harmed females by
reducing their longevity, that females
were harmed more when they had been
reared under thermal stress, and that
harm to females was reduced when their
mates had been reared under thermal
stress. A recent succession of experiments
now extends this early research, especially
those from the laboratory of Linda Par-
tridge and her collaborators. The featured
paper in this issue of PNAS by Civetta and
Clarke (5) is an important advance in our
understanding of the proximate and ulti-
mate factors responsible for the phenom-
enon of male-induced harm to their mates.
More specifically, Civetta and Clarke
present data that explain what would oth-
erwise be an evolutionary paradox: how a
male’s seminal fluid can both increase
harm to the male’s mate as well as increase
that male’s evolutionary fitness.

The idea that natural selection would
favor a male that harmed his mate is coun-
terintuitive. After all, reducing the survival
or fecundity of a male’s mate would seem to
diminish rather than enhance his own re-
productive fitness. To see why natural se-
lection can sometimes favor males that harm
their mates we need to consider the mating
system of the species. If there is lifelong
monogamy and random mating, then there
is a perfect correlation between the fitness
of a male and his mate and the potential for
evolutionary conflict between the sexes is
absent. But any deviation from this monog-

amous mating system reduces the correla-
tion for lifetime fitness between a copulating
pair, and this generates the potential for
intersexual evolutionary conflict and the
subsequent evolution of male-induced harm
to their mates (Fig. 1).

Consider a promiscuous mating system
where both males and females mate with
many partners over their lifetime. Further
assume, as is common in many Sspecies,
that males do not provide material re-
sources for their offspring, that mating
pairs remain together only a short time
during the act of copulation, and that
females store sperm for a protracted pe-
riod of time. In this case the lifetime
fitness of a male is determined by the
number of females that he mates and the
average number of offspring that he sires
per female. When a female mates with
another male before the sperm from her
previous mate is exhausted, then the first
male’s total offspring through that female
will decline. So males are selected to sup-
press remating by their mates (to other
males) and to maximize their mates’ prox-
imate fecundity, because their paternity
rates at later times will be diluted each
time one of their mates remates with
another male. Females, on the other hand,
will be selected to maximize their lifetime,
as opposed to their short-term fecundity,
and also will be selected to remate with
other males at the rate that maximizes
their fitness—as opposed to the zero re-
mating rate favored by their previous
mate(s).

These intersexual differences in the op-
timal fecundity and remating rates set the
stage for perpetual antagonistic coevolu-
tion between the sexes (Fig. 2). For exam-
ple, suppose that at one locus (Locus-1) a
mutation occurs that increases male fit-
ness at the expense of his mate. When the
mutation is male-limited in expression, or
when selection on the mutation is not
counterbalancing when expressed in fe-
males, then the mutation’s advantage to
males will cause the male-gain/mate-
harm allele to fix in the population (male
adaptation) despite the harm to his mates.
Females are expected to evolutionarily
respond, generally at another locus (Lo-
cus-2), when new mutations occur that
reduce the male-induced harm to females.
When the new mutation is female-limited
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Fig. 1. The progression from lifelong monogamy

(LM) to moderate levels of promiscuity (MP) to high
levels of promiscuity (HP) reduces the correlation
for fitness between mated pairs.

in expression, or when selection on the
new mutation is not counterbalancing
when expressed in males, then the advan-
tage to females will cause this female-
defend/male-abate allele to fix in the
population (female counteradaptation).
Males can next recruit a new counter-
counter-adaptation and the cycle of inter-
sexual antagonistic coevolution continues
(6, 7). When females invest more in off-
spring compared with males, then males
are expected to initiate most cycles of
antagonistic coevolution. Although the
cycle of antagonistic coevolution is
framed in the context of males vs. females,
the true genetic units that are antagonis-
tically coevolving are different gene loci
that mediate antagonistic interactions be-
tween different individuals, i.e., interlocus
contest evolution (6, 7).

The simple evolutionary arguments de-
scribed above suggest that males can
evolve traits that harm their mates when-
ever the correlation for fitness between a
copulating pair is less than one (6-8).
Civetta and Clark (5) provide the first
example of genetic polymorphism, prob-
ably at one or more loci coding for seminal
fluid proteins, that produces a male-gain/
mate-harm phenotype—genotypes that

See companion article on page 13162.
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Fig. 2. Intersexual antagonistic coevolution be-
tween interacting alleles at different loci.

produce seminal fluid that increase harm
to a male’s mate also increase his fitness
through that female. With lifelong monog-
amy a seminal fluid protein that reduces
female survival would not be selectively
favored because of the strong correlation
between male and female fitness within a
mated pair (Fig. 1). But in the Drosophila
promiscuous mating system studied by
Civetta and Clarke, most of the female’s
fitness loss will occur after she has re-
mated with other males, and therefore
most of the loss in the female’s fitness will
not reduce the target male’s fitness. In this
case, the lowered correlation for fitness
between mates will cause the female-harm
trait to be selectively favored whenever it
caused the male to sire, on average, more
offspring per mate—despite the cost to
females. Such harm to females will be
transient, however, whenever females can
evolutionarily respond via counteradapta-
tion (Fig. 2), in this case by changing the
female receptor(s) that is targeted by the
male’s seminal fluid protein(s).

How strong is the evidence that males
commonly harm their mates and thereby
initiate cycles of intersexual antagonistic
coevolution? Most of the quantitative in-
formation comes from studies of Drosoph-
ila melanogaster reared under laboratory
conditions. In the late 1980s, a compre-
hensive study of the effect of mating on
female fitness demonstrated that males
harm females by reducing their survivor-
ship when the two sexes are continuously
housed together (9). This experiment and
others (10, 11) showed that reduced sur-
vival of females was mediated by (i) a male
behavioral component caused by persis-
tent male courtship, including repeated
attempts by males to mate with previously
mated females, and (if) an additional sem-
inal fluid component that did not depend
on the presence of sperm. In a particularly
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elegant experiment that used “genetic sur-
gery,” the harm caused by seminal fluid
was shown to be mediated by seminal fluid
proteins that are produced by the mast
cells within the male’s reproductive tract
(12). Some of the seminal fluid proteins
remain within the female’s reproductive
tract while others enter her bloodstream
and act as pheromones that suppress her
propensity to remate and also boosts her
fecundity (13, 14). Seminal fluid proteins
potentially harm females, (i) as a byprod-
uct of their toxic effect on resident sperm
that are present in the female’s sperm
storage organs at the time of a second
mating (e.g., one seminal fluid protein has
high sequence homology with a gene cod-
ing for a spider toxin protein; ref. 13), and
(ii) as a consequence of their pheromonal
influence on her endocrine system.

Two microevolutionary experiments also
support the conclusion that the sexes are
locked in an evolutionary arms race. In the
first experiment, cytogenetic constructs
were used to create populations in which
males could adapt to females but the fe-
males could not counterevolve (15). After
only 30 generations the males rapidly
adapted to the nonevolving females and
increased their fitness by 25%. This evolu-
tionary gain by the males was associated
with a marked reduction in the survival of
their mates. Female survival declined in
response to the experimental males evolving
to remate females at an elevated rate (so
females received more seminal fluid, which
is mildly toxic), and in one of the replicates,
because of an increased toxicity of the
males’ seminal fluid.

In the second experiment, monogamy
was experimentally enforced in popula-
tions of D. melanogaster that were nor-
mally promiscuous (16). In this context,
intersexual antagonistic coevolution
should be reversed and replaced by mu-
tualistic coevolution between the sexes.
As predicted, in the monogamy treat-
ments male behavior and seminal fluid
proteins evolved to enhance rather than
reduce female survival, relative to pro-
miscuous controls, and fitness of monog-
amous males declined in parallel, when
they were placed back in their promis-
cuous ancestral population. Interest-
ingly, females from the monogamy treat-
ment evolved to be less resistant to
male-induced harm when they were
placed back in their promiscuous an-
cestral population.

Molecular studies of Drosophila seminal
fluid proteins have demonstrated that
they frequently diverge rapidly among
closely related species and that they tend
to be highly polymorphic (13, 17-19). It
also has been shown that proteins of the
male and female reproductive tracts
evolve far more rapidly than proteins from
other parts of the body (20, 21). Experi-

mental studies have shown that seminal
fluid proteins play a role in both the
offense and defense phenotypes of a male
(22-24). Offense is the capacity of a male
to stimulate a female to mate with him
(behavior component), and then to re-
place any resident sperm with his own
(seminal fluid/sperm component). De-
fense appears to be mediated entirely by
seminal fluid and sperm. It is the ability of
a male to reduce his mate’s propensity to
remate with another male, and when she
does, to prevent his sperm from being
displaced by the second male.

In the mid-1990s, an experiment was
done to look for associations between
polymorphic seminal fluid proteins and a
male’s offense and defense phenotype
(25). A survey of samples of seven poly-
morphic loci for seminal fluid proteins
found no association with a male’s offense
phenotype, but four of the seven polymor-
phisms were associated with a male’s de-
fense phenotype (25). This does not mean
that there is no polymorphic variation for
male offense. But the fact that none of the
sampled seven loci contributed to this
phenotype, whereas more than half of the
seven loci contributed to male defense,
suggests that seminal fluid proteins may
provide more heritable variation for male
defense compared with offense. Corre-
spondingly, Civetta and Clark (5) found
no significant association (among lines
isogenic for a major autosome) between a
male’s offense phenotype and the degree
to which he harmed his mates, but a strong
association was observed between harm to
females and his defense phenotype.

Recent theory and experiments suggest
that intersexual antagonistic coevolution
may contribute importantly to speciation
(7, 15, 26-28). Consider the traits that are
expected to perpetually coevolve because
of intersexual conflict: reproductive anat-
omy, physiology, and behavior. As these
traits diverge among isolated populations,
their inherent attributes will cause them to
collaterally contribute to both pre- and
post-zygotic reproductive isolation, and
thereby accelerate the speciation process.
This idea was recently tested (29) by com-
paring the rates of speciation among
clades that are monandrous (females are
monogamous, so intersexual conflict is
low) vs. polyandrous (females have multi-
ple mates, leading to higher intersexual
conflict). Polyandrous clades were found
to speciate four times faster, on average,
supporting the conclusion that intersexual
conflict is a major “engine of speciation.”

The experiments by Civetta and Clark
(5) presented in this issue of PNAS make
an important advance in our understand-
ing of intersexual antagonistic coevolu-
tion by demonstrating that the same male
genotypes that reduce female survival
more also gain a greater fitness advan-

Rice



tage (increased defense)—so a direct
link between male-gain and harm to his
mate is clearly established. Extending
this experiment to the case of heterozy-
gous chromosomes will determine how
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