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Caenorhabditis provides an opportunity to test this hypothesis because the frequency of males varies widely
among species with different mating systems.

Results: We find evidence that there is strong inter- and intra-sexual conflict within C. remanei, a dioecious species
composed of equal frequencies of males and females. In particular, some C. remanei males greatly reduce female
lifespan following mating, and their sperm have a strong competitive advantage over the sperm of other males. In
contrast, our results suggest that both types of conflict have been greatly reduced within C. elegans, which is an
androdioecious species that is composed of self-fertilizing hermaphrodites and rare males. Using experimental
evolution in mutant C. elegans populations in which sperm production is blocked in hermaphrodites (effectively
converting them to females), we find that the consequences of sexual conflict observed within C. remanei evolve
rapidly within C. elegans populations experiencing high levels of male-male competition.

Conclusions: Together, these complementary data sets support the hypothesis that the intensity of intersexual
conflict varies with the intensity of competition among males, and that male-induced collateral damage to mates
can evolve very rapidly within populations.
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Background
Males and females typically have different reproductive
strategies [1, 2], which often result in conflicts surround-
ing control of fertilization [3–5]. Because females invest
more in each offspring, males usually produce an excess
of gametes and are often driven to compete with each
other and to manipulate their potential mates in order
to fertilize as many eggs as possible. In some cases,
males are expected to evolve strategies that actually
harm their female partner, as long as the associated in-
crease in male fertilization success is sufficiently high.
Females, meanwhile, evolve to avoid manipulation by
males by optimizing the time, place, and partner for each
fertilization. The resulting antagonistic coevolution of

strategies and counter-strategies can be characterized
as a perpetual “three-way tug-of-war” over control of
fertilization-male versus male versus female-in which sus-
tained antagonistic coevolution drives rapid change [6].
Conflicts over control of fertilization are thought to

explain the evolution of a wide variety of morphological
behavioral, and molecular traits related to fertilization
success in both males and females (reviewed in [4]). For
example, antagonistic coevolution is thought to explain
the observation that male fruit flies transfer a complex
suite of accessory-gland proteins to females during in-
semination, some of which can alter the reproductive
patterns of their mates in ways that reduce female fitness
while enhancing sperm competitive ability (reviewed in
[7]). By generating flies lacking these proteins, it is pos-
sible to demonstrate benefits to males producing them
(e.g., increased probability of paternity), and costs to fe-
males receiving them (e.g., shifts in reproduction and/or
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reduced female life span; [1, 2, 8]). Comparisons of
accessory gland proteins within and between fruit fly
species have suggested that they often evolve rapidly due
to natural selection [9], which is consistent with the hy-
pothesis that these proteins tend to evolve due to sus-
tained, antagonistic coevolution.
Conflicts over control of fertilization have also been

revealed by manipulating the mating system of a species
in the laboratory and then observing the resulting evolu-
tion of interactions within and between the sexes
(reviewed in [10]). For example, when female fruit flies
are prevented from coevolving with their mates, the
males adapt rapidly to the static female phenotype, be-
coming more successful competitors when mating with
those particular females, and also causing increased col-
lateral damage to female survivorship [11]. On the other
hand, when conflicts over control of fertilization are
eliminated entirely-by choosing random, monogamous
pairings each generation-male fruit flies evolve to be less
harmful to their mates, and females evolve to be less re-



Here we test these predictions in two ways. First, we
examine both inter- and intra-sexual interactions within
C. remanei and demonstrate the existence of sexual con-
flict within this species. Second, we use mutations that
transform the mating system within C. elegans back to a
dioecious system and demonstrate that the same hall-
marks of sexual conflict as are observed within C. remanei
can be recapitulated over a period of just a few dozens of
generations of evolution in the presence of elevated male
sexual encounters. Together, these results demonstrate
that evolution of sexual conflict is dependent upon mating



these crosses, female longevity depended strongly on
strain specific interactions between males and females
(Fig. 4; F4, 248 = 6.73, p < 0.0001). New York (EM464) fe-
males displayed a short lifespan of roughly nine days,
whether mated or unmated. In contrast, mating reduced
overall lifespan for both Ohio (PB259) and German
(SB146) females in a male-specific manner (F2, 248 =
132.82, p < 0.0001). In particular, females exposed to
New York males for even 24 h lived half as long as they
did when unmated (Fig. 4a). Mating with Ohio and
German males was also detrimental, although lifespan
was only reduced by 20 % in these cases (Fig. 4a). Mat-
ing with males for their lifetime further reduced female
lifespan for all isolates, but for the most part, the bulk of
a male’s effect (50-90 %) on female lifespan was achieved
within the first 24 h (Fig. 4b).

Experimental evolution of sperm competition in C. elegans
C. elegans normally reproduces as self-fertilizing her-
maphrodites, with occasional outcrossing via rare males
[23]. We used the fog-2 mutation [30], which blocks
sperm production in hermaphrodites and effectively
feminizes them, to convert the androdieocious mating
system of C. elegans to resemble that of C. remanei in a
single step [31]. This mutation was backcrossed and
made homozygous into 12 different C. elegans natural
isolates, which were crossed together for six generations
and then maintained in three replicates for 60 genera-
tions of experimental evolution as male “high-competi-
tion” lines. The same set of isolates, this time lacking the
fog-2 mutation, where also maintained for 60 generations
as male “no-competition” lines (no males were main-
tained in those populations during the course of the
experiment).
High-competition males evolved significantly larger

sperm than no-competition males (contrast between G0
and G60 lines, F1,8 = 37.80, p = 0.0003, Fig. 5). The ma-
jority of this response.10001n
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males (EM464) were superior to the other two strains
when forced to compete directly via sperm competition
(Fig. 2), and females mated to New York males died
much sooner on average than females mated with males
from the other two strains (Fig. 4). This correlation is
consistent with the hypothesis that some of the traits
conferring an advantage during sperm competition are
also causing collateral damage to females. New York fe-
males seem immune to the collateral damage of New
York males, which is also consistent with the hypothesis
of an ongoing arms race between the sexes, although
this interpretation is complicated by the fact that New
York females tend to have short life spans in general,
whether exposed to males or not. Somewhat surpris-
ingly, most of the male-induced damage appears to ac-
cumulate during the first 24 h of exposure to males as,
while continued exposure to males does further decrease
female lifespan, it does not decrease as dramatically as
might otherwise be expected (Fig. 4). Fritzsche et al. [40]
have recently shown that female C. remanei respond
more quickly to relaxed sexual selection than males, in-
dicating that females are likely to be under direct pres-
sure from sexual conflict among males. Overall, then,
while we currently cannot form a causal link between
competition and conflict, the existence of strong male-
male and male–female interactions matches our expecta-
tions of how these phenomena should emerge based on
the structure of the mating system within this species.
Unlike C. remanei, everything we know about the

androdioecious species C. elegans suggests that competi-
tion between different males is rare. Indeed, males them-
selves are extremely rare in C. elegans, such that the vast
majority of progeny in nature appear to be produced via
self-fertilization (e.g., [23, 24]). Furthermore, about half



of the strains of C. elegans collected from nature world-
wide are fixed for a loss-of-function mutation at the plg-1
gene, which results in males being unable to deposit copu-
latory plugs after mating [18]. Since the plugs seem to be
a mate-guarding adaptation that enhances sperm defense
after mating, the worldwide distribution of this mutation
suggests that mate-guarding is no longer as useful in
C. elegans populations as it probably was in the past.
Males produce sperm that are barely larger than herm-
aphroditic sperm, consistent with the hypothesis that
males have become specialized in out-competing herm-
aphrodite sperm but are no longer pushed to produce
sperm of larger sizes by intense male-male competition
[17]. Finally, C. elegans hermaphrodites lack both the
mating-torpor response and the potent sex pheromone
that are observed in C. remanei females [20, 21]. The
emerging picture is of a species that has lost many of the
traits associated with male-male competition and seems
likely to lack the collateral damage to mates that is usu-
ally associated with that competition.
Interestingly, it appears that many of these traits asso-

ciated with intense male-male competition and sexual
conflict that we observe within C. remanei can be recapit-
ulated in C. elegans after just 60 generations of evolution
under increased male-male competition. For example, we
see rapid increases in sperm size in the fog-2 obligate out-
crossing populations relative to the no-competition con-
trols (Fig. 5). This observation is consistent with an earlier
study by LaMunyon and Ward [41], who used different
mutations and different lines to establish a very similar



evolve increased lifespans (relative to ancestors), indicat-
ing that females have the potential to co-evolve in the
presence of more harmful males. Overall, these results
are consistent with the idea that the competition among
males drives negative impacts on females, as we observe
for the natural C. remanei populations.
The evolved male harm was observed in only two of

the three experimental evolution populations, however
(Fig. 7). The evolutionary dynamics of sexual conflict are
likely to be sensitive to changes in the mating system
[5]. Indeed, the outcome may be difficult to predict in
any particular example, and seems likely to be sensitive
to the genotypes available in the starting population
(e.g., [44]). Although the high-competition Line C did
not show evidence for evolved male harm, it displayed
an increase in sperm size and sperm competitive ability
that is comparable to Line B, whose males are signifi-
cantly more harmful to females than the no-competition
controls. This suggests that whatever factors lead to in-
creases in sperm competitive ability can be independent
of the evolved harm responses. It is also possible that
other mating advantages that are correlated with the
female-harm results are not revealed by the assays con-
ducted here. In the case of C. elegans, we do not cur-
rently have evidence that evolved male responses may or
may not have led to changes in female reproductive suc-
cess. Overall, then, male mating success in both C. ele-
gans and C. remanei probably relies on a combination of
sperm size, male behavior, and other unknown compo-
nents such as seminal fluid proteins.

Conclusions
Our results are consistent with previous work on sperm
competition and sexual conflict in other taxa, such as
Drosophila melanogaster [45, 46]. One thing that makes
the present work unique is that we were able to demon-
strate both ends of the male-male competition spectrum
within the same genus and draw a convincing connection
between the two states by manipulating the mating system
during experimental evolution. Similar “experiments” ap-
pear to occur naturally within plant populations in which
differential fertilization ability between self-compatible
and self-incompatible populations appears to evolve fairly
readily, presumably because of increased pollen competi-
tion within outcrossing populations [47–49]. Our results
demonstrate that the apparent male-hermaphrodite con-
flict observed in interspecies crosses between C. briggsae
and C. nigoni [13] is also prevalent within species as well
and can evolve within a rapid timeframe. In a limited
sense, we were able to transform the low-conflict mating
system of C. elegans into the high-conflict mating system
of C. remanei after just 60 generations of experimental
evolution, highlighting the dynamic nature of these traits.
Indeed, the short time frame for the experiment suggests
that most of the alleles necessary to transform C. elegans
towards a system more like C. remanei are already segre-
gating within the C. elegans gene pool. This is consistent
with previous results showing that plugging ability, which
is apparently a mate-guarding trait, remains polymorphic
within natural populations [18]. It will be interesting to
see if other loss-of-function mutations have contributed to
the loss of male competitive traits in C. elegans. The
distinction between these species on this basis provides
the opportunity to identify the functional basis of male–
female sexual interactions within these groups.

Methods
Nematode strains and culture conditions
Nematodes were cultured at 20 °C in Petri dishes contain-
ing NGM agar spotted with the Escherichia coli strain
OP50 using standard protocols [50]. Geographic isolates
of both C. elegans and C. remanei were raised under stan-
dardized laboratory generations for >10 generations to
minimize maternal or laboratory adaptation effects during
experiments. For normal maintenance, stocks were trans-



populations for the creation of both High-Competition
(HC) and No-Competition (NC) lines for experimental
evolution. To create the founding stock for the HC lines,
each geographic isolate was first modified to render her-
maphrodites self-sterile (i.e., unable to produce their
own sperm, thereby needing males in order to repro-
duce). This was accomplished by introgressing the fog-2
(q71) mutation from stock JK574 into each genetic back-
ground independently via ten generations of backcross-
ing. The fog-2 (q71) mutation was maintained during
these introgressions by selecting for self-sterile hermaph-
rodites every few generations. Worms from the resulting
[fog-2] introgression strains were then mixed in equal
proportions and maintained in a large population to
mate freely for at least six generations, in order to
recombine the genomes and thereby create the HC-
founding stock. To create the NC-founding stock in
parallel, self-fertile hermaphrodites and males from the
original twelve geographic isolates were mixed in equal
proportions and maintained in a large population to
mate freely for at least six generations, in order to re-
combine the genomes and thereby create the NC found-
ing stock. Both the HC-and NC-founding stocks were
frozen for later analysis.
For experimental evolution of HC and NC lines, we

essentially replicated the protocol used by [41]. For each
of three independent HC lines, 60 L4 self-sterile her-
maphrodites and 100 L4 males were picked to found
each generation, beginning with worms from the HC-
founding stock. In parallel, for each of three independent
NC lines, 60 L4 self-fertile hermaphrodites were picked
to found each generation, beginning with worms from
the NC-founding stock. Both HC and NC lines were
allowed to evolve in this manner for 60 generations, with
worms frozen for later analysis at generations 30 and 60.
After experimental evolution was halted, worms from
the evolved lines were thawed and examined for the fol-
lowing male phenotypes: sperm size, sperm competitive
ability, male mating behavior, and effects of male expos-
ure on hermaphrodite mortality rates.

Life history assays
To determine population-specific effects of mating on
female lifespan in C. remanei, the survivorship of age-
synchronized cohorts of virgin and mated females was
compared, with mated females receiving either a short-
term (24 h) access to males, or with females having life-
long access to males. For unmated/virgin longevity, egg-
laying females from each strain were picked randomly
from the stock plates to fresh 90-mm Petri dishes (30 fe-
males per plate, three plates per strain) for three hours





This effect was tested using Fisher’s Exact Test of the sperm
counts for each male. For C. elegans, sperm competitive
ability relative to the fixed GFP-tester line was compared
between the high-competition and no-competition lines
using offspring counts within a nested logistic-regression
that tests the effect of the experimental treatment while
taking into account variance among experimental replicates
(JMP 10, SAS Institute).

C. elegans male mating behavior
One virgin male from either an HC or NC line was placed
on an OP50 bacterial spot (~7 mm diameter, grown over-
night) with ten virgin, four-day-old wildtype hermaphro-
dites from N2 Bristol, and observed for twenty minutes.
The observer was blind to the source of the male. Success-
ful matings within twenty minutes were noted, and for
these matings the time until spicule insertion and the dur-
ation of spicule insertion were recorded.
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