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Sperm show patterns of rapid and divergent evolution that are
characteristic of sexual selection. Sperm competition has been
proposed as an important selective agent in the evolution of sperm
morphology. However, several comparative analyses have re-
vealed evolutionary associations between sperm length and fe-
male reproductive tract morphology that suggest patterns of
male-female coevolution. In the dung beetle Onthophagus taurus,
males with short sperm have a fertilization advantage that de-
pends on the size of the female’'s sperm storage organ, the
spermatheca; large spermathecae select for short sperm. Sperm
length is heritable and is genetically correlated with male condi-
tion. Here we report significant additive genetic variation and
heritability for spermatheca size and genetic covariance between
spermatheca size and sperm length predicted by both the “good-
sperm” and “sexy-sperm’ models of postcopulatory female pref-
erence. Our data thus provide quantitative genetic support for the
role of a sexually selected sperm process in the evolutionary
divergence of sperm morphology, in much the same manner as
precopulatory female preferences drive the evolutionary diver-
gence of male secondary sexual traits.
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Female mating preferences are widely recognized as being
responsible for the rapid and divergent evolution of male
secondary sexual traits (1). Indicator or good gene models
envisage genetic coupling between male sexual trait expression
and offspring fitness, so that females with a preference for male
traits produce offspring of greater viability (2). Once a prefer-
ence becomes established, females choosing males with elabo-
rate secondary sexual traits will produce sons that carry alleles
for the trait and daughters that carry alleles for the preference,
generating genetic coupling that will drive self-reinforcing co-
evolution of both trait and preference because of the mating
advantage to males with the trait. Thus, the original viability
benefits associated with the preference can be undermined by a
runaway Fisherian sexy sons process (2). Analogous models have
been proposed for postcopulatory female preferences (3).
“Good-sperm” models predict positive genetic associations be-
tween a male’s sperm competitiveness and the general viability
of his offspring (4), whereas “sexy-sperm” models predict that
multiply mating females produce sons successful in sperm com-
petition and daughters that incite sperm competition through
multiple mating (5, 6). As with precopulatory processes, post-
copulatory models predict that the trait in males that determines
fertilization success will become genetically coupled with the
mechanism by which females bias sperm use toward preferred
males (7).

Although spermatozoa are well known for their rapid and
divergent morphological variation (8, 9), little is known of the
selective processes that drive sperm evolution. Patterns of di-
vergent evolution are characteristic of strong sexual selection,
and researchers have suggested that postcopulatory sexual se-
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lection via sperm competition may be responsible for evolution-
ary divergence in sperm morphology (10, 11). Thus, among frogs
(12), birds (13), and butterflies (14) there are evolutionary
associations between the strength of selection acting via sperm
competition and sperm length. These patterns, however, are by
no means consistent. In fish both positive (15) and negative (16)
evolutionary associations have been found, whereas in mammals
no evolutionary associations have been found (17). In birds the
association between sperm competition and sperm length ap-
pears to be indirect, via an effect of sperm competition on the
length of sperm storage tubules in the female reproductive tract
and evolutionary covariation between sperm storage tubule and
sperm lengths (18).

Associations between sperm lengths and the lengths of female
reproductive ducts and/or sperm storage organs are well docu-
mented in the insects (19-23). These patterns of correlated
evolution implicate selection processes imposed by females
during the evolution of sperm morphology. Using populations of
Drosophila melanogaster artificially selected for long or short
sperm, Miller and Pitnick (24) showed that males with long
sperm had a fertilization advantage over males with short sperm
when both were mated to females artificially selected to have
long seminal receptacles. The heads of long sperm lie closer to
the exit of the seminal receptacle, giving them precedence over
short sperm at the time of fertilization (25). Miller and Pitnick
(24) also showed that artificial selection for increased seminal
receptacle length in females resulted in a correlated response in
sperm length, suggesting that seminal receptacle length imposed
directional selection on sperm length. Although the selective
pressures driving female seminal receptacle evolution are un-
known, the data for D. melanogaster implicate a sexually selected
sperm process in the evolution of sperm gigantism in this group
of flies (24).

Here we provide a critical test of the key prediction underlying
both good-sperm (4) and sexy-sperm (5) models of postcopula-
tory sexual selection, that there is a genetic correlation between
a sperm trait that contributes to male fertilizations success and
the mechanism used by females to select sperm. Previously, we
documented patterns of quantitative genetic variation in sperm
competition traits in the dung beetle Onthophagus taurus. We
found significant levels of additive genetic variation in sperm
length and the high heritability for this trait that is necessary for
a sexually selected sperm process. Moreover, we found signifi-
cant additive genetic variation in male condition (26) and strong
genetic covariance between male condition and sperm length;
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Table 1. Nested analysis of variance for sermathecal size and
shape in O. taurus

Trait Source SS df MS Fvalue Pvalue

Centroid size  Sire 0.0197 11 0.0018 3.91 0.002
Dam (Sire) 0.0108 24 0.0005 0.71 0.838
Residual 0.0804 126 0.0006

RW1 Sire 0.0927 11 0.0084 1.74 0.120
Dam (Sire) 0.1173 24 0.0049 1.17 0.280
Residual 0.0042 126 0.0042

SS, sums of squares; MS, mean squares.

males in high condition produced shorter sperm (27). These
patterns of genetic (co)variance are necessary for viability
indicator and/or sexy son processes and could provide an avenue
for postcopulatory sexual selection in this beetle; females that
selectively fertilize their eggs using short sperm could produce
offspring of greater condition because of the genetic covariances
between these traits (the good-sperm process) and sons with
short sperm who would be more successful in sperm competition
(the sexy-sperm process) (27). Garcia-Gonzélez and Simmons
(28) have recently shown that short sperm do have a competitive
fertilization advantage and that this advantage depends on the
size of the female’s sperm storage organ, the spermatheca.
Larger spermathecae select shorter sperm for fertilization (28).
A sexually selected sperm process predicts the correlated evo-
lution of sperm trait and preference and thus a genetic corre-
lation between sperm length in sons and spermatheca size in
daughters. Specifically, because small sperm are preferred by
large spermathecae, we would expect a process of postcopula-
tory sexual selection to generate a negative genetic correlation
between these traits. We found strong empirical support for this
prediction.

Results

We found significant additive genetic variation in spermatheca
size (centroid size) that was due to sires and significant herita-
bility (Tables 1 and 2). The effect of sire on spermatheca shape
(RW1; see Figs. 1 and 2) was smaller and not statistically
significant (Tables 1 and 2). The heritability of spermatheca
shape was considerably less than spermatheca size (Table 2).
Sperm length also exhibited significant variance due to sires (27).
Restricted maximum likelihood methods returned estimates of
genetic variance and heritability consistent with our previous
ANOVA approach (27) (Table 2). Coefficients of additive
genetic variance in sperm length and spermatheca size were of
similar magnitude. Both were relatively low, indicative of a
history of directional selection. The heritability of sperm length
was close to the maximum possible value of 1.0. Heritabilities
were calculated by assuming autosomal inheritance. However,
heritabilities ~1.0 implicate Y-linked inheritance and should be
halved to obtain minimum estimates of the true heritability (29,
30). Consistent with predictions from sexy-sperm and good-

Fig. 1.
around its periphery. For geometric morphometric analysis, landmarks 1, 13,
and 32 were assigned as fixed, and the remaining were assigned as sliding
semilandmarks.

Image of the spermatheca of O. taurus with 32 landmarks placed

sperm processes, there was a significant genetic correlation
between spermatheca size and sperm length (—0.851 + 0.114, ¢4,
=7.46, P < 0.0001). Fathers that sired sons with short sperm also
sired daughters with large spermathecae (Fig. 3). There was no
genetic correlation between sperm length and spermatheca
shape (RW1) (0.016 = 0.292, t;; = 0.95, P = 0.362).

Discussion

Good-sperm (4) and sexy-sperm (5) models of postcopulatory
sexual selection were originally developed to explain the evolu-
tion of costly multiple mating by females. Genetic linkage
between the fitness of offspring sired by superior sperm com-
petitors and the tendency for females to incite sperm competi-
tion can theoretically promote the evolution of polyandry.
However, the evolutionary consequences of these models need
not be restricted to female mating behavior, because any female
trait that facilitates the biasing of fertilization toward preferred
males is expected to undergo coevolution with the male trait that
influences paternity (6, 31). Thus, good-sperm and sexy-sperm
processes can generate coevolutionary cycles between sperm and
the structure and function of female reproductive tracts. Al-
though plausible, empirical support for these sexually selected
sperm models has been slow in accumulating.

Our finding of genetic covariance between sperm length and
spermatheca size in O. taurus provides empirical support for a
sexually selected sperm process. Competitive fertilization trials
have shown that increasing spermatheca size is associated with
an increasing strength of directional selection for shorter sperm
(28), and the genetic coupling of these traits is expected to
generate reinforcing selection for short sperm in males and large
spermathecae in females until checked by opposing selection.

Table 2. Descriptive phenotypic and genetic statistics for spermatheca size and shape and

sperm length for O. taurus

Trait Mean Vp Va h2 (SE) CVp CVa
Centroid size 1,005.57 3,552.31 599.30 0.68 (0.15) 5.92 2.43
RW1* 0.00 4.7 X 1073 3.3 X104 0.28 (0.03) — —
Sperm length, mm 0.99 6.7 X 104 1.9 X 104 1.14 (0.47) 2.61 1.39

Vp, phenotypic variance; Va, additive genetic variance; h?, narrow sense heritability; CVp, coefficient of
phenotypic variation; CVa, coefficient of additive genetic variation.
*RW scores have zero mean, precluding the calculation of coefficients of variation.

'Data reanalyzed from Simmons and Kotiaho (27).
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Fig. 2. The consensus shape (Center) from geometric morphometric analysis is shown with partial warps shown as vectors with their origin at the consensus
position of each landmark. Thin-plate splines show variation in shape along the first relative warp, with extreme negative scores shown in Left and extreme

positive scores shown in Right.

Spermatheca shape has also been shown to influence paternity
in O. taurus, but independent of sperm length (28). As such we
would not expect to find genetic covariance between sper-
matheca shape and sperm length, an expectation borne out by
our quantitative genetic analysis. Previously, sperm competition
has been argued to favor increasingly numerous and small sperm
and to drive the evolution of anisogamy (32, 33). Our data
suggest an additional role for females in the evolutionary
reduction in male gamete size, at least in Onthophagus.

Before our study, the only other quantitative genetic evidence
in favor of a sexually selected sperm process came from studies
of Drosophila. In contrast to our findings, female D. melanogaster
with longer seminal receptacles favor males producing longer
sperm so that selection drives the evolutionary exaggeration of
sperm length (24, 25). Genetic covariances between female
morphologies that bias paternity toward males with particular
sperm characteristics are likely to underlie the increasing num-
ber of comparative analyses that are revealing evolutionary
associations between sperm morphology and female reproduc-
tive tract morphology (19-23, 34). The contrasting findings for
Onthophagus and Drosophila illustrate how postcopulatory fe-
male preferences can generate divergent patterns of evolution
across taxa and contribution to the rapid and divergent variation
that is characteristic of sperm morphology.
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Spermatheca centroid size
Fig. 3. Plot of the sire family mean (+SE) sperm lengths against sire family

mean (+SE) spermatheca centroid size. The data show a genetic correlation
across the sexes for these sperm and sperm storage traits.
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Previously, we found male condition in O. taurus to be
heritable and genetically correlated with sperm length; males of
high condition produce shorter sperm, suggesting that short
sperm may be costly to produce (27). Thus, the costs of
producing shorter sperm may counter the continued reduction in
sperm length imposed by postcopulatory female preferences.
Moreover, the condition-dependent nature of sperm length in
this species means that females could gain indirect benefits from
their selection of short sperm via an indicator process if short-
spermed males sire offspring of higher viability. Such a rela-
tionship is implicit in the genetic covariances between male
condition and both courtship rate and sperm length, traits that
contribute to male attractiveness in precopulatory female choice
(26) and paternity in postcopulatory choice (28), respectively. In
other species, phenotypic studies have revealed correlations
between a male’s success in sperm competition and life history
characteristics of offspring, such as development speed in dung
flies (35), fecundity in bulb mites (36), and viability in Antechinus
(37), that are consistent with an indicator process. However,
differential maternal allocation by females after copulations with
males found attractive during precopulatory mate choice (38)
offers a viable alternative explanation for some of these findings
(39). Quantitative genetic approaches such as ours offer greater
power for testing models of preference evolution (40), and, if
females of these species are exercising postcopulatory prefer-
ences, then we expect to see genetic covariance between com-
petitive fertilization success, measures of offspring performance,
and the behavior and/or morphology of females that biases
paternity (7).

In conclusion, spermatozoa are the most morphologically
diverse cells in nature, offering a reliable toolkit for the con-
struction of animal phylogenies (8, 9). It has long been argued
that sperm competition plays an important role in the evolution
of sperm form and function (10, 11). Our quantitative genetic
data provide support for a role of postcopulatory female pref-
erences in driving evolutionary divergence in sperm morphology,
in much the same way as precopulatory preferences drive the
evolutionary divergence of male secondary sexual traits.

Methods

Breeding Design. We used a standard half-sibling breeding design
(41). Beetles were collected from fresh cattle dung from a field in
Margaret River, Western Australia. Beetles were maintained
in mixed-sex cultures for 1 week before females were established
in individual breeding chambers (PVC pipe, 25 cm in length, 6
cm in diameter, three-quarters filled with damp sand topped with
200 ml of cow dung). Chambers were left at 28°C for 1 week and
sieved, and brood masses were buried en masse in 6-liter boxes
containing moist sand. When adult beetles emerged, females

Simmons and Kotiaho
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were maintained in single-sex cultures for 3 weeks with constant
access to fresh dung. These unmated females were used as dams
for our breeding design.

We collected 12 adult male beetles from the field and housed
each with four laboratory-reared dams for 5 days in 50-ml plastic
boxes containing moist sand as substrate and fresh dung. Fe-
males were then established in individual breeding chambers
that were sieved every 7 days. Brood masses were removed and
incubated in full-sibling family groups. On emergence, females
were frozen and preserved in ethanol. Males were housed
individually for 2-3 weeks before assessment of sperm length as
described by Simmons and Kotiaho (27). To ensure that our
design remained balanced, for each sire we chose the three dams
that produced the greatest number of offspring. For these dams
the numbers of sons ranged from four to six (upper and lower
95%: four and five) and the number of daughters from one to
nine (4.5 and five). Although the quantitative genetic analysis of
sperm length has been published previously (27), we present
these data again here both for completeness and because we use
different methods for extracting variance components and the
calculation of standard errors.

Spermatheca Size and Shape. Spermathecae were dissected and
placed on individual cavity slides, and an image was captured by
using an Axio Imager microscope and AxioCam MRc5 (Zeiss).
We used geometric morphometrics to quantify variation in size
and shape (42). We placed 32 landmarks around the periphery
of the spermatheca. The spermatheca provides few distinct
locations on which to place fixed landmarks, but rather presents
a curved perimeter that makes defining comparable points along
the structure difficult (Fig. 1). We therefore used the method of
sliding semilandmarks (42). Thus, we placed a total of 32 points
around the periphery of the spermatheca using tpsDig v2.04
(http://life.bio.sunysb.edu/morph; F. James Rohlf, Department
of Ecology and Evolution, Stony Brook University, Stony Brook,
NY). We assigned points 1 and 32, which clearly lie on either side
of the spermathecal duct entrance to the spermatheca, and point
13, which lies at the distal apex of the spermatheca, as fixed
landmarks (Fig. 1). The remaining landmarks were assigned as
sliding semilandmarks.

We generated relative warp scores and centroid sizes using the
software package tpsDig v2.04. Briefly, partial warp scores were
generated that describe variation in spermatheca morphometry
among spermathecae from different females as deviations in
shape from a consensus shape. Visualizations of variation in
shape are obtained as deformations of the thin-plate spline (Fig.
2). Scores were subject to relative warp analysis, which corre-
sponds to a principal component analysis and serves to reduce
the multivariate shape data to one or a few variables that allow
differences in shape among individuals to be examined (42).
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Centroid size provides a measure of the size of the structure
independent of shape and is calculated as the square root of the
summed square distances between each landmark and the
centroid of the structure being measured (42).

Relative warp analysis returned 29 relative warps. The first
relative warp (RW1) explained 61% of the variance in sper-
matheca shape and described a narrowing of the spermatheca
and a bending at its midpoint (Fig. 2). RW2 explained a further
15% of the variance, and RW3 explained a further 7%. We used
scores on RW1 to examine genetic variation in spermatheca
shape and centroid size to examine genetic variation in sper-
matheca size.

We assessed the repeatability of geometric morphometric
analysis as applied to spermatheca size and shape by placing
landmarks on two replicate images of spermathecae from each
of 10 females. RW1 was highly repeatable (RW1: Fo 19 = 185.72,
P < 0.0001, » = 0.995), as was centroid size (formal statistical
analysis precluded because variance between repeated measures
of the same spermatheca was zero). All spermatheca measure-
ments were made blind with respect to the measurements of
sperm lengths.

Quantitative Genetic Analysis. For hypothesis testing, we used
mixed-model nested analyses of variance, with dams nested
within sires, and Satterthwaite’s approximation of the error term
to account for unequal sample sizes of offspring, as recom-
mended by Lynch and Walsh (41). Analyses of genetic variation
were conducted by using sire and dam variance components
estimated from restricted maximum likelihood procedures in
S-Plus (43). Narrow sense heritabilities were calculated from the
sire and dam variance components (41). Coefficients of pheno-
typic and additive genetic variation were calculated following
Houle (44). Analyses of genetic covariance between sperm
length and spermatheca size and shape were conducted by using
method 3 in Via (45); within dams, each brother was arbitrarily
paired with a sister to calculate genetic covariances by using the
procedures in S-Plus outlined by Roff (43). Centroid size was
log-transformed before analyses of covariance, so that variables
were on the same scale. Standard errors for heritabilities and
genetic correlations were estimated by jackknifing across pater-
nal half-sibling families (43). All means are presented =1 SE.
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