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Abstract

Sperm competition can produce fascinating adaptations with far-reaching evolutionary
consequences. Social taxa make particularly interesting models, because the outcome of
sexual selection determines the genetic composition of groups, with attendant sociobio-
logical consequences. Here, we use molecular tools to uncover some of the mechanisms
and consequences of sperm competition in the leaf-cutting ant Atta colombica, a species
with extreme worker size polymorphism. Competitive PCR allowed quantification of the
relative numbers of sperm stored by queens from different males, and offspring
genotyping revealed how sperm number translated into paternity of eggs and adult
workers. We demonstrate that fertilization success is directly related to sperm numbers,
that stored sperm are well-mixed and that egg paternity is constant over time. Moreover,
worker size was found to have a considerable genetic component, despite expectations
that genetic effects on caste fate should be minor in species with a low degree of
polyandry. Our data suggest that sexual conflict over paternity is largely resolved by the
lifetime commitment between mates generated by long-term sperm storage, and show that
genetic variation for caste can persist in societies with comparatively high relatedness.
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Introduction

Sperm competition (Parker 1970) is a widespread phe-
nomenon with manifold evolutionary and ecological
consequences (e.g. Miller & Pitnick 2002; Boomsma
et al. 2005; Holman & Snook 2008; Price et al. 2008; den
Boer et al. 2010; Manier ef al. 2010). Sperm competition
occurs whenever ejaculates of different males compete
for a common set of eggs, and selects for traits that
afford males a greater share of paternity in polyandrous
females. Males frequently produce more sperm to
numerically out-compete those of rivals, and may pos-
sess adaptations that reduce the number of competing
rival sperm (Birkhead & Meller 1998; Simmons 2001;
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den Boer et al. 2010; Manier et al. 2010). ‘Fair raffle’
sperm competition is a form of null model in which the
fertilization success of each competing male is equal to
the proportion of sperm belonging to that male in the
fertilization set (e.g. Parker 1990). Deviations from the
fair raffle show that some males’ sperm have more
chance of achieving fertilization than those of other
males, for example because they differ in traits that
affect fertilization success (e.g. insemination order,
motility or survival; Snook 2005), or because females
bias paternity towards particular males (‘cryptic female
choice’; Eberhard 1996).

The eusocial Hymenoptera are unique among insects
in many respects, including their mating biology.
Reproductive activity is typically concentrated into a
single brief ‘mating flight’, after which queens store
sperm for unusually long periods (up to 20-30 years)
and never mate again (Boomsma et al. 2005). This
mating system imposes unique selective pressures on
males, e.g. to produce sperm that remain viable
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and competitive for many years. Additionally,
hymenopteran males typically only receive fitness
returns from daughters that develop into queens, which
tend to be produced months or years after the mating
flight. This mating system reduces interlocus sexual
conflict, because a male’s fitness depends on the long-
term survival of his mate and her colony, constraining
the evolution of competitive male traits that reduce the
survival of either (Boomsma et al. 2005). Males are also
expected to have comparatively little power to influence
paternity after the mating flight, because the majority of
fertilizations occur long after the male has died and the
nonsperm components of the ejaculate (e.g. seminal
proteins; Baer et al. 2009) have broken down (den Boer
et al. 2010).

Despite these evolutionary constraints, specialized
male adaptations to sperm competition have been
reported, including chemically complex seminal fluid
(Baer et al. 2009) that lowers the survival of rival male
sperm while preserving self-sperm (den Boer et al. 2010;
King et al. 2011). Other putative male adaptations to
sexual selection include mating plugs (Baer et al. 2000;
Mikheyev 2003; Baer 2011) and detachable male genita-
lia (Wilhelm et al. 2011). Large variation in paternity
skew (the difference in proportion of offspring fathered
by each male; Boomsma & Ratnieks 1996) has been
reported both within and across species (e.g. Boomsma
& Sundstrom 1998; Boomsma & Van der Have 1998),
although the proximate and ultimate causes of this vari-
ation remain virtually unknown. The intracellular bacte-
rium Wolbachia, which can influence paternity skew by
rendering some mating types infertile (cytoplasmic
incompatibility; Werren 1997), is also present in many
social Hymenoptera (e.g. Van Borm et al. 2001), but the
consequences of infection are largely unknown.

Sperm competition in social insects is of particular
interest because of the sociobiological consequences of
mating systems. The degree of polyandry and the out-
come of postcopulatory sexual selection together deter-
mine relatedness among the queen’s offspring.
Relatedness is a key parameter in the origin and mainte-
nance of eusociality, because altruistic traits such as
worker sterility are only selectively favoured when they
provide enough benefit to sufficiently close relatives
(Hamilton 1964; Boomsma 2007, 2009). Within-colony
relatedness also affects the degree of queen-worker con-
flict over male production and the sex ratio (Sundstrom
& Boomsma 2000), as well as the degree of conflict
between worker full-sibling lineages (patrilines) over the
paternity of new queens (Wenseleers 2007). Moreover,
genetic factors are now known to influence the develop-
ment of females into queens or different worker morphs
(reviewed in Anderson ef al. 2008; Schwander et al.
2010). Polyandry has been suggested to select for greater
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genetic variation in caste fate, because only genetically
diverse colonies can contain multiple genotypes with
different biases towards particular female morphs. Con-
trary to this intuitive expectation, the degree of genetic
caste determination across species is not clearly corre-
lated with polyandry, suggesting a more complex pic-
ture (Schwander et al. 2005, 2010). A complete
understanding of the origin and maintenance of eusoci-
ality and genetic caste determination therefore requires
an appreciation of reproductive biology, including
sperm competition when queens mate multiply.

Here, we investigate sperm use and genetic caste
determination in the leaf-cutting ant Atta colombica. Col-
onies of this species contain a single queen and up to a
million workers (Holldobler & Wilson 1990), which are
classified into three nondiscrete size classes termed
minors, media and majors (~2-15 mm in length). Smal-
ler workers preferentially tend the brood and fungus
garden, while larger workers specialize in foraging and
colony defence (Wilson 1980). Queens store sperm from
a small number of males (typically 2-3; Fjerdingstad &
Boomsma 1998; Baer & Boomsma 2006; Helmkampf
et al. 2008) during a single mating flight, and males
produce seminal fluid that increases the survival of
their own sperm while hindering that of rivals’ sperm
(den Boer et al. 2010). However, antagonistic interac-
tions among ejaculates are apparently halted after stor-
age when male seminal fluid is replaced by secretions
from the queen’s spermatheca (the sperm storage
organ) (den Boer et al. 2009, 2010), suggesting that overt
forms of sperm competition do not continue after per-
manent storage. Sperm may be released from the sper-
matheca at random, which would lead to fair raffle
competition, or there could be a bias in sperm use
towards particular males. Such a bias could be caused
by differences in the fertilization ability of sperm from
different ejaculates, cryptic female choice, physical strat-
ification of stored sperm leading to temporal variation
in sperm use (‘sperm clumping’; Boomsma & Ratnieks
1996; Wiernasz & Cole 2010) or incompatibility between
male and female nuclear or cytoplasmic genotypes
(Wolbachia has been reported to infect this species,
although it is unknown whether it affects compatibility;
Van Borm et al. 2001). Moreover, evidence for genetic
effects on worker caste fate has been found in the sister
genus Acromyrmex (Hughes et al. 2003; Hughes &
Boomsma 2008), although its presence in Atta is
unknown. All else being equal, we would expect
genetic variation for caste to be substantially reduced in
Atta because queen mating frequency is lower than in
Acromyrmex (10.6 + 1; Sumner ef al. 2004), suggesting
that genes that cause a strong predisposition towards
particular worker castes would be selected against
(Anderson et al. 2008; Schwander et al. 2010).
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To examine how the sperm of different males are
used in fertilization, we employed the under-utilized
competitive polymerase chain reaction (CM-PCR) tech-
nique (see also the studies by Wooninck et al. 2000;
Bretman ef al. 2009; Bussiere et al. 2010; Hall et al.
2010) to quantify the relative contributions of different
males to the sperm stores of field-collected A. colombica
queens. We then compared each male’s share of the
stored sperm to his paternity of the colony’s eggs, large
workers and small workers. Our results indicate that
poststorage fertilization success is determined by rela-
tive sperm numbers; stored sperm are well-mixed and
there are no detectable differences in sperm quality,
cryptic female preferences or compatibility. We also
provide compelling evidence that worker size polymor-
phism has a genetic component.

Methods

Ant collection and culturing

Incipient Atta colombica colonies (n =14; 1-2 fungus
chambers suggesting an age of 1-2 years) were collected
from gardens and verges in Gamboa, Republic of Pan-
ama in May 2010. Whole colonies (all ants and their
fungus garden) were excavated and transported to the
laboratory in Copenhagen where they were kept in a
climate room (~25 °C, 70% RH and a 12:12 h photocy-
cle) and provided with bramble (Rubus) leaves, rice and
fruit.

Egg and worker collection

The first batch of eggs was collected within 2 weeks
(10 + 2.4 days) after the colonies were excavated. Eggs
were harvested by placing the queen, five workers and
a small piece of brood-free fungus in a Petri dish for
24 h. The queen was then returned to her colony, while
the eggs and workers were left in the Petri dish for a
further 48 h to allow cell division in the eggs, increasing
the amount of template DNA. All eggs were then col-
lected with clean forceps and stored in 96%  ethanol at
—20 °C. We later collected 2-3 additional egg batches,
the last batch being collected up to 133 days after the
first (see Table S1, Supporting information).
Approximately 5 months after collection (137 %
2 days), we freeze-killed all colonies and collected the
queen and workers. The workers were sorted into small
workers, defined as the smallest available minors
(~3 mm long), and large workers. The large worker
group contained the 20 largest workers in the colony,
i.e. all available major workers (>15 mm; n = 0-16) plus
the largest media workers (>8 mm), because young col-
onies typically do not produce enough majors for a full

sample (mean percentage of the sample composed of
majors: 47 + 6%). All samples were stored in 96% etha-
nol at —20 °C.

Genotyping of eggs and adults

DNA was extracted from a random sample of 24 eggs
per egg batch and 20 large and 20 small workers per
colony, plus the 14 queens. Whole eggs were boiled in
100 pL 10% Chelex and 5 pL dilute (19 mg/mL) pro-
teinase K at 95 °C for 30 min. Adult DNA (macerated
whole bodies for small workers, single hind legs for
large workers and queens) was extracted in 100 pL 5%
Chelex. The DNA was amplified at four polymorphic
microsatellite loci (Atcol2, Atcol3, Atco37 and Etta 5+6;
Fjerdingstad et al. 1998; Helmkampf et al. 2008) by mul-
tiplex PCR using QIAGEN multiplex PCR kit in a 10-ul
reaction volume containing 5 pL Qiagen Mastermix,
1 uL primer mix containing 40 nm of each of the for-
ward and reverse primers, 2 pL H,O and 2 pL of tem-
plate DNA. PCRs were performed in a PTC-100 thermal
cycler (M] Research) using the following program:
95 °C for 15 min, 35 cycles of 94 °C for 30 s 57 °C for
90 s and 72 °C for 60 s followed by 60 min at 60 °C.
The diluted PCR products were subsequently geno-
typed using a MegaBACE 1000 sequencer (Amersham).
We assigned eggs and workers to patrilines by manu-
ally scoring each sample with Fragment Profiler v1.2
software (Amersham).

Quantification of spermatheca contents

We first performed a pilot experiment to verify that we
could accurately quantify the relative contributions of
two males to a pooled sample of DNA using CM-PCR.
CM-PCR involves amplifying polymorphic sites and
then determining the ratio of individual-specific ampli-
cons, which should approximate the ratio present in the
template DNA. We extracted male DNA from single
hind legs using the NucleoSpin Tissue extraction kit
(Machery-Nagel, 740952), then measured its concentra-
tion wusing a Nanodrop 2000 spectrophotometer
(Thermo Scientific). Samples were randomly assigned to
pairs and mixed to give the following ratios of template
DNA: 15:1, 7:1, 3:1, 1:1, 1:3, 1.7 and 1:15 (n = 3 male
pairs; 198/205 mixtures successfully genotyped). Two
loci (Atcol2 and Atco37) were amplified separately in a
PTC-100 thermal cycler as follows: Atcol2: 94 °C for
3 min, followed by 30 cycles of 94 °C for 30's, a 40-s
annealing step of 60 °C and a 40-s extension step of
72 °C, then a final 15-min extension step at 72 °C.
Atco37: 94 °C for 3 min, followed by 30 cycles of
94 °C for 30s, a 30-s annealing step of 55-53 °C
(At =-0.2°C) and a 30-s extension step, then a final
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15-min extension step at 72 °C. The 10-uL reaction vol-
umes contained 5 pL Phusion high-fidelity PCR master
mix (Thermo Fisher Finnzymes), 0.5 uL each of forward
and reverse primers, 3 pL H,O and 1 pL template
DNA. PCR products were genotyped using a MegaB-
ACE 1000 sequencer, and the height and area of the
peak for each allele were measured using Fragment
Profiler software. The relative height and relative area
of the two peaks were almost identical (Pearson’s
r =0.996), so we opted for peak height. We used back-
wards stepwise removal of terms to fit the minimum
adequate model of relative peak height (i.e. each datum
was a pair of peaks from the same well). All interaction
terms and the main effects ‘locus’ (i.e. Atcol2 vs.
Atco37) and ‘relative allele size’ (relative number of mi-
crosatellite repeats) did not significantly affect relative
peak height (all P > 0.25) and were removed from the
model, but the relative amount of template DNA was a
strong predictor (Fig. 1; R? = 0.60, ti96 =168, P<
0.0001, R* = 0.60). The slope of the regression line was
0.96, not significantly different from 1 (95% Cls: 0.85—
1.08). Some of the variation in Fig. 1 was likely caused
by limitations in pipette accuracy when mixing the dif-
ferent ratios of template DNA, suggesting that the CM-
PCR method is even more accurate than implied by these
data. Based on the results of this pilot, we did not use
relative allele size or locus as predictors when estimating
the relative contribution of males to the stored sperm.
The spermatheca was removed from each queen by
dissection. Storage in ethanol caused the sperm to
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Fig. 1 Competitive PCR (CM-PCR) provided an accurate esti-
mate of the relative abundance of two genotypes in DNA mix-
tures of known ratios. Points show the height of the focal
individual’s amplification peak as a proportion of the other
male’s peak, averaged across loci; data points are means + SE.
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form a solid mass, which could be easily separated
from the queen tissue; no queen alleles were ever
detected in sperm samples. The spermatheca is heart-
shaped (Fig. 2), and we carefully bisected the sperm
mass and extracted the contents of each lobe sepa-
rately. Each DNA extract was further split in half to
make a technical replicate of the CM-PCR reaction,
such that there were 14 spermathecae, 28 spermathecal
lobes and 56 DNA extracts. The technical replicates
gave near-identical estimates of each male’s contribu-
tion to the spermatheca (Pearson’s r =0.992), so we
used the average of the two replicates in subsequent
analyses. Sperm DNA was extracted and diluted to
20 ng/pL with ddH,O, then amplified at four loci
(Atcol2, Atcol3, Atco37 and Etta 5+6; n =224 PCR
reactions) without multiplexing (Atcol3 and Etta 5+6
used the same temperature program as Atcol2) and
genotyped. The relative peak heights were measured
as in the pilot experiment. Some peaks could not be
accurately measured because one or more males pos-
sessed alleles of the same or very similar sizes. These
peaks were omitted, and we estimated the relative
amount of DNA from each male using the remaining
loci. Of the 120 peaks that could have been measured
(i.e. four loci multiplied by the number of males
detected), 51 were omitted because of full or partial
overlap with peaks from another male; the average
number of loci used to estimate the contribution of
each male was 2.3 + 0.15. We then averaged the esti-
mates provided by the measurable loci.
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0.0 T T T
0.0 02 0.4 06 0.8

Proportion in spermatheca lobe 1

Fig. 2 Patriline distribution was near-identical between the
two lobes of the spermatheca, demonstrating that sperm from
different males are not spatially structured at this scale (n = 30
patrilines). Inset: the spermatheca of an Atfa colombica queen
containing stored sperm.
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Results

The number of male genotypes detected in the sperm
and offspring was the same for all colonies, i.e. we did
not detect any alleles that appeared in the sperm but
not the progeny and vice versa. The observed mating
frequency was 2.29 + 0.24 (range 1-4), and the effective
mating frequency (which accounts for paternity skew;
Nielsen et al. 2003) was 2.18 + 0.23. The four microsatel-
lite loci were sufficiently variable (Table S2, Supporting
information) to ensure that we had a very low chance
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of missing patrilines because two or more males had
the same multilocus genotype (nondetection error rate
per colony: 0.07 + 0.06%; Boomsma & Ratnieks 1996).
Moreover, we genotyped many eggs and workers per
colony (n = 85 + 3.1), such that we had a good chance
of detecting rare patrilines (1% chance of failing to
detect a patriline present in 5% of the offspring; 43%
chance of missing a patriline present in 1% of the off-
spring). Two of the 14 colonies contained only one
detectable male genotype in the eggs and workers
(n =77 and 82 progeny sampled) and only one male
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Fig. 3 Variation in patriline number and paternity skew between stored sperm, egg batches and worker castes in the 12 colonies
with polyandrous queens (designated Ac50-Ac76). Each colour represents a patriline. Sp, stored sperm; E;, first batch of eggs; E,, last

batch of eggs; SW, small workers; LW, large workers.

© 2011 Blackwell Publishing Ltd



allele per locus in the sperm DNA, and were therefore
not used in subsequent analyses. This finding confirms
previous reports that some Atta colombica colonies are
headed by a singly mated queen, at least in 1- to 2-
year-old colonies (Fjerdingstad & Boomsma 1998 found
that 1/22 colonies was singly mated; Helmkampf et al.
2008 found 2/48). Figure 3 shows the number of patri-
lines and their relative abundances at different life
stages in the 12 colonies headed by polyandrous
queens.

The estimated proportion of sperm from each male
was almost identical in the two lobes of the sperma-
theca (Fig. 2; Pearson’s r =0.992), suggesting that
stored sperm are thoroughly mixed and further sup-
porting the high repeatability of the CM-PCR method.
We therefore used the average estimate of the two sper-
mathecal lobes in subsequent analyses.

The relative abundance of a male’s sperm in the sper-
matheca was a strong predictor of the proportion of
eggs he fertilized (Fig. 4; R?>=0.67, tyg=755,
P < 0.0001). To test whether the observed data fit the
fair raffle model, we used simulations to generate 95%
confidence limits for the relationship between estimated
sperm share and estimated fertilization success under
the fair raffle null model with a specified degree of
measurement error. The true egg paternity was
assumed to be estimated with some inaccuracy because
of sampling error, such that the estimate differed from
the true egg paternity by an amount ¢;, sampled from a
normal distribution with x=0 and o =0.067 (the
expected distribution of errors with n =43 eggs, the
mean in this study). We assumed either that the pro-
portion of sperm was estimated without error (Fig. 4;
inner CIs) or that the estimated proportion of sperm
differed from the true value by an amount &, (Fig. 4;
outer CIs and shading). The error term &, was sampled
from a normal distribution with x =0 and ¢ =0.10; ©
was estimated from the pilot study as the mean of the
within-group standard deviations and is probably an
over-estimate of the true measurement error because it
includes pipetting inaccuracy introduced in the pilot
study. Figure 4 shows that the observed patterns of fer-
tilization conform to the fair raffle model: there was no
evidence that any patrilines had significantly more or
fewer offspring than expected from their share of the
sperm in storage, demonstrating that relative sperm
number explains most or all of the variation in pater-
nity.

To test whether the observed patriline distributions in
large and small workers differed from those expected
by chance given the observed patriline frequencies, we
replicated the statistical analysis by Wiernasz & Cole
(2010). Specifically, we quantified the difference in patr-
iline distribution (App) between the two worker castes
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Fig. 4 The proportion of sperm in the spermatheca belonging
to a given male was a strong predictor of the proportion of the
eggs he fertilized. The shading shows the density of simulated
data points assuming ‘fair raffle’ sperm competition and mea-
surement error in both variables, with lighter areas denoting
higher densities (10° replicates). The dotted lines show the
95% confidence intervals (CIs) around the predicted slope
(solid line), assuming that the proportion of sperm was mea-
sured with error, while the dashed lines show the 95% ClIs
assuming measurement error in the egg data only. The
observed data (black circles) suggest that fertilization success is
primarily or entirely determined by the relative numbers of
stored sperm.

as App = Va? +b*--- +n?, where each letter represents
the difference in proportion between large and small
workers for each of the a to n patrilines. We then gener-
ated 10 000 dummy colonies of size N by randomly
reassigning the labels ‘large” and ‘small” to the N work-
ers from the n patrilines in the focal colony. App was
calculated for each dummy colony, yielding the pre-
dicted distribution of App under the null hypothesis
that each patriline had an equal probability of belong-
ing to either worker type. We then calculated standard-
ized effect size for each colony as the difference
between the observed App and the mean null App,
divided by the standard deviation of the null App distri-
bution (i.e. the difference in standard normal variate
units). The mean effect size across colonies is zero if the
null hypothesis is true, and positive effect sizes show
that the paternity differences between worker castes are
greater than expected by chance. The mean effect size
was 1.40, with 95% confidence intervals of 0.28-2.54
(Fig. 5; P <0.01). We therefore found strong support
for the hypothesis that patrilines are nonrandomly
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Fig. 5 The distribution of patrilines differed between worker
castes more than expected by chance but did not vary between
egg batches. Effect size and its 95% confidence intervals were
generated by permutation (see text). These results suggest that
worker caste determination has a genetic component, and
sperm use does not vary significantly over time.

distributed between the two worker size classes across
colonies.

We also compared the earliest batch of eggs collected
with the latest (mean time between egg batch-
es = 115 + 6.6 days), to test whether the proportion of
eggs fertilized by each male is constant over time. The
statistical analysis was the same as for workers, except
that we compared the paternity of the earliest and latest
egg batches instead of large and small workers. The
mean effect size was 0.23, with 95% confidence inter-
vals of —0.55 to 1.02 (Fig. 5; P > 0.4). The data therefore
do not reject the null hypothesis that patriline distribu-
tion is constant across egg batches. Together with the
findings that sperm is well-mixed between the two
spermathecal lobes and that fertilization success is
determined by relative sperm numbers in storage, these
data indicate that sperm are released from the sperma-
theca at random and are not physically stratified or
clumped in storage.

Discussion

Our study provides a number of new insights into the
mating biology of Atta colombica. The CM-PCR results
demonstrate that sperm competition after storage is
decided entirely or predominantly by variation in
sperm number between competing males: there was no
evidence for the involvement of other factors such as in-
termale variation in sperm quality (Snook 2005) or cryp-
tic female choice (Eberhard 1996). Our results are

inconsistent with the existence of genetic incompatibil-
ity between some queens and males: if certain combina-
tions of male and female genotypes produced many
inviable offspring, a deviation from the fair raffle would
be expected. Evidence of cytoplasmic incompatibility,
such as that introduced by Wolbachia in a number of
nonsocial insects (Werren 1997), was similarly not
detected. Stored sperm appear to be well-mixed, as the
relative amount of sperm from each male did not differ
between the two lobes of the spermatheca, and sperm
use was not significantly different across egg batches.
Sperm mixing would likely benefit queens by maximiz-
ing colony genetic diversity, but further experiments
are required to determine whether sperm are mixed by
active processes. The CM-PCR data also suggest that
the majority of stored sperm were alive and/or that the
proportion of dead sperm was comparable for all males;
if some males’ sperm died faster than others and
remained in storage, we might have observed devia-
tions from the fair raffle. Accordingly, a sperm viability
staining study suggested that the majority (80-100%) of
sperm stored by young A. colombica queens are alive
(den Boer et al. 2009).

Our results shed light on the potential for sexual con-
flict over paternity in A. colombica. Shortly after mating,
male seminal fluid is thought to reduce the survival of
competing males’ sperm, but queen spermathecal secre-
tions apparently halt this process (den Boer et al. 2010).
Losing sperm could be detrimental to queens, because
queens’ reproductive success is likely sperm-limited
(den Boer et al. 2009) and because genetically diverse
worker offspring are potentially beneficial (Hughes &
Boomsma 2004; Oldroyd & Fewell 2007). However,
sperm killing is predicted to select for increased sperm
production by males (Greeff & Parker 2000) such that
sperm limitation seems unlikely, and antagonistic inter-
actions among ejaculates might actually increase off-
spring diversity. For example, first-mating males might
be able to inseminate more sperm than later males but
lose more sperm because they are exposed to more rival
seminal fluid. Losing some sperm may also benefit
queens, because sperm storage is physiologically costly
and increases mortality in A. colombica (Baer et al.
2006).

Our data imply that poststorage fertilization success
is determined by relative sperm numbers alone. A pos-
sible ultimate explanation for this result is the conver-
gence of male and female reproductive interests caused
by the absence of queen remating in social Hymenop-
tera (Boomsma et al. 2005). Adaptations improving suc-
cess in sperm competition can only invade if the
increase in paternity is not outweighed by a reduction
in queen/colony fitness: for example, a 50% paternity
share of 1000 offspring is better for males than 60% of
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800. Male adaptations that lower their mate’s survival
(Morrow et al. 2003), cause sperm limitation (den Boer
et al. 2009) or reduce offspring genetic diversity
(Hughes & Boomsma 2004; Oldroyd & Fewell 2007;
Ugelvig et al. 2010) may therefore be prevented from
evolving. This constraint arises because any cost to off-
spring production is fully borne by the queen’s current
mate(s), rather than passed on to future mates as in
species in which females mate throughout life. By con-
trast, male adaptations that improve fertilization success
without harming colony productivity should have no
such barriers to invasion. Long-lived sperm may pro-
vide one such example, because they simultaneously
help male and female reproductive interests (den Boer
et al. 2009). In short, sexual conflict over paternity is
likely to be lower than in taxa with female late-life re-
mating, which has apparently limited adaptations to
sperm competition to traits that do not cause significant
‘collateral damage’ to females (Boomsma et al. 2005).
Our data provide strong evidence that worker size
polymorphism has a genetic component. The distribu-
tion of patrilines differed between large and small
workers more than expected by chance, suggesting that
some patrilines are genetically predisposed to becoming
one morph over another. Recent data on A. colombica
showing that worker body size varies among patrilines
(Evison & Hughes 2011) complement this conclusion.
Patriline distribution was similar in the large and small
workers in some of our colonies, but this is expected to
occur even with genetic caste determination: by chance,
some queens will mate with males that have a similar
breeding value for worker caste. Other queens will
choose males with different caste biases, leading to con-
spicuous paternity differences between large and small
workers. Comparing the paternity of different female
morphs has been used by a number of previous studies
to infer genetic effects on caste fate (e.g. Hughes et al.
2003; Moritz et al. 2005; Jaffé et al. 2007; Hughes &
Boomsma 2008), but this approach has recently been
criticized. Wiernasz & Cole (2010) suggested that tem-
poral variation in sperm use could give the illusion of
genetic caste determination if castes are produced at
different times of the year. Consistent with this hypoth-
esis, the paternity of adult females varies over time in
colonies of the ants Pogonomyrmex occidentalis (Wiernasz
& Cole 2010) and Formica truncorum (Sundstrom &
Boomsma 2000). However, we know of no previous
studies that directly quantified temporal variation in
the paternity of eggs, so it is not possible to rule out
alternative hypotheses for temporal patriline variation
among adults, such as genetic variation for lifespan or
growth rate at different times of the year. Our study
suggests that variation in egg paternity is minimal over
a timescale of c. 5 months. This period is longer than
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the egg-to-adult development time (Dijkstra & Boom-
sma 2006), leaving genetic effects on worker develop-
ment the most likely explanation for our results.
Furthermore, queens are expected to be under selection
to minimize paternity differences between egg batches
whenever colony productivity increases with worker
genetic diversity, for example by physically mixing
stored sperm as implied by our data. Male traits that
increase temporal variation in sperm use (e.g. sperm
that clump together in storage) may also be selected
against by colony-level costs, unless these traits sub-
stantially benefit males (as proposed for species with
worker-controlled split sex ratios; see Sundstrom &
Boomsma 2000).

Evidence for genetic effects on female caste fate has
been found in another advanced fungus-growing ant, Ac-
romyrmex echinatior (Hughes et al. 2003; Hughes & Boom-
sma 2008), in which polyandry is considerably higher
(Sumner et al. 2004). Genetic predispositions towards
particular female morphs are expected to be maintained
most easily when queens are multiply mated, because
the likelihood that a colony will contain only one special-
ization (e.g. only large worker-biased patrilines) declines
exponentially with the number of queen mates, and
biases towards one morph may be costly (Schwander
et al. 2006). The discovery of substantial genetic effects
on worker size therefore runs counter to this expectation,
because A. colombica queens typically mate with a small
number of males; the effect size of the caste bias in the
highly polyandrous A. echinatior is comparable to that
reported here (Wiernasz & Cole 2010). The fact that we
typically detected all patrilines in both worker morphs
suggests ‘weak’ genetic caste determination (sensu
Anderson ef al. 2008), in which caste fate is also strongly
influenced by environmental factors. Nurse workers
tending the larvae might therefore be able to control lar-
val feeding to keep a favourable ratio of large to small
workers (Linksvayer 2006; Hughes & Boomsma 2007;
Schmidt ef al. 2011), overriding innate tendencies
towards particular worker morphs when necessary.

A recent study of three A. colombica colonies geno-
typed workers to estimate queen mating frequency, and
obtained a higher estimate than reported here (6-7)
using the same Gamboa population (Evison & Hughes
2011). Both studies estimated mating frequency from
large offspring samples, suggesting the disparity arose
from biological rather than methodological differences.
The colonies used by Evison & Hughes (2011) were
mature while ours were incipient, consistent with selec-
tive disappearance of colonies with queens that mated a
small number of times. However, other factors, such as
among-year variation in mating frequency caused by
stochastic environmental factors (e.g. weather during
the mating flight), cannot be ruled out.
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The CM-PCR method employed here provided accu-
rate measures of the ratio of sperm in a mixed sample.
Counting each male’s sperm with quantitative PCR
would potentially be even more accurate, but this
method is restrictive because each male would require
at least one primer that only amplifies the DNA of that
individual. Single nucleotide polymorphism (SNP)
primers specific to each male are an obvious candidate,
but this limits estimation of relative DNA contributions
to species in which multiple SNPs have been found. By
contrast, the CM-PCR method can be easily adapted to
any species in which polymorphic microsatellite loci are
known and could provide novel insights into previ-
ously inaccessible aspects of sperm biology. For exam-
ple, many arthropods have multiple sperm storage
organs, and it has been suggested that successive male
ejaculates are differentially stored in each one, facilitat-
ing female control over paternity (Eberhard 1996). By
analysing the contents of each storage organ, this
hypothesis could be tested. Sperm have also long been
suspected of physically displacing rivals from storage
(Parker et al. 2010), but definitive demonstrations (e.g.
Manier et al. 2010) are rare. CM-PCR provides a power-
ful tool for inferring which sperm belong to whom,
which has previously only been possible using special-
ized labelling techniques (Price et al. 1999; Fisher &
Hoekstra 2010; Manier ef al. 2010). CM-PCR has also
been used to determine relative paternity in pooled off-
spring DNA extracts, allowing multiple offspring to be
genotyped simultaneously (Wooninck ef al. 2000),
although this application may be inaccurate if offspring
size (and therefore DNA content) differs systematically
between fathers.

In summary, we show that sperm use after storage is
determined primarily or entirely by relative numbers,
suggesting the absence of intermale differences in
sperm competitive ability, cryptic female choice and
genetic or cytoplasmic incompatibility. These results are
consistent with predictions that sexual conflict over
paternity should be constrained when females do not
remate later in life. The observed random sperm use is
expected to be optimal for females, suggesting either
that males have no opportunity to bias or monopolize
paternity after sperm has been stored and/or have no
fitness interest in doing so. We also show that stored
sperm are well-mixed, leading to consistent sperm use
over time and provide strong evidence that worker size
has a genetic component.
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