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ABSTRACT

Multiple mating by females establishes the opportunity for postcopulatory sexual selection favoring males
whose sperm is preferentially employed in fertilizations. Here we use natural variation in a wild population
of Drosophila melanogaster to investigate the genetic basis of sperm competitive ability. Approximately 101
chromosome 2 substitution lines were scored for components of sperm competitive ability (P1’, P2’,
fecundity, remating rate, and refractoriness), genotyped at 70 polymorphic markers in 10 male reproductive
genes, and measured for transcript abundance of those genes. Permutation tests were applied to quantify
the statistical significance of associations between genotype and phenotype. Nine significant associations
were identified between polymorphisms in the male reproductive genes and sperm competitive ability
and 13 were identified between genotype and transcript abundance, but no significant associations were
found between transcript abundance and sperm competitive ability. Pleiotropy was evident in two genes:
a polymorphism in A¢p33A associated with both P1’ and P2 and a polymorphism in CG17331 associated
with both elevated P2" and reduced refractoriness. The latter case is consistent with antagonistic pleiotropy
and may serve as a mechanism maintaining genetic variation.

HERE are striking differences between strict monog-

amy and polygamy in the opportunity for sexual selec-
tion (BIRKHEAD and M@LLER 1998). Parentage studies
using highly polymorphic molecular markers indicate that
at least 50% of wild-captured Drosophila melanogaster fe-
males had mated with more than a single male (OCHANDO
et al. 1996; HArRsHMAN and CrLArRk 1998). While the
benefits to females are often debated (see JENNIONS and
PETRIE 2000; BIRKHEAD and Pi1zzarr 2002), polyandry
provides the opportunity for postcopulatory sexual se-
lection to influence patterns of reproductive success. In
species with internal fertilization, reproductive success
will likely be determined by complex interactions be-
tween sperm competition and cryptic female choice
(BIRKHEAD and P1zzaRr1 2002). The ultimate outcome of
these interactions will impact adaptive processes within
populations and may influence higher-level processes
such as speciation.

D. melanogaster males can increase their reproductive
success not only by gaining additional mates (BATEMAN
1948), but also by influencing patterns of polyandry or
affecting the use of sperm by females with whom they
have mated. A male’s reproductive success increases if
he can prevent his mate from remating or if he can out-
compete the sperm of other males to ensure that he
fertilizes the majority of the female’s eggs. Females,
however, are unlikely to be passive recipients since natu-
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ral selection is simultaneously maximizing their own
reproductive success. If the reproductive interests of
males and females differ, antagonistic coevolution be-
tween the sexes may influence postcopulatory sexual
selection (PARkER 1979; Rice and Horranp 1997).
Given the large effect that variation in reproductive
success will have on overall fitness, traits affecting post-
copulatory sexual selection are likely to be under strong
selection in natural populations.

For selection to operate, variation must exist between
individuals for traits affecting postcopulatory sexual se-
lection, and empirical studies consistently demonstrate
a genetic contribution to the observed phenotypic vari-
ance. For example, testis weight, ejaculate volume, and
copulation duration have high heritabilities in dung
beetles (SiMMmoNs and Kotiano 2002). Both male in-
vestment in spermatogenesis (P1TNICK et al. 2001b) and
female remating rate (P1TNICK ef al. 2001a) also have
strong genetic components. The effect of the male geno-
type (CiverTA and CLARK 2000; NILSSON et al. 2003),
the female genotype (CLARK and BEGUN 1998; N1LSSON
et al. 2003), and the interaction between the male and
female genotype (CLARK ef al. 1999; NILSSON et al. 2003)
on components of postcopulatory sexual selection have
been shown using chromosome extraction lines. Quan-
titative genetic analysis reveals that most of the genetic
variation in sperm precedence is nonadditive, and this
finding is consistent with a form of balancing selection
(HucHEs 1997). Although these studies demonstrate a
genetic component to phenotypic variation, they fail to
provide a molecular basis for the observed variation.
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Natural genetic variation in male reproductive fitness
may be caused by variation in accessory gland proteins
(Acps) or other male reproductive proteins that are
transferred to the female as components of the seminal
fluid (CLARK et al. 1995). Acps affect a variety of pro-
cesses that impact both male and female reproductive
success (WOLFNER 2002; GiLLoTT 2003). For example,
Acp26Aa increases egg-laying rate in mated females
(HERNDON and WoOLFNER 1995; HEIFETZ ef al. 2000),
providing a means for males to boost their reproductive
success by manipulating female behavior. A¢p70A influ-
ences oogenesis (CHEN et al. 1988; AIGAKI el al. 1991;
SOLLER et al. 1999) and also decreases female receptivity
to subsequent matings (CHEN e/ al. 1988; CHAPMAN et
al. 2003; L1u and KubL1 2003). Variants in Acp70A could
provide a key advantage if they allow a male to monopo-
lize the reproductive efforts of his mates. Acp36DE is
required for sperm storage (NEUBAUM and WOLFNER
1999), and null mutants sire a smaller proportion of
offspring when they are the second male to mate as
compared to controls (CHAPMAN et al. 2000).

If natural variation in male reproductive proteins af-
fects reproductive success, selection may have left a mo-
lecular signature in current patterns of genetic diversity.
Comparisons of sequences within and between closely
related species suggest that male reproductive genes are
under strong selective pressure (CIvETTA and SINGH
1998; SwansoN and VAcQUIER 2002). Adaptive evolu-
tion appears to be driving nonsynonymous substitutions
in Acp26Aa (AGUADE 1998; TSAUR et al. 1998), Acp29Ab
(AcUADE 1999; BEGUN et al. 2000), and A¢p36DE (BEGUN
et al. 2000) and this may be the result of antagonistic
coevolution between the sexes (PARKER 1979; RicE 1996).
Strong selection, however, has not eliminated polymor-
phism in these genes. In fact, elevated levels of amino
acid polymorphism compared to neutral expectations
have been documented in several male reproductive
proteins (AGUADE 1999; BEGUN et al. 2000; TSAUR et
al. 2001). Several hypotheses, including nontransitivity
among male genotypes (CLARK et al. 2000) , male-by-female
interactions (CLARK ef al. 1999), and antagonistic pleiot-
ropy (ProuT and CLARK 1996) have been proposed to
explain the maintenance of genetic polymorphism. In
addition to allelic variation in male reproductive genes,
the quantity of seminal fluid proteins transferred to the
female may play a key role in determining fertilization
success. Differences in transcript production or stability
may lead to such differences in protein content. Recent
studies using microarrays (but not investigating Acps)
have documented significant variation in transcript
abundance at a variety of levels: between different indi-
viduals within a population (OLEKSIAK el al. 2002), be-
tween different strains of Drosophila (MEIKLEJOHN ef
al. 2003), and among closely related mammalian species
(ENARD et al. 2002). Although it is not yet clear how
variation in transcript abundance of male reproductive
proteins might affect male fitness, studies of other phe-

notypes document strong links between transcript abun-
dance and phenotype (see PURuGGANAN 2000). Given
the putative roles that male reproductive proteins play
in postcopulatory sexual selection, variation in tran-
script abundance, in addition to variation at the nucleo-
tide level, may be associated with differences in male
reproductive success.

The goal of this study is to investigate whether natural
variation in male reproductive proteins correlates with
phenotypes likely to influence postcopulatory sexual
selection. Across a set of lines derived from a natural
population we have scored: natural polymorphisms in
male reproductive genes (genotypes), variation in mRNA
level of these genes (transcript abundance), and standard
components of sperm competitive ability (phenotypes).
Statistical tests were used to identify associations between
genotype and transcript abundance, genotype and pheno-
type, and transcript abundance and phenotype. We report
several associations between genotype and both transcript
abundance and sperm competition phenotypes but no
associations between transcript abundance and pheno-
type. One marker showed evidence for antagonistic pleiot-
ropy between two phenotypes, suggesting a mechanism
that maintains genetic variation.

MATERIALS AND METHODS

Drosophila lines: A total of 101 chromosome 2 substitution
lines derived from a natural population in State College, Penn-
sylvania (LAzzARO et al. 2004), were used as the experimental
lines in this study. Lines are homozygous and identical for
the third, fourth, and sex chromosomes, but each line contains
a unique homozygous second chromosome. The tester males
and the females used in this study were a standard lab ¢n
bw strain (CIvETTA and CLARK 2000). The experimental line
carries the spa’ mutation, giving those flies sparkling red eyes
while the ¢n bw strain has recessive white eyes. Cultures were
maintained on standard agar-dextrose-yeast media at 24° on
a 12-hr light/dark cycle.

Scoring sperm competition phenotypes: Both “defense” (ex-
perimental male is the first male to mate) and “offense” (ex-
perimental male is the second male to mate) components of
sperm competition were measured in the experimental lines
using a similar design as CLARK et al. (1995). Six statistics were
recorded for each line: P1’, P2’, fecundity from the offense
and defense experiments, remating rate, and refractoriness
(see below for details). P1’" and P2’ are the proportion of
offspring sired by the experimental male when he is either
the first or the second male to mate with a doubly mated
female, respectively. The primes on P1 and P2 indicate that
these metrics are based on females that are inferred to have
mated with both males from the presence of both progeny
types. Double matings that fail to produce progeny will be missed
by this metric (CLARK and BEGUN 1998). Fecundity was defined
as the total number of offspring produced by each female
across all vials. Remating rate is the proportion of experimen-
tal males to mate with an already mated female and refractori-
ness is the proportion of females that do not remate following
mating to an experimental male. Strictly speaking, these phe-
notypes affect male reproductive fitness via differences in post-
copulatory sexual selection, but we broadly refer to these statis-
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tics as components of sperm competitive ability or “sperm
competition phenotypes.”

Virgin males and females were collected over CO, and
housed in single-sex vials at low density until 4-7 days old.
Mass matings were conducted using 10 males and 10 females
on the evening of day 0. On the morning of day 1, individual
females were transferred, without anesthesia, to vial 1 and the
males were discarded. On the evening of day 3, 2 virgin males
were added to vial 1. On the morning of day 4, the females
were transferred, without anesthesia, to vial 2 and the males
were discarded. On day 7 the females were transferred, without
anesthesia, to vial 3 and then discarded on day 14. Progeny
were scored for eye color ~15, 17, and 19 days after the
initiation of egg laying for vials 1, 2, and 3, respectively. Only
females that survived the entire experiment were used in anal-

ses.

’ Analysis of variance (ANOVA, PROC MIXED) was used to
test for differences in P1’, P2, and fecundity across lines. The
modelis Py, = p + L; + B(L);; + €;;, where Py is the observed
statistic, p is the overall mean, L, is the effect of the ith line,
B(L); is the effect of the jth block (random factor) nested in
the ith line, and €;;,is the error term. P1’ and P2" were arcsine
square root transformed to improve the fit to normality
(CLARK et al. 1995). Least-square means for each line were
calculated and used for association testing. Permutation tests
based on chi-square statistics were performed in MATLAB
and used to test for significant heterogeneity among lines in
refractoriness and remating rate.

Measuring variation in mRNA level: Total RNA was ex-
tracted from whole bodies of 15, 2-day-old virgin males using
Trizol (Invitrogen, San Diego) according to the manufactur-
er’s protocols and stored at —70°. Two-day-old virgins were
chosen because all males in the sperm competition experi-
ments were virgins; mating has been shown to upregulate
expression of Acps (DIBENEDETTO et al. 1990; HERNDON et al.
1997), and expression of Acps appears to be highest before
day 4 posteclosion (HERNDON et al. 1997). Two separate extrac-
tions were performed for each of the 101 experimental lines.
Total RNA was resuspended in 80 pl of 0.1% DEPC-treated
ddH,O and 8.0 pl of total RNA was treated with RNase-free

FI1GURE 1.—Schematic of location
of genes and scored polymorphic
sites on chromosome 2. The approxi-
mate location of each analyzed gene
is shown relative to the cytological
bands on the second chromosome.
The approximate location of each
scored polymorphic site is depicted
on the gene structure running 5'-3’.
Exons are depicted as boxes with the
coding sequence solid and the un-
translated regions shaded. The num-
. ber of individual sites scored are indi-

cated by the number of asterisks.

B Coding sequence
* Scored polymorpism

DNase (Promega, Madison, WI) using twice the recommended
concentration. First-strand cDNA synthesis using oligo(dT})
primers and M-MLYV reverse transcriptase (Promega) was con-
ducted according to manufacturer’s protocols. The resulting
c¢DNA was diluted to 1:16 for use in the quantitative real-time
PCR reactions.

Standing mRNA levels of 10 male reproductive proteins (A¢p
26Aa, CG8137, Acp29AB, CG31872, Acp32CD, Acp33A, CG17331,
Acp36DE, Acp53Ea, and PEBIT) were measured using quantitative
real-time PCR (Figure 1). Nine of these proteins are produced
by the male accessory gland (MoNsMa and WOLFNER 1988;
WOLFNER et al. 1997; SWANSON et al. 2001) while PEBII is pro-
duced by the ejaculatory bulb (Dyanov and Dzitoeva 1995).
Ribosomal protein L32 (RPL32) was used as a control gene
to normalize the data (B. BETTENCOURT, unpublished primer
sequences). Primer sequences are presented in supplemental
Table 1 at http: /www.genetics.org/supplemental /. Reactions
were performed on an ABI 5700 using SYBR green I (Molecu-
lar Probes, Eugene, OR) as the fluorescent dye except for
Acp29AB, which, due to a polymorphism under the original
primer pair, was rerun on an ABI 7000 using a TagMan probe
(Applied Biosystems, Foster City, CA) and primers that
avoided the known polymorphisms. We also verified that the
qRT-PCR primers for the other assays were located in con-
served regions. SYBR green reactions were performed in 50-
il volumes with final concentrations of 3 mm MgCl,, 1X Real-
Time reaction buffer (Ambion, Austin, TX), 1/4000 SYBR
green I (Molecular Probes), 60 nm ROX I (Synthegen), 0.2
mM each dNTP, 0.1 um each primer, 1 unit 7Taq polymerase
(Promega), and 5 pl of the diluted cDNA. Cycle conditions
were 94° for 2 min followed by 40 cycles of 94° for 50 sec, 58°
for 50 sec, and 72° for 60 sec with a final 7-min extension at
72°. A dissociation curve was run to ensure that only a single
product was amplified and any reactions containing notable
primer dimers were excluded from analysis. A¢p29ABreactions
were run according to manufacturer’s recommendations for
TagMan probes. Standard curves were created using four PCR
replicates from each of four different dilutions (1:8, 1:16, 1:32,
1:64) of a single RNA extraction and cDNA synthesis. Simple
linear regression was used on log-transformed concentrations
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TABLE 1

Summary of sperm competition phenotypes

Phenotype Mean across lines Range of line means d.f. Test statistic
Defense

P1’ 0.41 0.004-0.79 94,1269 F = 13.0%%*

Fecundity-D 79.6 48-107 94,1267 F = 1.7%%%

Refractoriness 0.13 0-0.5 95 lines x? = 16.5, permutation®**
Offense

P2’ 0.91 0.49-1.0 94,1142 F = 4.7%%%

Fecundity-O 86.9 55-140 94,1142 F = 1.7%%%

Remating 0.78 0.1-1.0 95 lines x? = 47.2, permutation®**

In defense tests, the experimental male was the first male to mate. P1’ is the proportion of offspring sired
by the first male. Fecundity-D is the total fecundity of doubly mated females in the defense test. Refractoriness
is the proportion of females that did not remate. In offense tests, the experimental male was the second male
to mate. P2’ is the proportion of offspring sired by the second male. Fecundity-O is the total fecundity of
doubly mated females in the offense test. Remating is the proportion of females that remated. *P < 0.05,
#P < 0.01, #*%P < 0.001 based on ANOVA or permutation tests (see text).

to calculate 7? and the slope of the standard curve was used
to calculate assay efficiencies as: efficiency = [1071/sp9] — 1,

An incomplete block design was used to partition the indi-
vidual lines across 66 different 96-well plates. Each plate con-
tained both extractions for three randomly chosen lines. All
11 primer sets were run on each plate and one-third of the
wells were randomly selected for PCR replication. Negative
controls (no template) were run on each plate and all were
free of contamination. Each line appeared on two different
plates and replicate PCR reactions on the same plate were
averaged prior to analysis. The default ARn analysis threshold
(0.2) was used for each plate and the reciprocal of the resulting
critical threshold (1/CT) was used in the following analyses
(Applied Biosytems). For each extraction, 1/CT of the “gene
of interest” was regressed against 1/CT of RPL32 and the
residuals from the analysis were used. SAS procedure GLM
was used to test for differences in transcript abundance among
the lines. The model is G, = w + P, + L; + X(L)j + €
where Gy, is the residual of transcript abundance from the
above regression, w is the overall mean, P is the effect of the
ith plate, L; is the effect of the jth line, X(L); is the effect of
the kth extraction nested in the jth line, and €, is the error
term. Least-squares line means were used to test for associa-
tions.

Preliminary experiments demonstrated that this approach
accurately reconstructed relative transcript abundance. For
these experiments, we varied the amount of male and female
tissue prior to RNA extraction to produce samples that dif-
fered in the abundance of male reproductive transcripts but
had the same overall amount of tissue (and therefore the
same abundance of the control gene, RPL32). We analyzed
“dilutions” of 100, 50, and 25% male tissue. Scaled relative to
the samples with 100% male tissue, our method estimated
transcript abundances of 0.49 = 0.07 (SE) and 0.22 = 0.03
(SE) for those samples containing 50 and 25% male tissue,
respectively. Analyses using transcript abundance of RPL32 as
a covariate produced nearly identical results (data not shown).

Identifying and genotyping polymorphisms: Single nucleo-
tide polymorphisms (SNPs) and insertion-deletion polymor-
phisms (indels) were identified from Genbank sequences and
through additional sequencing of 10 of the 101 experimental
lines. Surveyed regions included ~1 kb upstream of the tran-
scription start site to ~500 bp downstream of the 3’-UTR.
Attempts were made to genotype at least one polymorphism

in each of the upstream, coding, and downstream regions from
each gene (Figure 1). Seventy polymorphic sites were typed in
the 10 male reproductive genes (see supplemental Table 2 at
http: /www.genetics.org/supplemental/ for descriptions). Four
of these sites were indels that were scored on 4% agarose gels,
while the remaining 66 sites were SNPs scored via Pyrosequenc-
ing (AHMADIAN el al. 2000).

For most Pyrosequencing assays, a universal biotinylated
primer was used in combination with two locus-specific prim-
ers (e.g., Guo and MiLEwicz 2003), although direct-biotinyl-
ated locus-specific primers were used for some assays (primer
sequences in supplemental Table 2 at http:/www.genetics.
org/supplemental/). PCR amplifications were carried out in
25- to 50-pl reactions with final concentrations of 1.5 mm
MgCl,, 1X PCR buffer (Promega), 0.25 mm each dNTP, 0.3
M primer lacking UB2 sequence, 0.03 pm primer with UB2
sequence, 0.26 uM 5'Bio/UB2 primer, and 0.5 units Tag Poly-
merase (Promega). When using direct-biotinylated locus-spe-
cific primers, each primer was at a final concentration of 0.3
uM. Cycle conditions were 95° for 2 min followed by 40 cycles
of 95° for 15 sec, 55° for 30 sec, and 72° for 15 sec with a
final 5-min extension at 72°. Single-strand PCR products were
prepared according to manufacturer’s protocols using a 96-
pin vacuum preparation tool (Pyrosequencing) and combined
with 0.3 um sequencing primer in annealing buffer (20 mm
Tris-Acetate; 2 mM MgAc,, pH 7.6). Sequences were analyzed
using a PSQ 96MA (Pyrosequencing) instrument according
to manufacturer’s protocols, except all components of the 96
PSQ SNP reagent kit were diluted to 0.5X. Gametic disequilib-
rium was tested using Fisher’s exact test as implemented in
GENEPOP (RaymonD and RousseT 1995).

Association analysis: Associations between genotype, tran-
script abundance, and sperm competition phenotypes were
conducted in MATLAB using simple linear regression and
permutation tests (CHURCHILL and DOERGE 1994). For each
phenotype, line means were randomly permuted across geno-
types 5000 times and the maximum F-value for each predictor
(i.e., individual marker or gene expression level) and the
largest F-value across all predictors were recorded. The per-
character experimentwise Pvalue for each phenotype was cal-
culated by comparing the observed F-value to the maximum
Ivalue distribution across the distribution of characters in
the randomly permuted data, while the comparisonwise
Pvalue was calculated according to the distribution of F~values
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F1GURE 2.—Histograms of sperm competition phenotypes
P1’" and P2'. The distribution of the fraction of offspring sired
by the experimental males when they were the first males to
mate with a doubly mated female, P1’, is indicated by open
bars. The distribution of the fraction of offspring sired by the
experimental males when they were the second males to mate
with a doubly mated female, P2’, is indicated by solid bars. A
total of 95 lines were analyzed.

for each respective predictor. The former test is overly conser-
vative for a given phenotype because of differences in allele
frequencies and number of scored lines across markers, while
the latter fails to fully correct for the effect of testing multiple
markers. Occasionally, lines were eliminated from individual
analyses due to technical difficulties (e.g., failure to score a
given marker) and thus sample sizes vary slightly (supplemen-
tal Table 2 at http: /www.genetics.org/supplemental /). A total
of 128 polymorphic markers in immunity genes were typed
in these same lines (LazzAro et al. 2004) and used as negative
controls for this study.

RESULTS

Variation in sperm competitive ability: A total of 1547
females and 121,944 offspring from 95 lines were ana-
lyzed in the defense experiment while 1581 females and
132,578 offspring from 95 lines were analyzed in the
offense experiment. Variation in development time pre-
vented some lines from being included in the sperm
competition experiments (if 4- to 7-day-old virgins were
to be used) and accounts for having scored only 95 of

the 101 lines. Significant line effects were detected using
ANOVA for P1’, P2', and fecundity in both offense and
defense experiments and significant line effects were
detected for remating rate and refractoriness using a
permutation test (Table 1). These results indicate that
significant genetic variation exists for components of
male reproductive fitness. Overall, the second male to
mate obtained the majority of the fertilizations; mean
P1’ was 0.41 and mean P2" was 0.91 (Table 1, Figure
2). P1" was weakly positively correlated with the two
other defense parameters, fecundity (defense), and re-
fractoriness. P2’ was strongly positively correlated with
P1’ and remating rate (Table 2). The majority of females
mated with both males in the offense (78%) and defense
(83%) experiments (Table 1) and doubly mated females
had significantly higher fecundity than females mated
to only a single male in both the offense (86.9 = 1.1
and 53.9 = 1.8 SE) and the defense experiments (79.6 =
1.0 and 41.4 = 2.9 SE).

Variation in mRNA levels: Transcript abundance of
RPL32 was positively correlated with transcript abun-
dance of each male reproductive protein (r? = 0.57-
0.85, Table 3), and thus the residuals from the regres-
sion have been used in all subsequent analyses. Even
after normalization by RPL32, there were highly signifi-
cant among-line effects for all the male reproductive
genes investigated (Table 3, Figure 3), indicating exten-
sive natural genetic variation in transcript level. Ranges
of the residuals for the CT values varied from —5.9 to
2.8 for PEBII but only from —1.1 to 1.0 for CG17331
(Table 3). Taking into account the efficiencies of the
real-time PCR assays (supplemental Table 1 at http://
www.genetics.org/supplemental/), these values corre-
spond to a 349-fold difference in transcript abundance
between the highest and lowest lines for PEBII but only
a 2.8fold difference in gene expression of CGI17331
(Table 3). Two genes, PEBII and Ac¢p26Aa, each had a
single line with dramatically reduced expression com-
pared to the others. The standard error around the
least-squares means for these two lines did not overlap

TABLE 2

Correlations among line means for sperm competition phenotypes

P1’ Fecundity-D Refractoriness P2’ Fecundity-O
Fecundity-D 0.205*
Refractoriness 0.217% 0.083
P2’ 0.706%* 0.114 0.027
Fecundity-O 0.038 —0.158 —0.015 0.134
Remating 0.139 0.079 —0.092 0.305%* 0.100

In defense tests, the experimental male was the first male to mate. P1’ is the proportion of offspring sired
by the first male. Fecundity-D is the total fecundity of doubly mated females in the defense tests. Refractoriness
is the proportion of females that did not remate. In offense tests, the experimental male was the second male
to mate. P2’ is the proportion of offspring sired by the second male. Fecundity-O is the total fecundity of
doubly mated females in the offense tests. Remating is the proportion of females that remated. *P < 0.05,
P < 0.01 (significant after Bonferroni correction), ***P =< 0.001.
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TABLE 3

Summary of variation in transcript abundance

RPL32 abundance as Range of ~ Transcript
Gene predictor (1%)* residuals (CTs) fold difference’ d.f. [Fratio”
Acp26Aa 0.827%#% —2.9-2.3 374 96,242 5. 3kx%
CG8137 0.71 sk —-1.7-2.4 13.3 95,227 6.5%%%
Acp29AB 0.67%#:%:* —1.0-1.5 5.2 94,187 3.4k
CG31872 0.80#** —-1.6-1.5 7.9 96,243 8.9k
Acp32CD 0.7k —1.5-1.3 4.4 96,263 7 4k
Acp33A 0.79#:#:* —2.0-1.5 10.7 96,237 5. 3kx%
CG17331 0.85%** —1.1-1.0 2.8 96,251 2 Hwsk
Acp36DE 0.76%:#* —2.1-1.2 6.5 96,249 7 4k
Acp53Ea 0.83#** —-1.3-1.5 7.0 96,254 4,9k
PEBIT 0.57#:#:% —5.9-2.8 349°¢ 96,262 2.8%%%

“*P < 0.05, #*P < 0.01, **P = 0.001 based on simple linear regression (see text).
" Transcript fold difference calculated as: difference = (1 + PCR efficiency) (et residual CT=smallest residual €Ty
“*P < 0.05, **P < 0.01, ***P = 0.001 based on ANOVA test for heterogeneity among lines (see text).

¢Excluding outlier results in a 14-fold difference.

‘ Excluding outlier results in a 33-fold difference. This outlier was not the same line as the outlier in A¢p26Aa.

with the standard error for any of the other lines (Table
3, Figure 3), but these were not the same line across the
two genes. Removal of these outliers from the analysis
lowered the observed differences between the highest
and lowest lines from 37- to 14-fold at Acp26Aa and from
349- to 33-fold at PEBII. Transcript abundances of the
10 male reproductive genes were highly positively corre-
lated across the experimental lines (Table 4, Figure 3):
40 of the 45 pairwise comparisons were significant at
P < 0.05and 34 of these pairwise comparisons remained
significant after Bonferroni correction.

Genotype data: Most of the 70 scored polymorphisms
had relatively complete data with 53 successfully geno-
typed in at least 90 of the lines (supplemental Table 2
at http:/www.genetics.org/supplemental/). The com-
mon allele was at a frequency of <80% in 46 of the
markers and only 10 markers had the common allele
atafrequency of >90% (supplemental Table 2 at http://
www.genetics.org/supplemental/). Independence of sites
across genes is important for testing associations between
SNPs and sperm competitive phenotypes. In general, link-
age disequilibrium was most common within genes, but
occasional long-distance associations were observed (Fig-
ure 4).

Associations: Nine significant associations (compari-
sonwise P < 0.01 or experimentwise P < 0.05) were identi-
fied between genotype and the measured sperm competi-
tion phenotypes (3 offense and 6 defense, Table 5), and
an additional 24 associations were suggestive (compari-
sonwise P < 0.05, supplemental Table 3 at http:/
www.genetics.org/supplemental /). Of the 9 significant
associations, 6 were in noncoding regions (3 upstream,
2 downstream, and 1 in an intron), two markers were
synonymous changes, and one was a nonsynonymous
change. P1" was affected by a marker in the intron of
CG8137 (CG8137s1910) and also by a marker down-

stream of Acp33A (Acp33s2125). Refractoriness was asso-
ciated with a marker upstream of CGI7331 (CG17331
s1421). Two markers upstream of CGI17331 (CG17331
s1411 and CG17331s1421) affected P2’'; these were adja-
cent markers in linkage disequilibrium and may repre-
sentonly asingle true association. A synonymous change
in Acp29AB (Acp29s2072), a marker downstream of
Acp33A (Acp33s2125), and a radical amino acid change
from serine to isoleucine at position 207 of Acp26Aa
(Acp26s2201) were also associated with the proportion
of offspring sired by the second male, P2’'. Remating
rate was affected by a synonymous change in CG31872
(CG31872s4328). No significant associations were iden-
tified for fecundity in either offense or defense experi-
ments.

Two different markers had pleiotropic effects on mul-
tiple sperm competition phenotypes (Figure 5). A marker
downstream of A¢p33A (Acp33s2125) influenced P1’
and P2" with the same allele conferring an advantage
for both phenotypes. A marker upstream of CG17331
(CG17331s1421) was associated with both P2’ and re-
fractoriness, butin this case the alleles acted antagonisti-
cally. Males carrying the more common allele sired a
greater proportion of offspring when they were the sec-
ond to mate, but females were more likely to remate
after copulating with these males. Excluding the marker
with antagonistic effects, the allele with higher fitness
was at a higher frequency in six of the seven associations
(Table 5).

Thirteen markers were associated with transcript lev-
els of eight different male reproductive genes (Table
6), and an additional 38 associations were suggestive
(supplemental Table 4 at http:/www.genetics.org/sup
plemental/). Of the 13 significant associations, 4 were
between markers in and transcript level of the same gene:
a synonymous substitution in CG8137 (CG8137s2957), a
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Ficure 3.—Natural variation in transcript abundance across four male reproductive genes. Line means and standard errors
for the residuals of the regression of 1/CT for “gene of interest” vs. 1/CT for RPL32 are shown. Higher residuals indicate higher
relative mRNA levels. (A) Rank-ordered lines for expression of Acp26Aa with an outlier showing reduced gene expression. (B)
Expression of A¢p33A is positively correlated with expression of A¢p26Aa. Lines ranked according to expression of Acp26Aa from
A (r* = 0.67, P < 0.001). (C) Rank-ordered lines for expression of Ac¢p53Ea. (D) Expression of CG17331 is positively correlated
with expression of A¢p53Ea. Lines ranked according to expression of Acp53Ea from C (r? = 0.56, P < 0.001).

marker upstream of CGI17331 (CG17331s486), and two
markers in the coding sequence of Ac¢p36DE (a synony-
mous difference at Acp36s2084 and an 8-amino-acid
insertion deletion at Acp36Indel2623). The two markers
in A¢p36DE are adjacent markers in linkage disequilib-
rium and thus may represent only a single true associa-
tion. In the remaining 9 cases, a marker in one gene
was associated with transcript abundance of another
gene (Table 6). One marker, CG813752957, was associ-
ated with the transcript level of two different genes
(CG8137 and Acp36DE) and the same allele was associ-
ated with higher transcript abundance for both. In no
case was transcript level of a male reproductive gene
associated with any of the sperm competition pheno-
types.

A simple linear regression was run on each of the
individually significant associations and the adjusted r?
was recorded. Most markers explained only a small pro-
portion of the variance with the adjusted »* ranging
from 0.05 to 0.16, and many markers explain ~8% of
the variance (Tables 5 and 6). Only a single significant
association (comparisonwise P < 0.01) was identified

between the negative control immunity genotypes and
a sperm competition phenotype, and overall there was
a significant deficit of associations as compared to the
male reproductive genes (x}=28.2,d.f. =1, P<0.001).
The false discovery rate (STOREY and TieSHIRANI 2003
and references within) was also calculated, using all of
the measured phenotypes. Among the 22 associations
identified at P < 0.01, 8 may represent false positives.
Only 1 false positive is expected among the 8 associa-
tionsidentified at P<0.001 and none of the associations
at the experimentwise P < 0.05 are expected to be false
positives.

DISCUSSION

In this study we use natural variation in a population
of D. melanogaster to investigate the genetic basis of
sperm competitive ability. We document significant ge-
netic effects for both offense and defense components
of sperm competitive ability and provide one of the
most comprehensive studies of genetic variation affect-
ing transcript level of male reproductive genes. We also
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TABLE 4

Correlations among line means for transcript abundance

Acp26Aa CG8137 Acp29AB CG31872

Acp32CD  Acp33A  CGI17331  Acp36DE  Acp53Ea

CG8137 0.539%#*
Acp29AB 0.529%#* 0.468%**
CG31872 0.579%#* 0.576%%%  (0.461%%**

Acp32CD 0.153 0.343%**  0.170 0.362%%%
Acp33A 0.667%# 0.606%**  (.39]#*%* 0.657%#%
CG17331 0.518%#* 0.193 0.261%* 0.403%**

Acp36DE 0.492%* 0.513%**  ().438%+* 0.470%#*
Acp53Ea 0.609%** 0.369%*%*  (0.526%%* 0.561%#**
PEBIT 0.309%#* 0.167 0.226 0.275%*

0.446%**

0.290%* 0.410%%*

0.325%#* 0.591%#*%  0.174

0.478%%* 0.629%#*  (0.561%%* 0.478%%*

0.3927%* 0.284%%* 0.366%** 0.211%* 0.4897%**

*P < 0.05, #**P < 0.01, ¥***P = 0.001 (significant after Bonferroni correction).

identify several associations among genotypic variation
in male reproductive genes (SNPs and indels) and both
transcript abundance and sperm competition pheno-
types. Furthermore, our results indicate that antagonis-
tic pleiotropy is operating among alleles at CG17331
that are associated with the proportion of offspring sired
by the second male to mate (P2') and with refractori-
ness. These associations provide important insights into
the molecular basis of sperm competition, postcopula-
tory sexual selection, and the evolution of male repro-
ductive proteins.

Correlations among components of sperm competi-
tive ability: Several of the components of sperm compet-
itive ability were positively correlated across lines in this
study (Table 2) and in the investigation by CLARK et
al. (1995). Both studies identified positive correlations
between P1’ and refractoriness; individuals that sire
more offspring when they are the first male to mate are
also better at preventing the female from mating to
the second male. Both studies also identified positive
correlations between P2’ and remating rate; male geno-

types that are better at gaining access to previously
mated females are also more effective at gaining fertiliza-
tions when they are the second male to mate. At least
three explanations exist for these observations: females
could be mating more than once in a given vial, females
could be using indicators of male quality to influence
mate choice, or phenotypes share a common genetic
basis.

Triple matings, rather than the expected double mat-
ings, could lead to the observed positive correlations
among sperm competition phenotypes. If males from
high-remating lines copulated with a given female more
than once, this could elevate P2’ and lead to the ob-
served positive correlation between remating rate and
P2’. Similarly, if the males that induced higher refracto-
riness in the defense experiment did so by mating twice
with the females, then P1’ could have been elevated,
leading to the positive correlation between refractori-
ness and P1'. Although possible, we find this scenario
unlikely for several reasons. First, previous experiments
have shown that the time the males and females were

70 i
60:
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TABLE 5

Genotype-to-phenotype associations for sperm competitive ability

Frequency of

Phenotype Marker “fit” allele Marker type” Adjusted »? Other associations’
Defense
P1’ CG8137s1910%* 0.84 Intron 0.08 33,17331 (+)
Acp33s2125%* 0.78 Downstream 0.08 P2, Rem (+)
Fecundity-D None NA NA NA NA
Refractoriness CG17331s1421 % 0.18 Upstream 0.06 P2 (—): FecO (+)
Offense
P2’ Acp26s2201 %% 0.72 AGC(S):ATA(I) 0.13 53 (—)
Acp29s20727#* 0.73 ACA (un.):ACC(pref.) 0.07 P1 (+)
Acp33s2125%##* 0.78 Downstream 0.16 P1, Rem (+)
CG17331s1411%** 0.91 Upstream 0.08 FecO (+)
CG17331s1421 % 0.82 Upstream 0.08 Refr (—): FecO (+)
Fecundity-O None NA NA NA NA
Remating CG31872s4328%: 0.34 CTT(un.):CTC(un.) 0.05 None

In defense tests the experimental male was the first male to mate. P1’ is the proportion of offspring sired by the first male.
Fecundity-D is the total fecundity of doubly mated females in the defense tests. Refractoriness (Refr) is the proportion of females
that did not remate after mating to experimental males. In offense tests the experimental male was the second male to mate.
P2’ is the proportion of offspring sired by the second male. Fecundity-O (FecO) is the total fecundity of doubly mated females
in the offense tests. Remating (Rem) is the proportion of females that remated in the offense tests. *Comparisonwise P < 0.05,
#P < 0.01, #¥*P = 0.001, ****Experimentwise P < 0.05. NA, not applicable.

“High-fitness codon shown on the left with its amino acid for nonsynonymous changes or usage; preferred (pref.) and
unpreferred (un.) for synonymous changes indicated in parentheses.

"Calculated using a simple linear regression considering only the individually significant marker (see text).

““Other associations” indicates other phenotypes that were associated with that marker. Significant associations are underlined.
Antagonistic associations indicated by (—) and protagonistic associations indicated by (+). Markers associated with both phenotype
and expression were considered protagonistic if the same allele produced higher fitness and higher transcript abundance. Genes
are listed excluding the “CG” or the “Acp” prefix.

together yields relatively few triple matings (CIVETTA to mate with males that are of higher quality than their
and CrLARK 2000). Second, this hypothesis predicts that previous mate. Under these conditions, P2’ and remating
remating rate and refractoriness would be positively cor- rate, as well as P1’ and refractoriness, could be positively
related and they are not in this experiment and have correlated.
been shown to be negatively correlated in other experi- The observed correlations may also be due to a com-
ments (CLARK et al. 1995). Finally, courtship rates of mon genetic basis among the phenotypes. We have iden-
virgin males from these same lines were not correlated tified cases where single markers have pleiotropic effects
with any of the components of sperm competitive ability on male reproductive fitness (see below). In fact, varia-
(K. A. McKEeAN, unpublished results). tion at Acp33s2125 was associated with both P2’ and
Alternative hypotheses for the observed correlations remating rate (although only suggestive for remating
predict that females are active participants in postcopu- rate) and the same allele was favored in both pheno-
latory sexual selection and are using indicators of male types. These protagonistic associations could result in
quality in mate choice (see BIRKHEAD and P1zzarr 2002). the observed positive correlations among sperm compe-
Females could thus be gaining indirect genetic benefits tition phenotypes. Although these alternative hypothe-
from being polyandrous (see JENNIONS and PETRIE ses—female choice or pleiotropy—are attractive and
2000) in addition to the direct benefits of higher fecun- our results are consistent with such explanations, more
dity. The “phenotype-linked fertility” hypothesis pre- research is required to tease these hypotheses apart.
dicts that males with higher precopulatory success will Interpreting associations: Several factors were consid-
also have higher fertilization success (SHELDON 1994). ered prior to interpreting the results of the association
If females are choosing a trait in males that predicts analyses. First, the lack of a significant association does
fertilization success, then P2’ and remating rate should not exclude a gene from affecting a given phenotype
be positively correlated and so would P1’" and refractori- and could simply imply the lack of segregating variation
ness, as we observe. Furthermore, the “trade-up” hypoth- in the investigated population or reduced statistical
esis predicts that if females are basing current mate power due to highly skewed allele frequencies. On the
choice decisions on the perceived quality of their previ- flip side, a significant association between genotype and

ous mate (HALLIDAY 1983), then they will be more likely phenotype does not indicate that the typed marker is
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FIGURE 5.—Pleiotropy at male re-
productive genes. Protagonistic plei-
otropy at marker Acp33s2125 for P1’
and P2’ (A and B). (A) Mean P1’ and

npn
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standard errors for lines with alterna-
tive alleles at Acp33s2125. (B) Mean
P2’ and standard errors for lines with
alternative alleles at Acp33s2125. An-
tagonistic pleiotropy at marker CG
1733151421 for P2’ and refractoriness
(C and D). (C) Mean refractoriness
and standard errors for lines with alter-
native alleles at CG17331s1421. (D)
Mean P2’ and standard errors for lines
with alternative alleles at CG17331
s1421.
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the causative polymorphism. The actual causative site
may be physically linked or simply in linkage disequilib-
rium with the typed marker. Population admixture can
result in spurious genotype-to-phenotype associations
(e.g., REMINGTON et al. 2001). We did observe long-
distance disequilibrium, as would be expected if admix-
ture were present, but we did not observe more than
the expected number of random associations with the
immunity genes scored by Lazzaro el al. (2004). In
fact, we observed significantly fewer associations than
expected by chance (P < 0.001), a result that is incom-
patible with the idea that the sample is seriously ad-
mixed. Caveats aside, radical amino acid substitutions,
such as the serine-to-isoleucine change identified in
Acp26Aa, are promising candidates to be the causal
agent and provide testable hypotheses to begin formal
molecular and/or biochemical characterizations of the
different alleles.

As with any association study, determining the appro-
priate significance threshold can be difficult, and inter-
pretation of the rate of false positives can be a challenge
in the context of multiple testing. Several factors impact
the ability to detect significant associations. Sample sizes
of the lines that were successfully genotyped vary across
the markers as do the allele frequencies at each marker.
Markers with fewer genotyped lines or highly skewed
allele frequencies will not have the same power as those
with complete genotypes or equal allele frequencies. Bon-
ferroni correction also assumes that all of the sites are
independent, which is not always the case due to linkage
disequilibrium. These difficulties can confound a simple

"pr

ol

Allele at CG17331s1421

Bonferroni correction and lead to highly conservative con-
clusions and missed associations (see MCINTYRE et al
2000). Experimentwise permutation tests (e.g,, DOERGE
and CHURCHILL 1996) can also be affected when either
allele frequencies or the number of scored genotypes dif-
fers across markers and also if more than a single marker
is expected to associate with the phenotype. Sperm compe-
tition phenotypes are quantitative traits likely to be influ-
enced by multiple genes. On the other hand, per-charac-
ter experimentwise Pvalues could be liberal as they fail
to correct for multiple comparisons. Given these consid-
erations, we have focused on associations with compari-
sonwise P < 0.01 or per-character experimentwise P <
0.05, but have presented other suggestive associations
(comparisonwise P < 0.05) in the supplemental material
(supplemental Tables 3 and 4 at http: /www.genetics.org/
supplemental/). Among the 62 suggestive associations,
calculation of the false discovery rate shows that ~31
may represent false positives (STOREY and TIBSHIRANI
2003 and references within). A 50% false positive rate
may seem very high, but if the subsequent test is not
costly, then testing 62 genes may reveal 31 with a real
effect and the effort would be well rewarded. By making
the test more conservative, the false positive rate de-
clines, but this comes at the expense of losing true
positives as well.

There are some limitations to the study of homozy-
gous chromosomal extraction lines for evolutionary in-
ference. Inbred lines cannot be used to estimate the
additive genetic variance and inbreeding has the poten-
tial to confound interpretations. It seems unlikely that
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TABLE 6

Genotype-to-transcript-level associations

Frequency of

Phenotype Marker “fit” allele Marker type* Adjusted r** Other associations*

Acp26Aa Acp33s1559+* 0.91 GAT (pref.):GAC(un.) 0.05 None

CG8137 CG8137s2957+* 0.50 GGA(un.):GGT (un.) 0.08 29, 33 (—): 36 (+)

Acp29AB CG17331s2065%*#* 0.70 AAC(pref.):AAT (un.) 0.15 P1 (+)

CG31872 None NA NA NA NA

Acp32CD None NA NA NA NA

Acp33A Acp29s2633%** 0.95 Downstream 0.10 32, 8137 (+)

CG17331 CG17331s486%** 0.33 Upstream 0.08 53 (+)

Acp36DE CG8137s2957+* 0.50 GGA (un.):GGT (un.) 0.07 29, 33 (—): FecO, 8137 (+)
Acp36s2084+* 0.52 CUA (un.):GUC(un.) 0.09 None
Acp36Indel2623##* 0.47 LLREAQOQK pos. 253 0.12 None
PEBs1155%#* 0.44 Upstream 0.11 None

Acp53Ea Acp26s2193#+* 0.29 AGC(pref.):AGT (un.) 0.11 26, 33, 36, 31872 (+)
Acp26s2201+* 0.28 ATA(I):AGC(S) 0.07 P2 (-)

PEBIT Acp53s1760%* 0.91 ACC(pref.):ACT (un.) 0.10 None
Acpb3s1766%* 0.70 CGT (un.):CGC(pref.) 0.08 26, 29, 33, 31872 (+)

*Comparisonwise P < 0.05, **P < 0.01, ***P = 0.001, ****Experimentwise P < 0.05. NA, not applicable.
“High-fitness codon shown on the left with its amino acid for nonsynonymous changes or usage; preferred (pref.) and
unpreferred (un.) for synonymous changes indicated in parentheses.
" Calculated using a simple linear regression considering only the individually significant marker (see text).
““Other associations” indicates other phenotypes that were associated with that marker. Significant associations are underlined.
Antagonistic associations indicated by (—) and protagonistic associations indicated by (+). Markers associated with both phenotype
and expression were considered protagonistic if the same allele produced higher fitness and higher transcript abundance. Genes

are listed excluding the “CG” or “Acp” prefix.

our conclusions are compromised due to inbreeding
depression, however. First, our sperm competition phe-
notypes were not correlated with male courtship rate
(K. A. McKEAN, unpublished results) or with the immu-
nocompetence phenotype scored by Lazzaro et al.
(2004). Furthermore, sperm competition phenotypes
tended to be associated with variation in male reproduc-
tive genes (this study) while immune phenotypes tested
in the same lines were associated with variation in immu-
nity genes (LAzzARO et al. 2004), suggesting that these
studies were not mapping variation conferring overall
line health. Finally, it seems unlikely that other studies
would identify male-by-female interactions (CLARK et al.
1999) or nontransitivity among male genotypes (CLARK
et al. 2000) if inbreeding depression were the major
factor contributing to the observed genetic effects. Al-
though our study did not estimate additive genetic varia-
tion, HuGHES (1997) concluded that most of the variation
in sperm precedence was nonadditive and consistent with
a form of balancing selection. Our observation of antag-
onistic pleiotropy (see below) is consistent with induced
overdominance leading to a form of balancing selection
and could theoretically explain HUGHES (1997) observa-
tion of nonadditivity.

Regulation of male reproductive genes: Transcript
levels of the 10 male reproductive genes were highly
positively correlated across the experimental lines (Ta-
ble 4). Normalization by a control gene, RPL32, is ex-
pected to control for differences in overall mRNA levels

or differences in body size among the lines. Thus, the
positive correlations were likely due to either coregula-
tion of the male reproductive genes or differences be-
tween lines in the size of their gonads relative to their
total body size (i.e., gonadosomatic index).

Although the molecular mechanisms regulating expres-
sion of Acps and other male reproductive genes are not
yet understood, coregulation is consistent with evidence
that transcription of Acps declines as virgin males age, as
well as the observation that mating increases both rates
of transcription and translation (ScHMIDT et al. 1985;
DI1BENEDETTO ef al. 1990; MONSMA et al. 1990; BERTRAM
et al. 1992; HERNDON et al. 1997; CHO et al. 2000). Pro-
teins such as hormones (HERNDON et al. 1997) or the
transcription factor paired (XUE and NoLL 2002) also
affect Acp expression. Furthermore, we have identified
genetic polymorphisms associated with variation in tran-
script abundance. In several cases, a marker associated
with transcript level was identified within or near the
gene itself. Such cases likely represent evidence for al-
lelic differences in cisregulation. In other cases, markers
in one gene were associated with transcript abundance
of other male reproductive genes. While this is consis-
tent with linked markers affecting trans regulation of
these genes, we are unable as yet to provide any molecu-
lar mechanism by which this regulation is operating.
Several markers were associated with transcript abun-
dance of multiple genes (e.g., CG8137s2957 is associated
with both CG8137and Acp53Ea), further supporting the
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hypothesis that Acps and perhaps other male reproduc-
tive genes are coregulated.

Although coregulation of Acps seems likely, it is possi-
ble that the positive correlations we observed were due
to differences between the lines in their gonadosomatic
index. Theory predicts that under some conditions males
should invest more heavily in traits related to the pro-
duction of sperm when the risk of sperm competition
is high (PARKER 1990a,b) and many empirical studies
have found correlations between sperm competition
risk and male investment in gametogenesis (HARCOURT
et al. 1981; GAGE 1994; STOCKLEY et al. 1997; MORROW
and GAGE 2000). Similar findings in the experimental
lines would be interesting from a life history perspective
and could provide important insights into mechanisms
controlling alternative male reproductive tactics.

Genetic basis of sperm competitive ability: On the
basis of observed associations, natural polymorphisms
in the investigated male reproductive genes appear to
be important in determining male fitness. Six of the 10
genes had significant associations with at least one of the
measured sperm competition phenotypes and all 10 genes
had associations that were suggestive (comparisonwise
P < 0.05). Given the molecular and biochemical data
indicating that Acps influence female behavior and
physiology postmating (reviewed in WOLFNER 2002; GIL-
LoTT 2003), it is not surprising that natural variants of
these genes are important determinants of male repro-
ductive success. On the basis of our current understand-
ing of the functions of these genes some of the identified
associations, however, were not predicted. Thus, our
findings indicate that these genes may play additional
roles in determining male reproductive success. For ex-
ample, Acp26Aa and Acp29AB previously have been
shown to correlate with P1’ (CLARK ef al. 1995), yet both
were strongly associated with P2" in this study. Given the
role Acp26Aahas in egg laying (HERNDON and WOLFNER
1995; HE1rFETZ et al. 2000; CHAPMAN et al. 2001), one
might expect it to influence P2’ through differences in
fecundity, although no association between Acp26Aa
and fecundity was observed in this study. Since A¢p26Aa
increases egg-laying rate for only 1 day (HERNDON and
WOLFNER 1995), our measures, which summed fecun-
dity over multiple days, may have been insensitive to
these effects.

Potential roles for previously uncharacterized genes
have also been identified. A polymorphism near Acp33A
was associated with both P1" and P2'. Little is known
about the function of Ac¢p33A, but these results suggest
it to be important in male reproductive fitness. CG8137,
a predicted serine protease inhibitor, was associated
with the defense component P1" and previous research-
ers have speculated that protease inhibitors could func-
tion to prevent premature processing of Acps or to pro-
tect sperm from proteolysis (see LUNG et al. 2002; J. L.
MUELLER, D. R. RiroLL, C. F. AQUADRO and M. F. WOLF-
NER, unpublished results) or may even be involved with

the coagulation of the mating plug (COLEMAN et al.
1995). Variation in CGI17331, an endopeptidase, was
associated with both refractoriness and P2’. It is unlikely
that CG17331 is transferred to the female during mating
since it does not appear to have a signal sequence
(SWANSON et al. 2001) and currently it is unclear how
CG17331 could affect these phenotypes.

In addition to the associations that we did identify,
information is present in associations that were not de-
tected. For example, two variants of A¢p36DE failed to
associate with sperm competition phenotypes. The first
was an 8-amino-acid insertion deletion (at amino acid
253) and the other was a premature stop codon that
shortens the protein by 440 amino acids. Given this gene’s
important role in sperm storage (BERTRAM et al. 1996;
NeuBauM and WOLFNER 1999; Qazr and WOLFNER
2003), a priori one might expect these dramatic changes
to have important effects on male fitness (CHAPMAN et
al. 2000). It is unlikely that low statistical power could
account for the lack of associations as the rare allele
was at a frequency of at least 20% and both markers
were significantly associated with transcript abundance
of A¢p36DE. Variation observed at the transcript level
could have compensated for the differences in amino
acid composition, but this hypothesis would require fur-
ther testing. The lack of any association with the prema-
ture stop codon is also consistent with the observation
that males carrying a truncated version of A¢p36DE show
normal fertility (see NEUBAUM and WOLFNER 1999; M. C.
BrocH Qazri and M. F. WOLFNER, unpublished results).

The lack of associations between steady-state tran-
script level of male reproductive genes and sperm com-
petition phenotypes also provides important informa-
tion for understanding the genetic basis of sperm
competitive ability. It seems unlikely that deficiencies in
statistical power explain the lack of associations, because
multiple genotype-to-transcript abundance and geno-
type-to-phenotype associations were successfully identi-
fied using the same lines. Therefore, it is probable that
a biological explanation is responsible for the lack of
associations between transcript abundance and sperm
competition phenotypes. Although many have argued
that transcriptional regulation plays an important role
in phenotypic evolution (reviewed in WrAY et al. 2003),
it is possible that the extent of variation in transcript
abundance among our experimental lines does not af-
fect sperm competitive ability. Transcript abundance in
the experimental lines may exceed a required threshold
value, and any variation above this level is selectively
neutral. It is also possible that protein abundance, not
transcript abundance, determines the ultimate pheno-
type. Steady-state mRNA levels are often, but not always,
positively correlated with protein abundance (FUTCHER
et al. 1999; GRIFFIN e al. 2002), and protein turnover
rates (PRATT ef al. 2002) may be the important determi-
nants for phenotypes affecting sperm competition. It is
also possible that the lack of association was the result
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of the mRNA levels and sperm competition phenotypes
being measured nearly 8 months apart, suggesting that
transcript abundance may be strongly affected by the
environment. Hopefully, future microarray studies will
yield a more complete understanding of how interac-
tions between genotype and the environment mediate
gene expression levels and perhaps will provide addi-
tional insights into the role that transcriptional regula-
tion plays in phenotypic evolution.

Maintaining genetic polymorphism: Extensive genetic
variation exists for phenotypes associated with male re-
productive fitness (CLARK et al. 1995; SERVICE and VoOss-
BRINK 1996; CivETTA and CLARK 2000; StMMONS and
KoTtiano 2002; NILSSON et al. 2003; this study) and high
levels of polymorphism have been observed in accessory
gland proteins (AGUADE 1999; BEGUN et al. 2000; TsAUR
et al. 2001). Mutation-selection balance may be responsi-
ble for some of the extant variation with lowfrequency
deleterious alleles segregating in this population. At two
of the polymorphic sites that were associated with sperm
competition phenotypes (CG8137s1910 and Acp33s2125)
the high-fitness allele was the more common allele and
was also ancestral, as indicated by its presence in Drosoph-
ila simulans. Background selection, however, cannot ex-
plain the elevated levels of polymorphism observed in
some Acps (AGUADE 1999; BEGUN et al. 2000; Tsaur
et al. 2001) and several other hypotheses have been
proposed (see CLARK 2002).

Many of the alternative mechanisms to maintain ge-
netic variation at genes affecting sperm competition
phenotypes invoke complex fitness relationships be-
tween alternative alleles. Antagonistic pleiotropy has
been proposed as a mechanism maintaining genetic
variation at genes affecting sperm competitive ability
(ProuT and CLARK 1996), but empirical evidence has
been lacking and researchers have formulated alterna-
tive explanations. Nontransitivity among males and
male-by-female interactions (i.e., reproductive “rock-
paper-scissor’-type competitions) have gained both the-
oretical and empirical support (PROUT and BUNDGAARD
1977; CLARK et al. 1999; 2000; ZamMuDIO and SINERVO
2000) and focus has turned away from antagonistic plei-
otropy. In this study, however, we have collected strong
evidence that antagonistic pleiotropy is operating on a
gene affecting two different sperm competition pheno-
types. A polymorphism in CG17331 was associated with
both P2’ and refractoriness (Figure 5). Males that car-
ried the “A” allele at position CG17331s1421 sired a
larger proportion of the offspring when they were the
second males to mate (i.e., had a higher P2’ value) but
at the cost of reduced refractoriness in the females when
these males were the first to mate. Phenotypic tradeoffs
between different life history characteristics are not un-
expected (see Rorr 2002) but the observation of antago-
nistic pleiotropy was surprising, given the trend toward
positive correlations among many sperm competition
phenotypes. In this study P2’ and refractoriness were

uncorrelated, suggesting that negative genetic correla-
tions are not required to detect antagonistic pleiotropy
operating at the genotypic level. Our results support
the hypothesis that antagonistic pleiotropy may still be
an important mechanism maintaining genetic variation
for sperm competition phenotypes and is consistent with
a form of balancing selection producing the nonadditive
genetic variance documented by HuGHES (1997). The ob-
servation of antagonistic pleiotropy is particularly exciting
as it suggests that association studies might also be able
to identify polymorphisms in genes that are responsible
for the observed nontransitivity and perhaps even to
understand the molecular basis of male-by-female inter-
actions.
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