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ABSTRACT
Accessory gland proteins are a major component of Drosophila seminal fluid. These proteins have a

variety of functions and may be subject to sexual selection and/or antagonistic evolution between the
sexes. Most population genetic data from these proteins are from D. melanogaster and D. simulans. Here,
we extend the population genetic analysis of Acp genes to the other simulans complex species, D. mauritiana
and D. sechellia. We sequenced population samples of seven Acp’s from D. mauritiana, D. sechellia, and D.
simulans. We investigated the population genetics of these genes on individual simulans complex lineages
and compared Acp polymorphism and divergence to polymorphism and divergence from a set of non-
Acp loci in the same species. Polymorphism and divergence data from the simulans complex revealed little
evidence for adaptive protein evolution at individual loci. However, we observed a dramatically inflated
index of dispersion for amino acid substitutions in the simulans complex at Acp genes, but not at non-Acp
genes. This pattern of episodic bursts of protein evolution in Acp’s provides the strongest evidence to date
that the population genetic mechanisms driving Acp divergence are different from the mechanisms driving
evolution at most Drosophila genes.

THE evolution of proteins involved in reproduction onstrated effects on female physiology and sperm use
(Clark et al. 1995; Herndon and Wolfner 1995; Neu-has attracted considerable interest. One generality

emerging from this research is that reproduction-related baum and Wolfner 1999; Tram and Wolfner 1999;
reviewed in Chen 1996; Wolfner 1997). Natural varia-genes tend to evolve quickly (reviewed in Swanson and

Vacquier 2002). However, the importance of direc- tion of Acp’s was first investigated by protein electropho-
resis, which revealed that accessory gland proteins aretional selection in driving this rapid protein evolution
more polymorphic and evolve faster than proteins fromin reproduction-related genes is still unclear. In a few
many other nonreproductive male tissues (Coulthartproteins, the ratio of nonsynonymous to synonymous
and Singh 1988; Thomas and Singh 1992; Civettasubstitution (dN/dS) is significantly greater than one,
and Singh 1995). These inferences from protein gelssuggesting that the rapid evolution is a result of selection
were subsequently supported by DNA sequence analy-(Lee et al. 1995; Metz and Palumbi 1996; Tsaur and
ses, which revealed that Acp’s are much more polymor-Wu 1997; Aguadé 1998, 1999; Ting et al. 1998, 2000;
phic and diverge more quickly than “typical” proteinsWyckoff et al. 2000). In most cases, however, there is
in the Drosophila melanogaster vs. D. simulans comparisonlittle support from dN/dS ratios that adaptive protein
(Begun et al. 2000; Swanson et al. 2001). Data fromdivergence is a general property of genes functioning in
Acp26Aa, Acp29AB, and Acp36DE provided some evi-reproduction. Similarly, molecular population genetic
dence for adaptive protein divergence (Aguadé et al.analysis suggests the action of directional selection in
1992; Tsaur and Wu 1997; Aguadé 1998, 1999; Tsaursome reproduction-related genes (Aguadé et al. 1992;
et al. 1998, 2001; Begun et al. 2000). Data from mostAguadé 1998, 1999; Nurminsky et al. 1998; Tsaur et
Acp’s, however, were not suggestive of adaptive proteinal. 1998, 2001; Begun et al. 2000), but for most such
evolution in D. melanogaster and D. simulans (Begun etgenes there is no compelling evidence for adaptive pro-
al. 2000).tein divergence.

Despite the relatively detailed study of Acp’s in D.One particular group of reproduction-related pro-
melanogaster and D. simulans, little attention has beenteins, the male accessory gland proteins (Acp’s) of Dro-
paid to Acp variation in the close relatives of these spe-sophila, has been the object of much research. Acp’s,
cies, D. mauritiana and D. sechellia. Studies of Acp’s ina major component of seminal fluid, have several dem-
these species allow us to address several key population
genetic issues. Are patterns of polymorphism and diver-
gence in Acp’s different from patterns in “non-Acp”
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females to validate that putative Acp’s were male limited incomplex lineages? Does analysis of Acp’s along individ-
expression in the simulans complex. Gene-specific primersual lineages provide evidence for adaptive protein evolu-
were used in all cases (sequences available from the authors).

tion? Do some lineages experience more directional Poly(A)� RNA was prepared from whole flies using a Micro-
selection than others? Here, we address these questions Poly(A) kit (Ambion, Austin, TX). cDNA for reverse tran-

scriptase-PCR and rapid amplification of cDNA ends (RACE)through an analysis of variation in seven Acp’s in D.
was prepared from this RNA using the SMART RACE cDNAmauritiana, D. sechellia, and D. simulans.
amplification kit (CLONTECH, Palo Alto, CA). SuperScript
II reverse transcriptase (GIBCO BRL, Rockville, MD) was used
for all RT reactions. In all cases we found that simulans complex

MATERIALS AND METHODS homologs of D. melanogaster Acp’s showed male-limited expres-
sion. This demonstrates that genes that are Acp’s in D. melano-Stocks/loci: New D. simulans sequences reported here were
gaster show similar patterns of expression in simulans cladecollected from inbred lines derived from flies collected in the
species.Wolfskill Orchard in Winters, California (Begun and Whitley

Sequence analysis: Most population genetic analyses were2000). D. sechellia sequences were from lines obtained from
performed using software developed by the authors. Sourcethe species stock center and J. Coyne. Line sech01, also known
code in Smalltalk is available upon request. Throughout theas “Robertson,” was collected in 1980 on Cousin Island by L.
article, “silent sites” refers to synonymous coding positions inTsacas. Line sech77 (a.k.a. s77 25x) was collected by K. Kimura
exons. Polarized mutations are those changes that could beon Praslin Island in 1987. Lines sech33, sech34, and sech35
unambiguously assigned to individual lineages of the simulanswere collected by J. W. O. Ballard on Mahe in 1998. All re-
complex under parsimony (using D. melanogaster as an out-maining lines were collected by J. R. David in 1985 on Cousin
group). Divergence estimates were calculated using the maxi-island. D. mauritiana sequences were from lines kindly pro-
mum-likelihood method of Goldman and Yang (1994) asvided by J. Coyne and D. Barbash. The D. mauritiana lines
implemented in PAML (Yang 1997). For maximum-likelihoodwere originally collected in Mauritius in 1981 by O. Kitagawa.
(ML) divergence estimation we allowed equilibrium codonAll lines were originally established from single, inseminated
frequencies to be free parameters of the model. In additionfemales and show very low levels of residual heterozygosity.
we estimated the transition/transversion ratio for each locus.In all cases, direct sequencing of PCR products in both direc-
Estimated substitution rates along individual lineages of thetions was determined on an ABI 3700 sequencer. Raw data
simulans complex and indices of dispersion [R(t)] for individ-were analyzed using phred (Ewing et al. 1998) and phrap
ual loci were calculated in a manner adapted from Gillespie(Ewing and Green 1998). Sequences were then examined by
(1989). Gillespie’s (1989) analysis uses sequence compari-eye using Consed (Gordon et al. 1998). Polymorphic sites in
sons of one allele from each of three species for each of severalmultiple alignments were verified using the MACE package
loci and then corrects for lineage effects by weighting eachof scripts (B. Gilliland, unpublished results; http://ludwig.
lineage by the mean divergence along that lineage. Explicitly,ucdavis.edu/MACE/). New sequences reported in this article
let Ni , i � 1, 2, 3, be the number of substitutions at a particularcan be found in GenBank under accession nos. AY505178–
locus on the ith lineage. These Ni can be estimated usingAY505293.
estimates of pairwise divergence between all possible pairs ofSeveral analyses used previously published sequences. For
species such thatAcp26Aa in D. mauritiana, 22 published sequences were used

(Tsaur et al. 2001). Previously published D. melanogaster and N1 � (D12 � D13 � D23)/2
D. simulans Acp sequences used in this analysis, with the excep-

N 2 � (D12 � D23 � D13)/2tion of D. simulans Acp26Aa, Acp26Ab, and Acp62F (which were
collected for this paper), were from Begun et al. (2000) and N 3 � (D13 � D23 � D12)/2,
references therein. Comparisons between Acp’s and non-Acp’s
in D. sechellia and D. mauritiana were made using sequences where Dij is the estimate of divergence between species i and

j. The Ni represent random variables drawn from at most threefrom Hey and Kliman (1993), Kliman et al. (2000), Parsch
et al. (2001), and references therein, as well as new sequence different distributions. As such, the moments of Ni can be

written asdata from Relish (AY505188–AY505192; see supplementary ta-
ble at http://www.genetics.org/supplemental/ for polymor-

E {Ni } � wi �phism data). This non-Acp data set is composed of 11 loci,
Adh, ase, ci, est-6, janA, janB, per, Rel, yp2, z, and Zw, surveyed Var{Ni } � wi �

2.
for variation in simulans complex species. For polymorphism

Here, wi is the weighting factor that will be shared by allcomparisons across species, ase and ci were excluded as they
loci on a particular lineage. � and �2 are the locus-specificare from regions of low recombination in D. melanogaster.
contributions to the mean and variance in the number ofSimilarly, janA was omitted for comparisons of replacement
substitutions. The wi are defined such thatand silent variation across species due to a lack of polymor-

phism data in D. sechellia. All analyses were performed on gene 1
3�

3

i�1

wi � 1.regions for which homologous sequence was available from
the simulans complex species as well as for D. melanogaster.
Note that the polymorphism statistics reported in Begun et This correction adjusts the mean number of substitutions
al. (2000) for D. simulans Acp62F disagree with those reported along a lineage without changing the average rate of evolution
here, which are from a separate population sample. We use at a particular locus. In practice, lineage-specific weights are
the new data in this article. Additionally our analysis of silent calculated by choosing values such that the mean number of
and replacement mutations included sites for which a base substitutions per 100 sites is equal among lineages. We are
could not be called in every sequence sampled, leading to now in a position to write down the index of dispersion in a
some small differences in mutation counts between the pres- manner that is free of lineage effects:
ent report and Begun et al. (2000).

Expression analysis: We used reverse transcription-PCR R(t) �
Var{Ni }
E {Ni }

�
wi �

2

wi �
�

� 2

�
.

(RT-PCR) on cDNA from whole adult males and whole adult
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Lineage effects may be removed by dividing the number of quency dependence. Fortunately several experiments provide
some information about the variation in P2 scores (sij values)substitutions along the ith lineage by the weight wi . Thus the

mean number of substitutions for a particular locus will be in D. melanogaster (Clark et al. 1995). P2 has a modal value
near 1.0 and a tail of smaller values that disappears at �0.5estimated as
in laboratory experiments. We simulated Clark’s model using
three different distributions of sij values: a Uniform (0, 1),M �

1
3�

3

i�1

Ni

wi

.
which is probably inappropriate, a Uniform (0.5, 1), which is
slightly closer to empirical data, and a Beta (5, 1), which isThe expectation of this estimator is then likely to be the most biologically relevant distribution exam-
ined here. These simulations used an infinite-site, no-recombi-

E {M} �
1
3�

3

i�1

E {Ni }
wi

� �, nation representation of a single gene (Watterson 1975).
Allele frequencies change each generation according to the

which is an unbiased estimator of �. The variance may be effects of selection, drift, and mutation, in that order. The
estimated in a straightforward manner by procedure for specifying allelic fitness means that many, but

certainly not all, new mutations will have different fitness val-
ues from that of their parent allele. Further, allelic fitness canS 2 �

9
2�

1
�3

i�11/wi
��13�

3

i�1

(Ni /wi )2 � M 2�.
change purely as a function of the other alleles segregating
in the population at any point during the simulation. Thus,This estimator of variance is also unbiased. From the estima-
the mutation parameter reflects both mutation rates to neutraltors of the mean and variance in the numbers of substitutions
and selected alleles. We employed a simple allelic genealogyone can write an estimator for R(t),
(Takahata 1990) to maintain a tree of alleles in the popula-
tion at any time. This structure keeps track of the relationships

R �
S 2

M
. among alleles, the generation in which individual alleles arose

by mutation, and, for alleles that ultimately fix, their fixation
As we had polymorphism data for multiple loci, we developed times. Thus, the allelic genealogy provides statistics of poly-
a computational procedure to use this information in our morphism and divergence.
analyses of R(t). Briefly, we iterated Gillespie’s routine 1000
times, where each iteration consisted of choosing one allele at
random from each species at every locus examined, estimating RESULTSdivergences, calculating lineage-specific weights, and then esti-
mating R(t) for each locus. From each iteration we recorded Polymorphism: Table 1 gives summary statistics of
the values of R(t), thereby generating an empirical distribu- DNA polymorphism from seven Acp’s from D. sechellia,tion of the test statistic R(t) given different configurations

D. simulans, and D. mauritiana. Acp’s harbor more re-of the data. These distributions allow us to make statistical
placement polymorphism than non-Acp’s in all species.inferences about the index of dispersion at individual loci

and across classes of loci. Zeste was omitted from this analysis In D. mauritiana, average silent heterozygosity is not
because there were no interspecific differences. Tests for devi- significantly greater for Acp’s than for non-Acp’s. How-
ations of R(t) from neutral, equilibrium expectations were ever, D. mauritiana Acp’s are significantly more polymor-determined through simulations of the substitution process.

phic at replacement sites than are non-Acp’s (Mann-We assumed a Poisson molecular clock and conditioned on
Whitney U-test: P � 0.0017 for �w; P � 0.0013 for ��).the mean number of estimated substitutions at a locus across

our iterations. For each locus, 106 independent replicates of Surprisingly, one allele in our population sample from
this procedure were performed. Negative branch lengths were D. mauritiana (mau205) contained a premature stop
set to zero for subsequent analyses. codon at Acp29. This premature termination codon wasContingency table analyses for McDonald-Kreitman (MK;

a change from a lysine at residue 110 (base 325 in ourMcDonald and Kreitman 1991) tests were done using 105

alignment) of our sampled region, which is about two-replicates of a Monte Carlo procedure (Engels 1988) because
numerous cells contained small values or values of zero. A thirds of the length of the full Acp29 protein and was
resampling procedure to detect small-scale hitchhiking effects supported by a phred quality score of 90 (i.e., the proba-
associated with polarized fixations was implemented ac- bility this call is in error is 10�9). No other polymor-cording to Kern et al. [2002; Kern-Jones-Begun (KJB) test].

phisms occurred on this allele downstream of this pre-Simulation of sperm competition: Clark (2002) proposed
mature termination codon. D. sechellia Acp replacementa scramble competition model of sperm displacement. We

used computer simulations of this model to shed light on polymorphism is almost eightfold higher than non-Acp’s
patterns of molecular evolution that might be expected for replacement polymorphism, although this difference is
genes functioning in sperm competition. In this haploid not statistically significant (Mann-Whitney U-test: P �model, the fitness of an allele is defined by its ability to displace

0.0851 for �w; P � 0.0851 for ��). Finally, as previouslyother genotypes after competitively mating. Consider two al-
reported (Begun et al. 2000), D. simulans Acp replace-leles, xi and xj , which mate in succession such that xj mates

first, followed by xi. Let sij represent the proportion of offspring ment polymorphism is much greater than replacement
sired by xi (also known as the P2 score of xi), where sij � 1⁄2 for polymorphism at non-Acp’s (Mann-Whitney U-test: P �
(i � j). Assuming random mating, the frequency of xi after a 0.0013 for �w; P � 0.0013 for ��).generation of selection is

Divergence: Consistent with previous observations
(Begun et al. 2000; Swanson et al. 2001), Acp’s showx �i �

�j xi xj sij

�i �j xi xj sij

.
high replacement substitution rates. Table 1 presents
maximum-likelihood estimates (Goldman and YangThe distribution of sij is an important parameter because

distributions with greater variances will produce weaker fre- 1994) of silent and replacement divergence of D. sim-
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TABLE 1

Summary statistics of DNA polymorphism for seven Acp’s from D. mauritiana, D. sechellia, and D. simulans

Species Locus n S Sil. �W Sil. �� Repl. �W Repl. �� Sil. div. Repl. div. Sil. Taj. D Rep. Taj. D

D. mauritiana Acp26Aa 22 58 0.0472 0.0309 0.0132 0.0095 0.1435 0.1901 �1.3251 �1.2367
Acp26Ab 6 14 0.0242 0.0184 0.0142 0.0108 0.1401 0.0337 �1.2331 �1.3903
Acp29AB 6 15 0.0255 0.0255 0.0142 0.0125 0.1719 0.0967 NA �0.8945
Acp36DE 6 40 0.0159 0.0167 0.0094 0.0098 0.1147 0.0622 0.3292 0.2360
Acp53Ea 6 14 0.0169 0.0189 0.0036 0.0027 0.1851 0.0175 0.6003 NA
Acp62F 6 3 0.0181 0.0248 0.0030 0.0036 0.1848 0.0367 NA NA
Acp76A 6 47 0.0587 0.0642 0.0065 0.0062 0.2486 0.0291 0.5920 �0.2731

D. sechellia Acp26Aa 10 12 0.0022 0.0044 0.0032 0.0029 0.1272 0.1824 NA �1.6360
Acp26Ab 9 3 0.0000 0.0000 0.0034 0.0036 0.2214 0.0237 NA NA
Acp29AB 12 2 0.0035 0.0052 0.0000 0.0000 0.2134 0.0881 NA NA
Acp36DE 11 17 0.0048 0.0043 0.0033 0.0021 0.1051 0.0580 �0.4036 �1.3448
Acp53Ea 12 1 0.0000 0.0000 0.0000 0.0000 0.1568 0.0178 NA NA
Acp62F 12 0 0.0000 0.0000 0.0000 0.0000 0.1599 0.0467 NA NA
Acp76A 12 17 0.0049 0.0062 0.0026 0.0019 0.2044 0.0317 0.8722 �0.4478

D. simulans Acp26Aa 8 25 0.0233 0.0246 0.0055 0.0062 0.1305 0.1785 0.2191 0.0922
Acp26Ab 8 15 0.0578 0.0743 0.0054 0.0066 0.1954 0.0347 1.3775 0.9657
Acp29AB 8 9 0.0245 0.0235 0.0034 0.0050 0.2440 0.0829 �0.2010 1.8548
Acp36DE 6 40 0.0250 0.0266 0.0065 0.0064 0.1045 0.0681 0.4104 �0.1407
Acp53Ea 8 12 0.0064 0.0064 0.0062 0.0055 0.1758 0.0363 NA �0.5247
Acp62F 8 5 0.0271 0.0218 0.0057 0.0061 0.2660 0.0176 �0.8125 NA
Acp76A 6 29 0.0469 0.0413 0.0031 0.0023 0.1130 0.0212 �0.7240 �1.3370

Species and Locus are the species and loci surveyed; n is the number of alleles sampled; S is the number of segregating sites
in this sample, including those sites that contain ambiguous bases; Sil. �W and Sil. �� are estimates of nucleotide heterozygosity
at silent sites, and sites containing ambiguous bases have been removed for these estimates; Repl. �W and Repl. �� are estimates
of nucleotide heterozygosity at replacement sites and sites containing ambiguous bases have been removed for these estimates;
Sil. div. and Repl. div. are estimates of nucleotide divergence at silent and replacement sites, respectively; and Sil. Taj. D and
Repl. Taj. D are Tajima’s measure of the site frequency spectrum at silent and replacement sites, respectively.

ulans, D. mauritiana, and D. sechellia vs. D. melanogaster. In addition to characterizing mean replacement di-
vergence among Acp’s and non-Acp’s in the simulansSilent divergence between D. melanogaster and each of

the three simulans complex species is not significantly complex, we estimated the index of dispersion [R(t)]
for replacement sites (Table 3). The mean R(t) acrossdifferent for Acp’s than for non-Acp’s. However, rates of

amino acid evolution are significantly greater from D. loci, across iterations of our computational procedure
(see materials and methods) for all Acp’s is signifi-melanogaster to D. mauritiana, D. simulans, and D. sechellia

(D. mauritiana, Mann-Whitney U-test, P � 0.0049; D. cantly overdispersed [R(t) � 6.50; P 	 0.001] as are
values of R(t) for several loci individually. Non-Acp’s dosimulans, Mann-Whitney U-test, P � 0.0083; D. sechellia,

Mann-Whitney U-test, P � 0.011). This effect is approxi- not reject a Poisson clock [mean R(t) � 2.56]. Addition-
ally estimates of R(t) are significantly greater for Acp’smately threefold for each species.

Divergences of D. mauritiana, D. sechellia, and D. sim- than for non-Acp’s using a nonparametric test (Mann-
Whitney U-test: P � 0.0096). It is worth noting that theulans vs. D. melanogaster are nonindependent as a result

of the shared evolutionary history of these species. We only two non-Acp loci that showed significant overdisper-
sion, janA and janB, are both reproductive proteins.used unrooted three-taxon trees to investigate substitu-

tion rates along recently separated, individual simulans- A potential caveat associated with these R(t) analyses
is that the simulans complex species have only recentlycomplex lineages (Table 2). Replacement divergence

since the speciation event(s) is significantly greater at diverged and thus may segregate ancestral polymor-
phism (e.g., Kliman et al. 2000). For example, althoughAcp’s than at non-Acp’s for all lineages (D. mauritiana,

Mann-Whitney U-test, P � 0.0063; D. simulans, Mann- sequence comparisons of a single randomly selected Acp
allele from each of the three simulans complex speciesWhitney U-test, P � 0.0027; D. sechellia, Mann-Whitney

U-test, P � 0.0192). Silent divergence, however, is com- may reveal a number of amino acid differences, few
of these differences will be fixed differences betweenparable between Acp’s and non-Acp’s. Thus, rapid rates

of Acp protein evolution are characteristic of both the species. This stands in contrast to typical analyses of
R(t), which are applied to situations in which polymor-more recent and more ancient histories of the melanogas-

ter subgroup. phism would be expected to have negligible effects on
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TABLE 2

Lineage-specific divergence for Acp genes and non-Acp genes from D. mauritiana, D. sechellia, and D. simulans

Silent divergence Replacement divergence

Locus D. simulans D. mauritiana D. sechellia D. simulans D. mauritiana D. sechellia

Acp genes
Acp26Aa 0.0000 0.0178 0.0124 0.0048 0.0200 0.0094
Acp26Ab 0.0423 0.0492 0.0974 0.0056 0.0040 0.0150
Acp29 0.0421 0.0306 0.0443 0.0060 0.0161 0.0070
Acp36 0.0164 0.0187 0.0136 0.0171 0.0146 0.0042
Acp53 0.0000 0.0288 0.0176 0.0134 0.0045 0.0039
Acp76A 0.0894 0.0332 0.0685 0.0298 0.0034 0.0056
Acp62F 0.0333 0.0378 0.0000 0.0104 0.0076 0.0185

Non-Acp genes
Adh 0.0149 0.0544 0.0486 0.0149 0.0544 0.0486
janA 0.0838 0.0000 0.0751 0.0000 0.0039 0.0002
janB 0.0001 0.0000 0.0001 0.0074 0.0000 0.0114
ase 0.0003 0.0063 0.0020 0.0000 0.0014 0.0017
ci 0.0012 0.0182 0.0078 0.0020 0.0005 0.0007
est6 0.0314 0.0173 0.0464 0.0030 0.0067 0.0070
per 0.0472 0.0937 0.0763 0.0007 0.0000 0.0014
rel 0.0474 0.0000 0.0183 0.0001 0.0000 0.0001
yp2 0.0122 0.0105 0.0098 0.0000 0.0023 0.0012
z 0.0075 0.0077 0.0075 0.0000 0.0000 0.0000
Zw 0.0380 0.0000 0.0565 0.0038 0.0000 0.0010

estimates of substitution rates (e.g., Gillespie 1989). of R(t) as high as those observed for Acp’s. Figure 1
shows R(t) as a function of 4Nu (where N is held con-Further, the method used to correct for lineage effects

in this analysis weights each gene along a lineage stant at 106 and u is allowed to vary) for three different
distributions of sij (see materials and methods). It isequally, thus ignoring any lineage-by-population size

contributions to the variance in standing levels of poly- clear that R(t) 
 1 for only a small portion of the
parameter space for each distribution of sij. To informmorphism among loci. There are three reasons to think

that polymorphism will not bias either our rejection of our expectations about actual data, we drew samples of
size n � 8 (the typical sample size for our D. simulansthe neutral model for Acp’s or our Acp’s vs. non-Acp’s

comparison. First, under the strictly neutral model, the data) from simulated populations at independent inter-
vals and then recorded polymorphism statistics. Thisexpectation that R(t) � 1 should not depend on the

particular time during the substitution process that the procedure allows us to determine the approximate val-
ues of 4Nu, which, under scramble competition, give thepopulations are sampled. That is, the number of muta-

tions occurring on each lineage is Poisson distributed average number of segregating sites observed among D.
simulans Acp’s (assuming N � 106). For the Beta(5, 1)regardless of the “length” of that lineage. Second, our

analysis shows that the inflated R(t) for Acp’s is not case, this value corresponded to 4Nu � 1. For the Uni-
form(0.5, 1) case, this value was 4Nu � 3. Notably, thedependent on the particular alleles sampled. Finally,

and perhaps most importantly, both Acp’s and non-Acp’s Uniform(0, 1) did not produce the high levels of poly-
morphism observed within the parameter space exam-are segregating ancestral polymorphism, yet only Acp’s

show an inflated R(t). ined here. Thus, irrespective of the distribution of selec-
tion coefficients, observed values of R(t) appear to beModel of sperm competition: The highly significant

replacement R(t) rejects the simple neutral model for incompatible with Clark’s scramble competition model.
Frequency distribution: We used Tajima’s (1989) DAcp protein evolution. However, it remains unclear

which models of evolution might fit the data. Several to test for deviations of the site frequency distribution
from the neutral equilibrium expectation (Table 1) atmodels with different flavors of selection produce an

overdispersed molecular clock (e.g., Gillespie 1993, silent and replacement sites independently. Statistical
significance was assessed using 105 standard coalescent1994a,b; Cutler 2000). Clark (2002) proposed a scram-

ble competition model for sperm competition, but did simulations conditioning on the observed number of
segregating sites. D values were nonsignificant in allnot characterize the properties of this model in a sto-

chastic framework. Here we present a preliminary analy- cases.
Polymorphic vs. fixed mutations: Tables 4 and 5 showsis of whether scramble competition can produce values
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TABLE 3 cant after a conservative Bonferroni correction for mul-
tiple tests although the data show the same patternIndex of dispersion for replacement divergence among the
observed in the other species). These results, as well assimulans complex species
previously reported significant deviations for Acp26Aa,

Locus Mean R(t) which were obtained without polymorphism data from
D. simulans or D. sechellia (Aguadé 1998; Tsaur et al.Acp26Aa 7.73**
1998), are consistent with an excess of amino acid fixa-Acp26Ab 9.43**
tions at this locus. Polarized MK tests (Table 5) provideAcp29AB 2.39
no support for adaptive evolution at individual loci afterAcp36DE 5.40*

Acp53Ea 2.19 speciation of the three sister taxa, with the notable ex-
Acp62F 11.14*** ception of D. simulans Acp76A, which is significant even
Acp76A 7.25** after corrections for multiple tests. Interestingly, this

Average � 6.50**
pattern is not nearly as strong in the unpolarized com-
parison to D. melanogaster. Thus, it may represent a lin-Adh 2.55
eage-specific phenomenon in D. simulans.janA 4.6*

janB 12.30*** Table 6 shows polarized Acp mutations summed across
ase 1.01 loci for each simulans complex lineage. Two patterns
ci 0.29 are of note. First, if we restrict our attention to the two
est6 1.21

highly variable species D. simulans and D. mauritiana, D.per 0.60
mauritiana is much more polymorphic than D. simulansrel 0.96
at replacement sites. Second, the contingency table foryp2 0.87

Zw 1.22 D. sechellia is individually significant (P � 0.037), most
Average � 2.56 plausibly as the result of an excess of silent fixations

(see below).Mean R(t) is the mean value of the index of dispersion
over 1000 iterations. The average is the mean of means across Table 7 shows a contingency table of polarized silent
all loci and iterations (see materials and methods for de- mutations categorized as preferred (a mutation from
tails). *P 	 0.01; **P 	 0.001; ***P 	 0.0001. an unpreferred to a preferred codon), unpreferred (a

mutation from a preferred codon to unpreferred co-
don), and no change (mutations from preferred to pre-results of several MK tests. Unpolarized MK tests from
ferred or from unpreferred to unpreferred) mutations.each of the simulans complex species to D. melanogaster
No single-locus contingency table is significantly hetero-(Table 4) are nonsignificant, with the exception of Acp-
geneous, nor is the contingency table of pooled muta-26Aa in the D. mauritiana and D. simulans lineages (the

MK test of Acp26Aa variation in D. sechellia is not signifi- tions significantly heterogeneous for any species. Never-

Figure 1.—Simulation results
from Clark’s scramble model.
Plotted is the index of dispersion
R(t) vs. 4Nu, where N � 106 and
u is allowed to vary. For each simu-
lation N � 106 haploid individuals.
For each parameter set, the simu-
lation was burnt in for the first
2000 fixations, and then results
were recorded for the next
100,000 substitutions. R(t) was es-
timated from C0 in the simulation
(see Gillespie 1993).
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TABLE 5TABLE 4

Unpolarized McDonald-Kreitman tests between Polarized McDonald-Kreitman tests for each of the
simulans complex speciesD. melanogaster and each of the simulans clade species

FAA PAA FS PS P value FAA PAA FS PS P value

D. mauritianaD. mauritiana
Acp26Aa 69 43 23 44 0.00068* Acp26Aa 0 18 0 21 0.999

Acp26Ab 0 6 1 2 0.33Acp26Ab 6 9 4 9 0.710
Acp29AB 20 12 19 8 0.589 Acp29AB 1 8 0 2 0.99

Acp36DE 6 21 2 10 0.99Acp36DE 48 39 37 31 0.900
Acp53Ea 4 8 9 12 0.720 Acp53Ea 0 1 0 2 0.99

Acp62F 0 1 0 1 0.99Acp62F 5 1 5 7 0.152
Acp76A 22 11 28 29 0.127 Acp76A 1 7 1 10 0.99

D. sechellia D. sechellia
Acp26Aa 2 4 0 2 0.57Acp26Aa 76 23 26 21 0.0159*

Acp26Ab 5 4 8 6 0.900 Acp26Ab 1 2 3 0 0.4
Acp29AB 1 0 2 1 0.99Acp29AB 22 2 21 4 0.667

Acp36DE 50 40 33 34 0.515 Acp36DE 2 8 5 3 0.14
Acp53Ea 0 0 0 0 0.99Acp53Ea 4 5 8 9 0.900

Acp62F 5 0 6 5 0.120 Acp62F 1 0 0 0 0.99
Acp76A 1 2 4 1 0.45Acp76A 22 7 31 5 0.345

D. simulansD. simulans
Acp26Aa 74 28 24 29 0.002* Acp26Aa 1 3 0 5 0.45

Acp26Ab 0 3 1 5 0.99Acp26Ab 6 5 3 14 0.094
Acp29AB 22 5 21 9 0.360 Acp29AB 2 2 2 3 0.99

Acp36DE 6 15 4 10 0.99Acp36DE 58 32 34 36 0.054
Acp53Ea 7 10 10 11 0.752 Acp53Ea 0 4 0 2 0.99

Acp62F 0 1 0 3 0.99Acp62F 2 2 6 8 0.990
Acp76A 11 5 14 23 0.069 Acp76A 6 2 0 9 0.0025*

See Table 4 for explanation.FAA and PAA are the number of fixed and polymorphic
amino acid changes, respectively. FS and PS are the number
of fixed and polymorphic silent changes, respectively. P values
were determined using 105 replicates of a Monte Carlo proce- most neutral models of molecular evolution (but see
dure. *P 	 0.05. Takahata 1987), but also many models of selection. For

example, recurrent genetic hitchhiking models (such as
the normal shift model of Gillespie 1994b) producetheless, there is a strong lineage effect for D. sechellia
R(t) 	 1. Overdominance can also produce R(t) 	 1, assilent sites. In contrast to D. simulans and D. mauritiana,
can random environment models, such as the SAS-CFFwhich have fixed approximately equal numbers of pre-
model (Gillespie 1978) with a low environmental auto-ferred and unpreferred mutations, D. sechellia has fixed
correlation. However, random environment modelssignificantly more unpreferred codons than preferred
with fluctuations on the timescale of molecular evolu-codons (10:4; binomial test, P � 0.028). This supports
tion can produce R(t) � 1 (Gillespie 1993), as can thethe conclusion from Kliman et al. (2000) that D. sechellia
house of cards model (Ohta and Tachida 1990; Gilles-shows a genomic trend toward reduced codon bias.
pie 1994b) and other deleterious mutation models (Cut-
ler 2000).

DISCUSSION Clark (2002) proposed a simple model of scramble

An interesting new result from our analyses is that
the index of dispersion [R(t)] for Acp’s, in contrast to TABLE 6
that for non-Acp’s, is overdispersed. While R(t) has been

Polarized mutations summed across loci for individualshown to have limitations (Goldman 1994; Nielsen lineages of the simulans complex species
1997), our results strengthen the idea that Acp protein
evolution is generally incompatible with simple neutral- FAA PAA FS PS P value
ity (Table 3). Overdispersion does not appear to be a

D. mauritiana 8 62 4 48 0.550general property of Drosophila proteins (this report;
D. sechellia 8 16 14 7 0.037Zeng et al. 1998). Thus the evolution of the amino acid
D. simulans 15 30 7 37 0.084sequences of Acp proteins requires a special explana-

See Table 4 for explanation.tion. The overdispersed R(t) for Acp’s rejects not only
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TABLE 7

Polarized silent fixations and polymorphisms

Fixed P Poly. P FU PU FNC PNC P value

D. mauritiana
Acp26Aa 0 5 0 7 0 9 0.99
Acp26Ab 1 1 0 1 0 0 0.99
Acp29AB 0 1 0 0 0 1 0.99
Acp36DE 1 3 1 1 0 6 0.22
Acp53Ea 0 1 0 0 0 1 0.99
Acp62F 0 0 0 1 0 0 0.99
Acp76A 0 2 0 3 1 4 0.99
Total 2 13 1 13 1 21 0.80

D. sechellia
Acp26Aa 0 0 0 2 0 0 0.99
Acp26Ab 0 0 3 0 0 0 0.99
Acp29AB 0 0 2 1 0 0 0.99
Acp36DE 3 1 2 1 0 1 0.67
Acp53Ea 0 0 0 0 0 0 0.99
Acp62F 0 0 0 0 0 0 0.99
Acp76A 1 0 3 1 0 0 0.99
Total 4 1 10 5 0 1 0.29

D. simulans
Acp26Aa 0 3 0 1 0 1 0.99
Acp26Ab 0 1 0 3 1 1 0.99
Acp29AB 0 2 1 0 1 1 0.60
Acp36DE 2 4 0 2 2 4 0.64
Acp53Ea 0 2 0 0 0 0 0.99
Acp62F 0 1 0 1 0 1 0.99
Acp76A 0 1 0 3 0 5 0.99
Total 2 14 1 10 4 13 0.65

FP and PP are the numbers of silent changes from an unpreferred codon to a preferred codon that are
fixed and polymorphic, respectively. FU and PU are the numbers of changes from a preferred codon to an
unpreferred codon that are fixed and polymorphic, respectively. FNC and PNC are the numbers of changes
that did not change the category of codon (e.g., changes from preferred to preferred or from unpreferred to
unpreferred) that are fixed and polymorphic, respectively. P values were determined using 105 replicates of a
Monte Carlo procedure. Note that in no case was there significant heterogeneity among the classes of codon
fixations.

competition to describe the molecular evolution of Overdispersed molecular clocks are a signature of epi-
sodic bursts of substitution. If Acp evolution is drivenAcp’s. Given that this model has a balancing component

in the absence of fluctuating parameters, we might ex- by sexual conflict (e.g., Rice 1996; Holland and Rice
1999), perhaps these data suggest that there are periodspect R(t) 	 1 (see Cutler 2000). Indeed, simulation

results (Figure 1) of the scramble competition model of escalated conflict interspersed with periods of relative
quiescence.clearly demonstrate that R(t) � 1 for most of the param-

eter space examined. Interestingly, in these simulations Despite the evidence for nonneutral evolution from
estimates of R(t), neither contrasts of polymorphismR(t) decreases with increasing mutation rate. An intu-

itive explanation for this result is that the strength of and divergence nor analyses of the frequency spectrum
show convincing evidence of selection on Acp’s. Cer-the balancing component (i.e., frequency-dependent se-

lection) in the scramble competition model increases tainly there is little evidence for adaptive evolution at
individual loci. For example, no gene/species examinedwith the number of unique alleles in the population.

Thus, scramble competition cannot explain the ob- here deviates from the neutral site frequency spectrum
(Table 1). Furthermore, most genes/species are consis-served patterns of divergence for the levels of heterozy-

gosity observed in our samples. Nor can the Acp data be tent with the neutral model in McDonald-Kreitman
tests. There are, however, exceptions. The unpolarizedexplained by shift models of hitchhiking (e.g., Gillespie

1997). Instead, deleterious allele models and random test of Acp26Aa between D. melanogaster and each sim-
ulans complex species rejects neutrality in the directionenvironment models with high environmental autocor-

relations seem to provide a better fit to the observations. of an excess of amino acid fixations (this report; Aguadé
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Figure 2.—All six replacement fixa-
tions in D. simulans Acp76A occurred in
a region that is highly polymorphic at
silent and replacement sites. The hetero-
zygosity statistic is ��. Position refers to
the location within the sampled region
of Acp76A. This sampled region includes
almost all of this gene. The window size
shown is 200 bp with a displacement of
10 bp. There are 26 segregating sites
within this coding region.

et al. 1992; Aguadé 1998; Tsaur and Wu 1997; Tsaur sites (Figure 2). Thus, two patterns require explanation.
First, there is an apparent excess of amino acid fixations.et al. 1998, 2001). Aguadé (1999) reported evidence

for directional selection in Acp29AB in an unpolarized Second, there is a nonrandom physical organization of
polymorphism—the region of the protein that presum-comparison between D. melanogaster and D. simulans.

Data from the slightly smaller region of the gene sur- ably shows an excess of amino acid fixations has more
polymorphism than other regions of the same gene.veyed here do not deviate from neutrality. Furthermore,

polarized analyses of polymorphism and divergence pro- This is certainly not the expectation under hitchhiking
models. Note that the fact that the region showing rapidvide little evidence for adaptive protein divergence be-

tween simulans complex species. Even Acp26Aa data are protein divergence also is highly polymorphic does not
negate the conclusion that there is an excess of aminocompatible with neutrality. This contrast between the

results for polarized and unpolarized MK tests at Acp- acid fixation in the gene as a whole. A possible explana-
tion for this pattern is that one region of Acp76A is26Aa is consistent with a burst of adaptive protein evolu-

tion on the lineage connecting the most recent common a “hotspot” for both adaptive fixations and balanced
polymorphisms (cf. Gillespie 1994a). Perhaps muta-ancestor of the simulans complex to D. melanogaster.

However, further investigation of this hypothesis is prob- tions under balancing selection rapidly fix when the
environment changes, and the biology of the Acp76Alematic because of uncertain alignments with the out-

group, D. yakuba. protein is such that these selected sites are physically
clustered. If this hypothesis is correct then one mightA notable result from analyses of polymorphism and

divergence at the single-locus level comes from Acp76A. be able to detect functional variation at this locus in D.
simulans populations. Alternatively, it remains possibleA polarized MK test rejects the neutral model in a man-

ner consistent with an excess of amino acid fixations in given the relatively few observed mutations that the sig-
nificant MK test is a case of falsely rejecting the nullD. simulans. If amino acid mutations fix under direc-

tional selection, one might predict that heterozygosity hypothesis of neutral evolution just by chance (type I
error).would be reduced near such fixations (Maynard Smith

and Haigh 1974; Kaplan et al. 1989; Stephan et al. Acp’s show greater amounts of amino acid polymor-
phism and divergence than do a set of non-Acp genes1992; Gillespie 1997, 2000). We used a KJB test (Kern

et al. 2002) to test this prediction. This test uses a resam- in all species of the simulans complex (as well as D.
melanogaster ; Begun et al. 2000). Not surprisingly (e.g.,pling method to determine whether levels of variation

near amino acid fixations (or any defined fixation type) Kliman et al. 2000), D. sechellia Acp’s were less polymor-
phic than D. mauritiana and D. simulans Acp’s. Interest-are inconsistent with the average level of variation in

a gene. Surprisingly, Acp76A amino acid fixations are ingly, D. mauritiana Acp’s harbor more amino acid poly-
morphism than do D. simulans Acp’s (Mann-Whitneyassociated with a significant excess of polymorphism (two-

tailed test and a 200-bp window; P � 0.025 for �w; P � U-test: P � 0.032 for �w; P � 0.044 for ��; see Tables 5
and 6), in spite of the fact that D. simulans is more0.013 for ��) rather than with reduced polymorphism.

In fact, all six fixations occurred in a region of Acp76A polymorphic than D. mauritiana at silent sites (Hey and
Kliman 1993; Kliman et al. 2000; this report) overall.that is highly polymorphic at silent and replacement
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genetic polymorphism in testes and male accessory glands ofTABLE 8
Drosophila melanogaster and D. simulans. Biochem. Genet. 26: 153–

Ratio of replacement to silent heterozygosity for Acp’s 164.
Cutler, D. J., 2000 Understanding the overdispersed molecular

clock. Genetics 154: 1403–1417.Species R/S �� Engels, B., 1988 Monte Carlo Contingency Table Test, Version 2.1.
University of Wisconsin, Madison.D. simulans 0.1666

Ewing, B., and P. Green, 1998 Base-calling of automated sequencerD. mauritiana 0.3196 traces using phred. II. Error probabilities. Genome Res. 8: 186–
D. sechellia 0.4854 194.

Ewing, B., L. Hillier, M. C. Wendl and P. Green, 1998 Base-
R/S �� is the ratio of replacement �� to silent �� averaged calling of automated sequencer traces using phred. I. Accuracy

across all Acp’s. assessment. Genome Res. 8: 175–185.
Gillespie, J. H., 1978 A general model to account for enzyme varia-

tion in natural population. V. The SAS-CFF model. Theor. Popul.
Biol. 14: 1–45.More generally, the rank order of replacement to silent

Gillespie, J. H., 1989 Lineage effects and the index of dispersionheterozygosity at Acp’s (Table 8) is negatively correlated of molecular evolution. Mol. Biol. Evol. 6: 636–647.
with the presumed rank order effective population size Gillespie, J. H., 1993 Substitution processes in molecular evolution.

I. Uniform and clustered substitutions in a haploid model. Genet-(as inferred from silent heterozygosity). Given that D.
ics 134: 971–981.mauritiana and D. sechellia are island endemics, a possible Gillespie, J. H., 1994a Substitution processes in molecular evolu-

explanation for the relative excess of amino acid poly- tion. II. Exchangeable models from population genetics. Evolu-
tion 48: 1101–1113.morphism is that reduced population sizes of D. mauri-

Gillespie, J. H., 1994b Substitution processes in molecular evolu-tiana and D. sechellia result in a greater contribution of tion. III. Deleterious alleles. Genetics 138: 943–952.
mildly deleterious amino acid mutations to polymor- Gillespie, J. H., 1997 Junk ain’t what junk does: neutral alleles in

a selected context. Gene 205: 291–299.phism in these species relative to D. simulans. Neverthe-
Gillespie, J. H., 2000 Genetic drift in an infinite population: theless, the pattern does not appear to hold at non-Acp loci

pseudohitchhiking model. Genetics 155: 909–919.
in D. mauritiana. Thus, one would have to explain why Goldman, N., 1994 Variance to mean ratio, R(t), for Poisson pro-

cesses on phylogenetic trees. Mol. Phylogenet. Evol. 3: 230–239.the biology of Acp’s might result in a distribution of
Goldman, N., and Z. Yang, 1994 A codon-based model of nucleotidefitness effects for segregating variation in the ancestral

substitution for protein-coding DNA sequences. Mol. Biol. Evol.
population that would be more nearly neutral than the 11: 725–736.

Gordon, D., C. Abajian and P. Green, 1998 Consed: a graphicaldistribution at other loci.
tool for sequence finishing. Genome Res. 8: 195–202.
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