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ABSTRACT
Immune system genes in a California population sample of Drosophila simulans were shown to bear

several hallmarks of the effects of past directional selection. One potential effect of directional selection
is an increase in linkage disequilibrium among the polymorphic sites that are linked to the site under
selection. In this study, we focus on three D. simulans immunity loci, Hmu, Sr-CI/Sr-CIII, and Tehao, for
which the polymorphic sites are in nearly perfect linkage disequilibrium, an unusual finding even with
respect to other immunity genes sampled from the same lines. The most likely explanation for this finding
is that, at each locus, two divergent alleles have been selected to intermediate frequencies in the recent
past. The extent to which the linkage disequilibrium extends to the flanks of each of the immunity genes
is minimal, suggesting that the favored mutations actually occurred within the immunity genes themselves.
Furthermore, the excess linkage disequilibrium found in the California population is not found in an
African D. simulans population sample and may be a result of novel pathogen-mediated selection pressures
encountered during establishment of non-African populations.

ONE of the opportunities of evolutionary genomics random sample of genes in Drosophila simulans (Schlenke
and Begun 2003). Our study revealed that the popula-is to use heterogeneity in observed patterns of
tion genetics of immune system genes is dramaticallynucleotide variation to infer the relative importance of
different from the population genetics of most D. sim-various modes of selection. Heterogeneity in polymor-
ulans genes. Immune system genes were consistent out-phism and/or divergence can be investigated in many
liers compared to the random sample of genes, showingcontexts, including variation across classes of nucleotide
increased protein evolution, reduced silent site hetero-sites, variation between regulatory and coding regions,
zygosity, an unusual frequency distribution of polymor-variation between genes of different functional classes,
phisms, and reduced haplotype diversity. It is highly un-and spatial variation along chromosomes. The rationale
likely that demographic effects could provide a sufficientbehind investigation of genomic heterogeneity, as op-
explanation for these differences. We interpreted theseposed to tests of individual loci vs. an explicit theoretical
data as support for the idea that positively selected muta-model of evolution, is that unusual empirical observa-
tions are more common and have larger effects in immu-tions made in a genomic context are more likely to
nity genes compared to most other genes in this species.require explanations involving natural selection. This

An alternative approach for investigating heterogene-conclusion follows from the idea that demographic ef-
ity in genetic variation is to assay spatial variation alongfects such as population bottlenecks or population
chromosomes. For example, we recently reported anexpansions are expected to have homogeneous effects
unusual “valley” of severely reduced heterozygosity onacross the genome and therefore are unlikely to be a
chromosome 2R of D. simulans, consistent with themajor source of genomic heterogeneity. At the very
hitchhiking effect of a beneficial mutation (Schlenkeleast, it seems reasonable to propose that unusual pat-
and Begun 2004). Interestingly, we found no evidenceterns of genomic heterogeneity are worthy of further
of reduced heterozygosity in an African sample of D.empirical and/or theoretical investigations.
simulans, suggesting recent strong “Out-of-Africa” adap-For example, we recently compared patterns of poly-
tive evolution associated with this genomic region.morphism and divergence in immune system genes vs. a
Other recently published studies of Drosophila have
also found evidence for heterozygosity valleys associated
with non-African populations (Harr et al. 2002; Glinka
et al. 2003). These examples demonstrate the usefulnessSequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under accession nos. AY864355– of joint analysis of heterogeneity across chromosomes
AY864606 and AY870440–AY870447. and populations.
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eight highly inbred lines made from field-caught inseminatedhistories of candidate selected D. simulans genes, using
females collected in the Wolfskill Orchard, Winters, Californiawithin-locus linkage disequilibrium (LD) as our descrip-
in Summer 1995. The CA2 sample consists of field-caught D.

tor of nucleotide variation. Linkage disequilibrium, or simulans males collected from Davis, California (�20 miles
the associations between mutations at different sites, east of the Wolfskill Orchard) in Spring 2001. The TX sample

consists of field-caught D. simulans males collected from Aus-can result from genetic drift or from natural selection
tin, Texas in Spring 2000. The ZIM sample consists of field-(Przeworski 2002). For example, unusually high LD
caught isofemale lines collected from Harare, Zimbabwe inwould result if a single haplotype rapidly increased in
1997 and kindly provided by C. Aquadro. These lines are a

frequency as a result of either directional selection or subset of the Zimbabwe sample used in a previous study of
genetic drift. The creation of LD by drift is facilitated DNA sequence variation at vermilion and G6pd in African and

non-African populations of D. simulans (Hamblin and Veu-by demographic effects such as population bottlenecks
ille 1999).(Wall et al. 2002), a process that may be relevant in D.

Hmu, Sr-CI/Sr-CIII, and Tehao sequences from the CA1 sam-simulans given evidence of reduced nucleotide variation
ple (previously published GenBank accession nos. AY349745–

and excess LD associated with establishment of non- AY349752, AY349846–AY349853, and AY349878–AY349893),
African populations (Irvin et al. 1998; Andolfatto and as well as sequences from tightly linked regions, were amplified

from genomic DNA. Sr-CI and Sr-CIII sequences were concate-Przeworski 2000; Andolfatto 2001; Wall et al. 2002).
nated and treated as a single locus because they are very tightlyOnce again, however, the genome-wide LD generated
linked (�300 bp between coding regions). Because the CA2,by drift in D. simulans may be distinguished from LD
TX, and ZIM lines were not highly inbred, PCR products fromgenerated by selection because effects of positive selec- these lines were generated using the Expand High-Fidelity

tion on LD are expected to be gene specific. Although PCR system (Boehringer Mannheim, Indianapolis) and
spatial patterns of intralocus LD have been the subject cloned prior to sequencing. This procedure introduces poly-

merase errors into the data at a low level [�4.8 � 10�6 errors/of recent attention in human genomics (Sabeti et al.
base, which corresponds to �1 error/3000 bp for a typical2002; Saunders et al. 2002; Ohashi et al. 2004), there
DNA fragment after 35 PCR cycles (Keohavong and Thillyhas been little attempt to use spatial patterns of LD in 1989)]; however, such errors are likely to be singletons. There-

flies to make inferences on the selective forces affecting fore, in analyses using the CA2, TX, and ZIM samples we
different genomic regions. excluded mutations that occur as singletons in all four popula-

tion samples combined (the CA1 sample harbored no suchHere we show that the three immunity loci Hmu, Sr-
singletons; see supplementary Table 1 at http://www.genetics.CI/Sr-CIII, and Tehao have a significant excess of intralo-
org/supplemental/). Although this method eliminates actualcus LD compared to other immunity and nonimmunity
and artifactual singletons, it is conservative with respect to our

genes sequenced from the same California D. simulans conclusions, since LD values in the CA2, TX, and ZIM samples
lines, indicative of recent positive selection. Hemomucin are increased by removing such singleton mutations (making
(Hmu) is a hemocyte surface mucin that binds a known them more similar to CA1). All sequences were determined on

an Applied Biosystems 377 automated sequencer. Sequencesinducer of the gram-negative antibacterial humoral re-
flanking Hmu, Sr-CI/Sr-CIII, and Tehao from the D. simulanssponse pathway (Theopold et al. 1996). Sr-CI is a hemo-
CA1 population sample and sequences from Hmu, Sr-CI/Sr-cyte-specific plasma membrane class C scavenger recep- CIII, and Tehao from the D. simulans CA2, TX, and ZIM popula-

tor that can bind a wide variety of microbial ligands tion samples are deposited in GenBank under accession nos.
(Pearson et al. 1995) and is implicated in phagocytosis AY864379–AY864606.

LD was estimated using the Z nS statistic, which is a standard-of pathogens (Ramet et al. 2001), while Sr-CIII is a tan-
ized variant of the D statistic (p ij � p ip j , the frequency thatdem duplicate of Sr-CI that is putatively secreted into
alleles at two loci occur on the same haplotype minus thethe hemolymph. Tehao (otherwise known as Toll-5) is
product of the individual allele frequencies) averaged overa Toll-like transmembrane receptor that can activate all pairwise combinations of segregating sites at a locus (Kelly

transcription of the antifungal immunity peptide droso- 1997). Significance values for the Z nS statistic were calculated
mycin (Tauszig et al. 2000; Luo et al. 2001). It is possible in DnaSP (Rozas et al. 2003) by comparing the observed

values to those obtained from sets of 10,000 simulated neutralthat all three of these loci act as pattern recognition
coalescence genealogies, conditional on the observed numberreceptors (Theopold et al. 1996; Kimbrell and Beut-
of segregating sites (S). The simulations were conducted with-ler 2001; Ramet et al. 2001). We investigated the likeli-
out recombination. The P-values are the proportion of simu-

hood that the extreme LD in these three loci was gener- lated data sets for which the Z nS value is greater than or equal
ated by positive selection on sites in these genes, as to the observed Z nS value. Because we are testing for excess LD,
opposed to linked genes, by measuring the extent of simulating data under the assumption of no recombination is

extremely conservative.LD upstream and downstream of each locus. We also
We conducted bottleneck simulations using the ms programcollected population DNA sequence data for these

(Hudson 2002) to determine whether excess linkage disequi-genes from three additional D. simulans population sam- librium at some genes in the CA1 population sample might
ples to address the possibility of geographically or tem- be explained by a population bottleneck out of Africa. In these
porally variable selection pressures. simulations, an ancestral population incurs an instantaneous

reduction in effective population size (Ne) at various time-
points in the past, followed by an instantaneous return to the

MATERIALS AND METHODS ancestral population size 1000 generations later (or 100 years,
assuming 10 generations/year). Ancestral D. simulans Ne wasD. simulans DNA sequence data are from four population

samples, CA1, CA2, TX, and ZIM. The CA1 sample consists of assumed to be 2 � 106 (Przeworski et al. 2001). Given that
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RESULTSTABLE 1

Average LD in different gene classes from CA1 D. simulans LD in immunity and nonimmunity genes: We esti-
mated LD in 61 CA1 D. simulans immunity (N � 33; 29

Mann-Whitney U autosomal, 4 X-linked) and nonimmunity (N � 28; 13
Z nS P -value autosomal, 15 X-linked) genes that were sequenced as

part of earlier surveys (Begun and Whitley 2000;Immunity 0.417 Imm vs. 3R 0.495
NonImm-3R 0.337 Imm vs. X 0.345 Schlenke and Begun 2003). Despite evidence for in-
NonImm-X 0.439 X vs. 3R 0.107 creased haplotype structure in immunity genes (Schlenke

and Begun 2003), average Z nS was not significantly dif-
ferent between immunity and nonimmunity genes (Ta-
ble 1). Z nS values for 56 of these genes are roughly evenlyHmu, Sr-CI/Sr-CIII, and Tehao are located in cytological loca-
distributed between 0.16 and 0.64 (Figure 1a). However,tions (Table 2) expected to undergo normal levels of recombi-

nation (Ohnishi and Voelker 1979; True et al. 1996), the Z nS values for four immunity loci (Dredd, Hmu, Sr-CI/Sr-
recombination rate per site (r) was assumed to be 5 � 10�8

CIII, and Tehao) and one nonimmunity X-linked locus
(True et al. 1996; Comeron et al. 1999). Average observed (garnet), have Z nS estimates near 1.0, far outside thenucleotide diversity (�) from the ZIM population is 0.013,

range of the other genes. LD in Hmu, Sr-CI/Sr-CIII, Tehao,whereas it is 0.007 in the CA1 population sample, a 46%
reduction. In pilot experiments we determined that an and garnet is highly significant even under the extremely
�99.91% reduction in effective population size is required to conservative assumption of no recombination (Table
cause a 46% reduction in �. Thus, a 99.91% reduction in Ne 2). Because its small number of segregating sites (S �
was imposed on simulated population samples. P-values for

3) decreases power, Dredd was not found to have a sig-observed Z nS values at Hmu, Sr-CI/Sr-CIII, and Tehao were cal-
nificant excess of LD.culated by comparison to Z nS values from 10,000 such simu-

lated data sets. Because variance in Z nS is high when there are We decided to focus on the three immunity loci, Hmu,
few segregating sites, only simulated data sets harboring 20 Sr-CI/Sr-CIII, and Tehao. With the exception of one site
or more segregating sites were used for calculating P-values in Tehao, polymorphic sites in each of these genes are(in the most extreme case, only 11% of simulated data sets

in complete linkage disequilibrium—that is, there arehad �20 segregating sites).
only two haplotypes or “major alleles.” Nevertheless,Genetic differentiation between the CA, TX, and ZIM popu-

lation samples was estimated using Snn, Hudson’s nearest heterozygosity at Hmu, Sr-CI/Sr-CIII, and Tehao is similar
neighbor statistic (Hudson 2000). Snn is the fraction of nearest to that observed in other immunity and nonimmunity
neighbors (most closely related alleles) of a sequence that genes (Figure 1b), demonstrating that the two haplo-occurs in the same population as that sequence, averaged

types segregating at these loci are highly divergent (Fig-over all sequences. Unlike other population differentiation
ure 2). Compared to a typical D. simulans locus, it is asestimates (Workman and Niswander 1970; Hudson et al.

1992), the Snn statistic was designed to have power to differenti- though two divergent chromosomes replaced all other
ate both high- and low-diversity populations (Hudson 2000). chromosomes in the population. The presence of one
Significance values for the Snn statistic were determined by or more major alleles has previously been observed atpermutations (n � 10,000) implemented in DnaSP (Rozas et

loci from several D. simulans population samples (Begunal. 2003). The P-value is the proportion of permuted data sets
for which Snn is greater than or equal to the observed Snn. and Aquadro 1994, 1995; Begun et al. 1994; Eanes et

Figure 1.—(a) Linkage disequilibrium (Z nS)
values in D. simulans immunity, nonimmunity au-
tosomal, and nonimmunity X-linked genes from
the CA1 population sample. Outlier genes are
identified. (b) Nucleotide heterozygosity (�) in
the same genes.
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TABLE 2 ration of the population size reduction (data not shown).
Thus, it appears unlikely that a simple population bottle-LD values for outlier genes from the CA1 population sample
neck scenario can explain both the high Z nS values ob-
served at Hmu, Sr-CI/Sr-CIII, and Tehao and the muchCytological

Gene location N Sites S Z nS P -value lower average Z nS value from the CA1 population sam-
ple. Instead, we propose that LD in these genes wasDredd 1B 8 1237 3 1.000 0.145
generated by linked selection of beneficial mutations.garnet 12B 7 1265 17 0.886 0.018

LD in flanking regions: The elevated LD at Hmu, Sr-Hmu 97F 8 1901 21 1.000 0.002
Sr-CI/Sr-CIII 24D 8 2915 58 1.000 0.000 CI/Sr-CIII, and Tehao could result from selection acting
Tehao 34B 8 2049 26 0.966 0.001 on these genes or on tightly linked genes. We reasoned

that if LD quickly diminishes to each flank of the immu-
nity genes, it is likely that selection acted on the immu-
nity genes themselves. To investigate this issue, we col-al. 1996; Hasson et al. 1998; Hamblin and Veuille
lected population DNA sequence data from several loci1999; Labate et al. 1999; Quesada et al. 2003; Schlenke
proximal and distal of Hmu, Sr-CI/Sr-CIII, and Tehao toand Begun 2004). However, the absence of polymor-
describe the physical scale of LD near the immunityphism within major alleles and the lack of a diversity
genes.of low-frequency alleles at CA1 Hmu, Sr-CI/Sr-CIII, and

For each case, the immunity genes are located at theTehao are unique for genes located in regions of normal
center of the regions of excess LD, which declines andrecombination.
becomes nonsignificant to both 5�- and 3�-flanking re-Excess LD may be generated by positive selection or
gions (Figure 3). For Hmu, the excess LD may extendgenetic drift (Przeworski 2002). While the effects of
up to 87 kb, as the Z nS value for the locus 23 kb to thepositive selection are expected to be gene specific,
5� flank of Hmu is significantly high, and the Z nS valuestrong drift is expected to cause a genome-wide increase
for the locus 25 kb to the 3� flank of Hmu remainsin LD. Although Z nS values at Hmu, Sr-CI/Sr-CIII, and
at 1.0 (but is not significant because of a paucity ofTehao appear to be outliers compared to other genes
segregating sites; Table 4). For both the Sr-CI/Sr-CIII(Figure 1a), it is possible that genetic drift associated
and the Tehao gene regions, LD drops off precipitouslywith a population bottleneck might increase variance
to both flanks. Excess LD may extend only up to 39 kbin LD enough that outliers such as Hmu, Sr-CI/Sr-CIII,
around Sr-CI/Sr-CIII and 16 kb around Tehao (Table 4).and Tehao are expected. We tested this possibility by
Aside from the immunity genes, there are only 14 otherconducting simple population bottleneck simulations
predicted genes in the region of potentially excess LDin which the ancestral D. simulans effective population
surrounding Hmu, 1 other predicted gene in the regionsize decreased from 2 � 106 to 1800 individuals some-
of potentially excess LD surrounding Sr-CI/Sr-CIII, andtime in the past and then returned to the ancestral Ne
2 other predicted genes in the region of potentiallyafter 1000 generations (see materials and methods).
excess LD surrounding Tehao (see supplementary TableWe tested the effects of bottlenecks at three timepoints:
2 at http://www.genetics.org/supplemental/). These re-3000, 12,000, and 60,000 generations in the past. These
sults support the idea that selected mutations leadingtimepoints span the range of estimates for the timing of
to the extreme perturbations observed in our samplesthe worldwide colonization of D. simulans out of Africa
are associated with immunity gene regulatory or coding(Lachaise et al. 1988).
regions, although other sites are not ruled out.Z nS values from simulations that assume a bottleneck

Geographic and temporal pattern of LD: To furtherbetween 3000 and 12,000 generations ago provided the
investigate the potential nature of selection associatedbest match to the average Z nS value of genes from the
with Hmu, Sr-CI/Sr-CIII, and Tehao, we sequenced theseCA1 population sample (Table 3). Assuming a bottle-
genes in three additional D. simulans population sam-neck occurred between 3000 and 12,000 generations
ples. For the Sr-CI/Sr-CIII locus, data for the new popula-ago, we can extrapolate from the data that the probabil-
tions were limited to Sr-CI. Singleton mutations fromity of observing a locus with a Z nS value on the order of
the four population samples combined were deleted forthose from Hmu, Sr-CI/Sr-CIII, and Tehao is exceedingly
the following analyses (see materials and methods);small (between 0.058 and 0.001 for Hmu, between 0.027
however, results from data including the singletons areand 0.000 for Sr-CI/Sr-CIII, and between 0.030 and 0.000
qualitatively similar (not shown). For all three genes, wefor Tehao). This result is robust to changes in the as-

sumed recombination rate, bottleneck strength, and du- estimated genetic differentiation between population

�
Figure 2.—Polymorphism tables for Hmu, Sr-CI/Sr-CIII, and Tehao from the CA1 population sample. Position refers to the

nucleotide position in the alignment; type refers to noncoding, silent, or replacement mutations; and dashes represent identity
to the allele at first sequence.
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TABLE 3

Results of population bottleneck simulations

P -value of
� Z nS observed LD

Observed population averages
ZIM 0.013 0.209
CA1 0.007 0.415

Simulated bottleneck averagesa

Hmu, none 0.013 0.152
Hmu, t � 3,000b 0.007 0.522 0.0575
Hmu, t � 12,000 0.007 0.332 0.0012
Hmu, t � 60,000 0.007 0.194 0.0000

Sr-CI/Sr-CIII, none 0.013 0.149
Sr-CI/Sr-CIII, t � 3,000 0.007 0.466 0.0266
Sr-CI/Sr-CIII, t � 12,000 0.007 0.280 0.0004
Sr-CI/Sr-CIII, t � 60,000 0.007 0.176 0.0000

Tehao, none 0.013 0.149
Tehao, t � 3,000 0.007 0.463 0.0296
Tehao, t � 12,000 0.007 0.277 0.0003
Tehao, t � 60,000 0.007 0.175 0.0000

a The only difference between gene simulations is the length
in base pairs over which recombination can occur.

b Time in generations since the bottleneck occurred.

samples, as well as nucleotide heterozygosity, the num-
ber of haplotypes, and LD within each population sam-
ple (Tables 5 and 6).

The CA2 sample, collected from the same locality as
CA1 but 6 years later, allows us to assess the temporal
nature of the LD observed in the CA1 sample at Hmu,
Sr-CI/Sr-CIII, and Tehao. Haplotype structure at Hmu is
identical in the CA1 and CA2 samples, with the same
haplotypes occurring at frequencies 7/8 and 1/8 in
each (see supplementary Figure 1 at http://www.gene
tics.org/supplemental/). For Sr-CI, haplotypes at 5/8
and 3/8 frequency in CA1 occur at 3/7 and 3/7 fre-
quency in CA2. A third CA2 haplotype at 1/7 frequency
is nearly identical to a haplotype found in the TX and
ZIM population samples. For Tehao, the major allele
found at 6/8 frequency in CA1 was found at 8/8 fre-
quency in CA2. These data, along with lack of evidence
for genetic differentiation between the CA samples based
on the Snn statistic (Table 5), reveal no major change in
haplotype structure for the three genes in the 6 years
between the collection of the CA1 and CA2 population
samples. Therefore, data from the CA1 and CA2 samples
were combined and are referred to as the CA sample.
Thus, in the CA sample, there are two invariant haplo-
types at Hmu (at frequencies 14/16 and 2/16), three
invariant haplotypes at Sr-CI (at frequencies 8/15, 6/
15, and 1/15), and two haplotypes at Tehao (at frequen-
cies 14/16 and 2/16, although one allele of the more
common haplotype has one mutation).

The Snn test statistic revealed no significant population
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TABLE 4

LD values to the flanks of Hmu, Sr-CI/Sr-CIII,
and Tehao in CA1

Gene region N Sites S Z nS P -value

Hmu
5� 49 kb 8 1075 18 0.248 0.839
5� 37 kba 8 1237 10 0.407 0.390
5� 23 kb 8 975 11 0.782 0.040
5� 8 kb 8 1130 12 1.000 0.006
3� 25 kb 8 980 3 1.000 0.143
3� 50 kb 8 905 40 0.466 0.276

Sr-CI/Sr-CIII
5� 29 kb 8 490 23 0.267 0.799
3� 10 kb 8 388 16 0.551 0.178
3� 25 kb 8 772 18 0.341 0.560

Tehao
5� 47 kb 8 754 9 0.481 0.276
5� 24 kb 8 537 6 0.301 0.609
5� 7 kb 8 663 21 0.308 0.666
3� 9 kb 8 877 18 0.597 0.135
3� 21 kb 8 583 4 0.587 0.179

a The Hmu 5� 37-kb locus corresponds to the immunity gene
pelle (Schlenke and Begun 2003).

of 46 private mutations relative to the CA sample, while
the CA sample contains no unique mutations relative
to the TX sample (in data deleted of singletons). In
other words, the CA variation is a subset of the TX
variation at each gene, and LD values in the TX sampleFigure 3.—LD values at loci to the flanks of Hmu, Sr-CI/
do not unambiguously reject neutrality. Data from addi-Sr-CIII, and Tehao in the CA1 population sample.
tional loci will be required to determine whether these
apparent differences between North American popula-

genetic differentiation between the CA sample and TX tions are locus specific (or immunity specific) or more
sample for any gene (Table 5). Nevertheless, some as- genomic in nature.
pects of the data suggest that these two populations are The ZIM population sample and North American
heterogeneous. For example, the TX population sample population samples show significant genetic differentia-
shows greater nucleotide heterozygosity, a greater num- tion (Table 5). The ZIM population sample also has
ber of haplotypes, and lower LD than does the com- greater nucleotide heterozygosity, a greater number of
bined CA sample for all three genes. Unlike the CA haplotypes, and lower LD than the North American
sample, none of the Z nS values from the TX sample population samples (Table 6). While the ZIM sample
are significantly different from simulated neutral data contains a total of 48 private mutations relative to the

North American population samples, the North Ameri-(Table 6). Furthermore, the TX sample contains a total

TABLE 5

Genetic differentiation between population samples

Hmu Sr-CI Tehao

Populations Snn P -value Snn P -value Snn P -value

CA1 vs. CA2 0.404 1.000 0.433 0.783 0.545 0.193
CA1 � 2 vs. TX 0.540 0.139 0.558 0.185 0.474 0.675
CA1 � 2 vs. ZIM 0.926 0.000 0.748 0.001 0.796 0.000
TX vs. ZIM 0.681 0.041 0.500 0.424 0.634 0.053
CA � TX vs. ZIM 0.799 0.000 0.707 0.010 0.800 0.000
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TABLE 6

Polymorphism statistics for Hmu, Sr-CI, and Tehao from different populations

No. of
Gene Population N Sites S � haplotypes Z nS P -value

Hmu CA1 8 1901 21 0.004 2 1.000 0.002
CA2 8 1917 21 0.004 2 1.000 0.002
CA-both 16 1887 21 0.003 2 1.000 0.000
TX 12 1901 44 0.008 7 0.364 0.315
ZIM 11 1868 60 0.012 10 0.149 0.992

Sr-CI CA1 8 2136 35 0.006 2 1.000 0.000
CA2 7 2717 65 0.010 3 0.511 0.262
CA-both 15 2126 51 0.007 3 0.537 0.050
TX 11 2703 82 0.010 8 0.255 0.698
ZIM 11 2621 92 0.012 10 0.160 0.985

Tehao CA1 8 2049 26 0.005 3 0.966 0.001
CA2 8 1903 0 0.000 1 NA NA
CA-both 16 1777 22 0.004 3 0.965 0.000
TX 12 1992 37 0.006 5 0.488 0.131
ZIM 12 1880 41 0.008 9 0.190 0.874

G6PD ZIM 11 724 13 0.006 9 0.205 0.795
vermilion ZIM 10 728 30 0.015 7 0.199 0.904

NA, not applicable.

can samples contain only 4 private mutations relative along with several low-frequency haplotypes (Hudson
et al. 1997; Quesada et al. 2003; Schlenke and Begunto the ZIM sample (in data deleted of singletons). This

is consistent with other data suggesting that non-African 2004). The interpretation of these data has been that
they reflect a strong, recent selective event that pushedvariation is generally a subset of African variation in

D. simulans (Irvin et al. 1998; Andolfatto 2001; see one haplotype to high frequency, while the remainder
of the sample captures a subset of the ancestral variationsupplementary Figure 1 at http://www.genetics.org/

supplemental/). Hmu, Sr-CI, and Tehao ZnS values from at the locus. Although the TX D. simulans sample shows
such a pattern for Hmu, Sr-CI, and Tehao, the CA samplethe ZIM population sample are comparable to those

from the two nonimmunity genes G6pd and vermilion clearly deviates from these observations in that each
gene is essentially composed of two invariant haplotypes.(Hamblin and Veuille 1999) and provide scant evi-

dence for recent positive selection in these immunity The two divergent haplotypes result in a highly signifi-
cant excess of LD among the polymorphic sites in the CAgenes in Africa.
sample even when compared to data simulated without
recombination. The extraordinarily high levels of LD

DISCUSSION
at Hmu, Sr-CI, and Tehao are not likely the result of demo-
graphic effects because these three genes are strong out-Previous examples of significantly unusual haplotype

configurations from Drosophila population samples, in liers with respect to other genes sampled from the same
lines, a pattern that cannot be easily explained by awhich data from nearby loci from the same population

sample help rule out demographic explanations, have simple population bottleneck.
Although a long-term balanced polymorphism (e.g.,shown one haplotype at intermediate to high frequency

TABLE 7

Chi-square test for excess of heterozygotes

Sr-CI/Sr-CIII Tehao

Homozygote 1 Heterozygote Homozygote 2 Homozygote 1 Heterozygote Homozygote 2

Observed 14 21 7 32 11 0
Expected 14.3 20.4 7.3 32.7 9.6 0.7

� 2 P -value (1 d.f.) � 0.85 � 2 P -value (1 d.f.) � 0.34
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TABLE 8 TX population samples. Although some proportion of
the singletons found in Hmu, Sr-CI, and Tehao in theLD in California D. melanogaster
CA2 and TX samples are likely PCR artifacts (see mate-
rials and methods), some of them may be novel muta-Gene Location N Sites S Z nS P -value
tions that have occurred since the inferred selective

Hmu 97F 8 1906 23 0.258 0.822 sweeps associated with these haplotypes. It is also clear
Sr-CI 24D 8 2527 55 0.289 0.749

that the nature of selection associated with Hmu, Sr-CI,Tehao 34B 8 2452 47 0.422 0.372
and Tehao in the CA samples, and to a lesser extent in
the TX sample, has not occurred in the ZIM sample,
as haplotypes from the CA1 sample either do not occur

caused by overdominance) could maintain two diver- or occur at low frequency in the ZIM sample (see supple-
gent major allelic classes, intra-allelic variation is ex- mentary Figure 1 at http://www.genetics.org/supple
pected under such models, and the total amount of mental/). Thus, the selected mutations should be ab-
variation in the sample relative to divergence should sent or occur at low frequency in the ZIM population,
be elevated (Ohta and Kimura 1970; Strobeck 1983; but occur at intermediate to high frequency in the CA1
Kaplan et al. 1988). Neither is true of our data. Never- population. Several mutations, including nonsynony-
theless, at Sr-CI/Sr-CIII and Tehao we tested for an excess mous mutations in each of the three genes (see supple-
of heterozygotes compared to Hardy-Weinberg expecta- mentary Table 3 at http://www.genetics.org/supple
tions (Parsons and Bodmer 1961), which would be mental/), fit this criterion and are plausible candidates
expected under an overdominance model. Assuming for future immunity phenotype experiments.
that adult flies would already have been subjected to The consistent decline of LD with increasing physical
natural selection, we assayed 43 wild-caught D. simulans distance from Hmu, Sr-CI, Sr-CIII, and Tehao suggests
males for the presence of the two CA1 major alleles that these genes themselves are the likely targets of
using restriction enzymes that distinguished the two al- natural selection. Although these three loci are impli-
leles. The observed frequencies of heterozygotes are cated in the Drosophila immune response (see Intro-
nearly exactly those expected under Hardy-Weinberg duction), they are not known to play roles in the two
equilibrium for both genes (Table 7), providing no evi- major humoral immune response pathways (Hoffmann
dence for the excess of heterozygotes predicted by an 2003). Instead, they may function in the less well-charac-
overdominance model. terized cellular immune response (Lavine and Strand

Two other types of natural selection models are quali- 2002), in interactions between the cellular and humoral
tatively consistent with the CA data. First, a strongly responses (Elrod-Erickson et al. 2000), or in localized
selected mutant could recombine onto a second haplo- tissue-specific immune responses (Ferrandon et al.
type during its sojourn, dragging two haplotypes through 1998; Tzou et al. 2000). Other data exist to support the
the population to intermediate frequency. This seems idea that positive selection (and, in particular, patho-
unlikely to explain the data at all three loci, since it gen-mediated selection) may play an important role in
requires a very specific and presumably rare event—one the evolution of these genes. In D. melanogaster, naturally
crossover, rather than zero or two or more crossovers, occurring genetic variation within Sr-CIII and, to a lesser
between the selected site and the sampled regions. Fur- extent, within Sr-CI and Tehao predicts success in host
thermore, we would have to have failed to sample the clearance of the gram-negative entomopathogen Ser-
expected invariant regions closely linked to the selected ratia marcescens (Lazzaro et al. 2004). Tehao also shows a
mutation in each case. Second, two selective sweeps significant excess of nonsynonymous fixations along the
could have driven two different haplotypes to intermedi- D. simulans lineage (Schlenke and Begun 2003). Fur-
ate frequency at each gene. These two sweeps could thermore, D. simulans Hmu shows one of the highest
have occurred independently of each other—e.g., one levels of intraspecific variation in gene expression (rela-
partial sweep followed by a second partial sweep. Alter- tive to interspecific variation) in the species, which was
natively, negative frequency-dependent selection could interpreted as evidence that positive selection has influ-
have driven one haplotype to high frequency, until one enced Hmu expression (Nuzhdin et al. 2004).
of the few remaining haplotypes became favored and If our hypothesis that the major differences between
started to overtake the high-frequency haplotype. ZIM and North American (especially CA) populations

Interestingly, the more frequent haplotype at each at Hmu, Sr-CI/Sr-CIII, and Tehao result from selection is
gene in the pooled CA sample also occurs at intermedi- correct, our data suggest that Hmu, Sr-CI/Sr-CIII, and
ate to high frequency in the TX population sample, but Tehao could be important for adaptation of D. simulans
is absent or at low frequency in the African sample (see to a novel non-African microbial environment. Given
supplementary Figure 1 at http://www.genetics.org/ that D. simulans and its sister species D. melanogaster
supplemental/). These data suggest that the CA and are sympatric and have similar demographic histories
TX population share some selective history, despite the (Lachaise et al. 1988), we decided to investigate the

distribution of polymorphism in Hmu, Sr-CI/Sr-CIII, anddifferences in overall levels of LD between the CA and
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