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ABSTRACT

Currently, the relevance of common genetic variants—particularly those significantly associated with phe-
notypic variation in laboratory studies—to standing phenotypic variation in the wild is poorly understood.
To address this, we quantified the relationship between achaete–scute complex (ASC) polymorphisms and
Drosophila bristle number phenotypes in several new population samples. MC22 is a biallelic, nonrepetitive-
length polymorphism 97 bp downstream of the scute transcript. It has been previously shown to be
associated with sternopleural bristle number variation in both sexes in a set of isogenic lines. We rep-
licated this association in a large cohort of wild-caught Drosophila melanogaster. We also detected a signif-
icant association at MC22 in an outbred population maintained under laboratory conditions for �25
years, but the phenotypic effects in this sample were opposite from the direction estimated in the initial
study. Finally, no significant associations were detected in a second large wild-caught cohort or in a set of
134 nearly isogenic lines. Our ability to repeat the initial association in wild samples suggests that it was
not spurious. Nevertheless, inconsistent results from the other three panels suggest that the relationship
between polymorphic genetic markers and loci contributing to continuous variation is not a simple one.

MENDELIAN and biometric inheritances can be
reconciled by the combined action of multiple

genes giving rise to continuously distributed phenotypes
in populations. However, no quantitative trait exists for
which the major features of its genetic architecture have
been amply described. Of the few options for expanding
this knowledge, association studies among natural geno-
types are the most straightforward means of defining the
effects of segregating variants.

Unfortunately, associations between SNPs and varia-
tion in a complex trait have often proved difficult to
detect and have often been even more difficult to
independently repeat. Although ‘‘failure to replicate’’
was all too common in earlier studies of multifactorial
diseases and still is a feature of the current literature
(e.g., Duan et al. 2006; Jeong et al. 2006; Stogmann et al.
2006; Thirumalai et al. 2006), the field has matured to
the point where major discoveries are almost always
documented in multiple data sets (e.g., Haines et al.
2005; Klein et al. 2005; Amundadottir et al. 2006;
Graham et al. 2006; Grant et al. 2006). Although failure
to replicate can occasionally be reconciled through an
examination of the confidence intervals on estimated
phenotypic effects (Altshuler et al. 2000), discordance

between association studies is also potentially attribut-
able to a myriad of other factors; in humans, under-
powered/overanalyzed experiments, publication bias,
and admixture are the most highly cited culprits
(Cardon and Bell 2001). Conversely, it has been noted
that ‘‘replication’’ sometimes involves a different (but
related) phenotype and/or a nearby (but not necessar-
ily in LD) polymorphism (Rosand et al. 2006). Perhaps
such situations do not cast doubt on the influence of
the implicated gene, but they do leave critical questions
open about the identity and number of the causal
site(s). In fact, because of the greater LD and impossi-
bility of experimental manipulation in human genetics,
causal sites may be more readily documented and
verified in model organisms.

Thus, we sought to document evidence for ‘‘the’’
causal site(s) at a strong candidate locus in Drosophila
melanogaster, using the model trait of bristle number.
Theoretically, one could compare equivalent high-
powered association studies in wild populations of any
organism, but Drosophila have the additional advantage
that we can also create panels of isogenic laboratory
lines. Then it is possible to determine how often conclu-
sions drawn from laboratory experiments are applicable
to wild populations, where the natural complement of
evolutionary forces has shaped the genome. Conversely,
we can determine if allelic effects initially observed in
natural populations are comparable in the laboratory,
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potentially enabling future experiments aimed at dis-
secting the functional underpinning of continuous
variation.

We focus on the classic model trait of bristle number
in D. melanogaster. Many isogenic strain-based studies
have been carried out previously, particularly on com-
ponent genes of the Notch signaling pathway [scabrous
(Lai et al. 1994); Delta-Hairless gene region (Lyman and
Mackay 1998; Long et al. 1998); achaete–scute complex
(Long et al. 2000); hairy (Robin et al. 2002)] as well as on
genes from other pathways [Dopa decarboxylase (Mackay

and Lyman 2005); Catsup (Carbone et al. 2006)]. The as-
sociations between naturally occurring alleles at achaete–
scute (ASC) (chromosome X, 1A6–1B3) and bristle
phenotype were first noted by Mackay and Langley

(1990), who found that as a class individually rare large
insertion/deletion polymorphisms (indels) at ASC were
significantly associated with reduction in both abdom-
inal bristle number (ABN) and sternopleural bristle
number (SBN). Long et al. (2000) replicated this result
for ABN and further observed that a polymorphic
transpac transposable element insertion, located �9 kb
59 of asense, was associated with ABN. They also de-
scribed an association between a small indel near the
scute transcript (MC22) and SBN. Finally, Long et al.
(2000) observed that a second small indel near scute
(MC21) was associated with a genotype-by-sex interac-
tion for ABN.

We genotyped these three polymorphisms in three col-
lections of outbred individuals (�2000 individuals each),
two from wineries in Northern California (Genissel

et al. 2004; Macdonald and Long 2004; Macdonald

et al. 2005a) plus an additional laboratory/outbred pop-
ulation (Rose 1984), to explore the replicability of
phenotype–genotype associations. Very few association
studies have been replicated at this level. We also per-
formed a laboratory association study using a set of 134
nearly isogenic lines (NILs) derived from natural col-
lections (Yang and Nuzhdin 2003; Palsson et al. 2004;
S. Nuzhdin, personal communication). We observed
complex patterns of the significance and/or direction
of allelic effects on bristle number, some consistent with
prior studies, others finding no effect, and others quite
novel. These results suggest that associations between
genotypes and phenotypes may be sensitive to a range of
factors that are not generally carefully controlled when
carrying out association studies.

MATERIALS AND METHODS

Outbred populations: Each wild population consists of
�1000 D. melanogaster flies of each sex. Adults were captured
from Kaz Vineyard and Winery (Kenwood, CA) October 15,
1996 (‘‘SV96’’) (Genissel et al. 2004) and from Clos Pegase
(Calistoga, CA) November 4, 2001 (‘‘NV01’’) (Macdonald

and Long 2004; Macdonald et al. 2005a). These two wineries
are �10 miles from one another. A third collection, outbred

but adapted to the laboratory, was derived from the Ives
population (provided by M. R. Rose) on May 26, 2004
(‘‘IV04’’). The Ives population was initiated from 200 males
and 200 females in 1975 (Rose and Charlesworth 1981) and
has subsequently been maintained at population sizes in the
thousands (Rose 1984). Parents of the experimental IV04
flies were allowed to lay eggs in a set of 16 half-pint bottles
containing standard banana–molasses media. Parental flies
were cleared after 3 days to ensure uncrowded conditions
for the progeny. Culturing of the IV04 population was carried
out at room temperature under 24-hr light conditions.

Nearly isogenic lines: We used NILs from the ‘‘Wolfskill
Orchard’’ W1 (Yang and Nuzhdin 2003; Palsson et al. 2004)
and W3 collections (S. Nuzhdin, personal communication)
and the ‘‘West End’’ WE collection (Palsson et al. 2004). All
were propagated through brother–sister mating for at least 15
generations. One or two DNA samples from individual females
were used for line genotyping, and we observed no heterozy-
gosity at the loci we genotyped. For bristle counting, each line
was raised under 24-hr light at room temperature in four
replicate vials; five flies of each sex were phenotyped per vial.

Phenotypes: ABN is defined as the bristles on the fifth
(males) or sixth (females) abdominal sternite. SBN is defined
as the total number of microchaete and macrocheate on the
right and left sternopleural plates. Bristle count statistics from
each population are given in Table 1. After phenotypes were
recorded, flies were frozen until DNA extraction.

DNA extraction: Individuals from wild populations SV96
and NV01 were extracted in 1.5-ml microcentrifuge tubes
using the Puregene DNA purification kit (Gentra Systems,
Minneapolis), according to the manufacturer’s instructions
for Drosophila. Laboratory population IV04 and NIL flies
were extracted with the Puregene kit, with the following
modifications for high-throughput extraction. All steps were
performed in 96-well plates, using multichannel pipettors. Ho-
mogenization with stainless-steel 5

32 -in. grinding balls (BT&C/
OPS Diagnostics, Bridgewater, NJ) in cell lysis solution was
performed in the Geno/Grinder 2000 (BT&C/OPS Diagnos-
tics) for 45 sec at 1500 rpm. Lysis incubation time at 65� was
increased to 20 min. Stock RNAse A solution (4 mg/ml) was
diluted to 67 ng/ml in ddH2O, and 30 ml dilute enzyme were
added to each sample. Samples were subjected to RNAse A
digestion (37�) for 1 hr. Protein precipitation time (on ice) was
increased to 10 min, and protein precipitation centrifugation
was performed for 25 min at 2300 3 g . DNA precipitation cen-
trifugation was performed for 45 min at 2300 3 g , and the
70% ethanol wash was followed by 10 min centrifugation at
2300 3 g . Isopropanol/supernatant and 70% ethanol were re-
moved by inverting the plate on a paper towel and centrifug-
ing for 2 sec at minimum speed. All samples were resuspended
in 200 ml 0.13 TE, pH 8.0.

Genotyping: Most samples were genotyped using an oligo
ligation assay (OLA) (Genissel et al. 2004; Macdonald et al.
2005b). All oligonucleotide sequences for PCR and genotyp-
ing are given in supplemental Table 1 at http://www.genetics.
org/supplemental/. Briefly, we amplified the region surround-
ing the site of interest by PCR (using one one-hundredth of
the extracted DNA from each fly as template per 10-ml re-
action), and the amplified product was used as template for a
ligation reaction. The ligation reaction introduced an allele-
specific DNA ‘‘bar code,’’ which was then amplified, printed
onto filter arrays, and visualized using hybridization with ra-
dioactively labeled probes.

Amplification: MC22 and MC21 were amplified in a single
amplicon (608, 616, or 621 bp, depending on genotype) that
flanks both indels using the following cycling profile: 5 min at
95�; 35 cycles of 20 sec at 95�, 20 sec at 57�, 45 sec at 72�; 4 min
at 72�; and hold at 4�. However, the transpac transposable
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element insertion is 5249 bp long, making flanking PCR that
amplifies both insertion and noninsertion alleles difficult.
Therefore, forward and reverse primers that flank the in-
sertion site were combined with one insert-specific reverse
primer. This combination results in a 200-bp amplicon for the
noninsert allele and a 491-bp amplicon for the insert allele. In
a heterozygote, both amplify at approximately equal intensity
(data not shown) under the following conditions: 2 min at 95�;
30 cycles of 20 sec at 95�, 20 sec at 58�, 2 min at 72�; 5 min at
72�; and hold at 4�. Although this assay can be typed on an
agarose gel, for high-throughput purposes we used the PCR
product as a template for an OLA (see supplemental Figure 1
at http://www.genetics.org/supplemental/).

Genotype calling: The remaining steps of the genotyping
workflow (ligation, amplification, printing, and hybridization)
were performed exactly as described previously for SNPs
(Macdonald et al. 2005b). Genotypes were determined from
the consensus of two evaluations per OLA reaction for every
population–polymorphism combination except IV04 3 MC22
and IV04 3 MC21 (assayed once). It is worth noting that al-
though all the polymorphisms genotyped here are all indel
variants (as opposed to SNPs), our OLA can easily be adapted to
indels (see supplemental Figure 1 at http://www.genetics.org/
supplemental/).

Genotyping NILs: The genotypes of most NILs were obtained
by OLA; others were genotyped by sequencing (MC22, MC21)
or by visualizing size differences on a 2% agarose gel (Trans-
pac). For each locus, PCR was performed as described above.
The amplicon containing MC22 and MC21 was presequenced
enzymatically in the following reaction: 3 ml PCR product,
0.75 ml ddH2O, 1 unit shrimp alkaline phosphatase (United
States Biochemical, Cleveland), and 2.5 units Exonuclease I
(United States Biochemical) were incubated at 37� for 1 hr
and at 80� for 20 min. The equivalent of 1 ml unprocessed PCR
product was used as template in a standard 5-ml sequencing
reaction containing 1 ml BigDye, version 3.1 (Applied Biosystems,
Foster City, CA), 0.5 ml ‘‘53 Sequencing Buffer’’ (Applied Bio-
systems), and 1.6 pmol sequencing primer (‘‘scute-seqUTR,’’ sup-
plemental Table 1 at http://www.genetics.org/supplemental/),
cycled according to the manufacturer’s instructions.

Purging D. simulans: The wild populations SV96 and NV01
are potentially subject to contamination with D. simulans
individuals. Probable D. simulans individuals were identified
and removed from further consideration through methods
previously described: 4 females and 2 males were identified in
NV01 by clustering with the genotypes (at 2001 SNPs) of
known D. simulans individuals (Macdonald et al. 2005a); 168
females and 72 males from SV96 could not be positively
identified as having the D. melanogaster allele in a PCR length
difference assay (Genissel et al. 2004).

Haplotype estimation: For outbred males, haplotypes were
determined directly from hemizygous genotype data. Among
the 2596 outbred males successfully genotyped for the three
markers, all but one belong to one of four common haplotypic
classes (eight haplotypes expected under linkage equilibrium).
Under the assumption that the male chromosomes represent all
possible common haplotype configurations, nearly all outbred
female diploid genotypes (2260 of 2286) could be determinis-
tically decomposed into two constituent haplotypes.

Statistical analyses: All statistical tests were performed using
the R statistical programming language (http://www.r-project.
org). Each set of analyses was performed separately for each
population, bristle character, and sex, except when testing
population–genotype interactions.

Hardy–Weinberg equilibrium: We tested for Hardy–Weinberg
genotype proportions using whole-population allele frequen-
cies to calculate expected genotype frequencies in females. We
used a x2-test with 1 d.f.

Genotype–phenotype associations: The average effect of an
allelic substitution (a) is estimated by the difference between
allelic classes (hemizygous males) or the slope of a regression
model (outbred females). In contrast, in the isogenic lines
(including previously published results), the simple difference
between (homozygous) classes estimates 2a for females. In all
tables, figures, and text we present estimates of a, standardiz-
ing calculated effects and standard errors by halving where
necessary.

For outbred females when the number of rare homozygotes
was less than five, and for outbred males, we used Student’s
t-test [t.test() function in R, unpaired and two tailed, using
separate variance estimations for each group and the Welch
modification to degrees of freedom] to test for phenotypic
differences between two genotypic classes. Otherwise (for
outbred females) we tested for difference among the three
genotypic classes by regressing the phenotype (y-axis) on the
number of copies of the rarer allele (zero, one, or two copies,
x-axis). An arbitrary dominance term was added to the additive
regression by including an additional predictor that takes on a
value of one if the female is a heterozygote and a zero
otherwise. Confidence intervals (95%) on effect sizes were
computed as the effect 61.96 times the standard error on the
estimated effect.

An association with each phenotype was evaluated in the
NIL data using the nested model Yijkl ¼ m 1 Gl 1 LkðGl Þ1
VjðLkðGl ÞÞ1 ei , where Yijkl is the number of bristles of the ith
individual of the jth replicate Vial of the kth Line with lth
Genotypic value. Gl is a fixed effect that corresponds to the
number of copies of the rare allele (l ¼ {0, 2}).

Haplotype–phenotype associations: For individuals who were
successfully genotyped for all three polymorphisms, so that
haplotypes are known for males or inferred for females, we
tested for haplotype/bristle number associations using the
model Yi ¼ m 1

P
j hij 1 ei , where Yi is the number of bristles

for the ith individual and hij is the number of copies of the jth
haplotype harbored by the ith individual ( j ¼ {1, 2, 3, 4}). In
males this model amounts to a one-way ANOVA on haplotype,
whereas in females it tests the additive effect of haplotypes on
phenotypic variation. We did not fit a haplotype model
including dominance to the female data as it would involve
estimating six dominance terms.

Model comparisons: We assessed the significance of some linear
model terms (e.g., population–genotype interaction, an addi-
tional polymorphism, etc.) by comparing a full to a reduced
model. The test statistic F ¼ SSresid;reduced � SSresid;fullð Þ=ð
d:f :resid;reduced � d:f :resid;fullð ÞÞ= SSresid;fullð Þ=d:f :resid;fullð Þ is distrib-

uted F d:f :;reduced�d:f :;fullð Þ; d:f :;total;fullð Þ under the null hypothesis
of no significant difference between models.

RESULTS

Phenotypic diversity: Means and standard deviations
for bristle phenotypes from the three outbred popula-
tions are summarized in Table 1. Phenotypic measures
for the two wild populations have been previously
reported (Genissel et al. 2004; Macdonald and Long

2004, Macdonald et al. 2005a). The additional pop-
ulations presented were all raised in the laboratory.
Contrasting the two ‘‘environments,’’ it appears that our
laboratory conditions have no specific fixed effect on
phenotype. Rather, either the environments seen by the
flies are a random effect or the heterogeneity between
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sampled populations overwhelms any environmental
signal.

Genotypic diversity: The three polymorphisms ex-
amined in this study are all length polymorphisms
in which the shorter allele is more frequent. MC22 is
97 bp 39 of the scute transcript’s polyadenylation signal.
In Release 4.3 of the D. melanogaster genome, the com-
mon allele ‘‘MC22�’’ matches positions 254401–254408
(GCCTTGCA), while the MC221 allele substitutes the
sequence TATAACGCATTCCGCGT. An alignment of
the region from D. melanogaster, D. simulans, and D. sechellia
suggests that MC221 (the rarer allele) is ancestral,
although multiple mutations are needed to fully explain
the alignment (data not shown). However, for ‘‘MC21’’
the rarer allele appears to be derived. About 175 bp
from MC22, the MC211 allele is a simple insertion of
the sequence ATGTCAAATGTCA at genome position
254583. The third polymorphism we examined is a
particular instance of a transpac element at genome
position 308419 (we refer to this insertion polymor-
phism as ‘‘Transpac,’’ equivalent to ‘‘InR’’ in Long et al.
2000). Relative to the D. simulans and D. sechellia
genomes, the insertion allele Transpac1 appears to be
derived. In the sequenced D. melanogaster genome, the
insertion would be �42 kb downstream of l’scute, 9 kb
upstream of asense, and �15 kb upstream of pepsinogen-
like (the only other gene between l’sc and ase, tran-
scribed in the opposite orientation). Although vast
tracts of regulatory DNA exist in ASC (Campuzano

et al. 1985), VISTA plots (http://pipeline.lbl.gov/cgi-bin/
gateway2?bg¼dm1) comparing sequence similarity be-
tween D. melanogaster and distantly related Drosophila do
not show marked conservation in the regions containing
MC22, MC21, or Transpac.

Allele frequencies are clearly very similar between the
two wild populations, although they are evidently quite
different in IV04 and the NILs (Table 1). Unlike the wild
populations, in which we observe four common hap-
lotypes, in IV04 we observe only two haplotypes total,

with a single haplotype (MC22�, MC21�, Transpac�)
accounting for �95% of all chromosomes observed.
The NILs represent collections of wild genotypes, and
pooling them with two previous studies (Martı́n-Campos

et al. 1992; Long et al. 2000) is anecdotally suggestive of
geographic differences in MC22 and MC21 frequency.
However, note that W1 and W3 were collected in the same
orchard (different times of year), yet the frequency of
MC221 is 0.111 in W1 and 0.267 in W3. Therefore a
detailed and comprehensive survey will be needed to
legitimately assign frequency differences to season, geog-
raphy, or sampling error.

The tip of the D. melanogaster X chromosome has
a greatly reduced crossover rate relative to physical
distance when compared to the remainder of the Dro-
sophila genome, and thus linkage disequilibrium (LD)
extends over large physical distances in this region
(Aguadé et al. 1989). In this study we observe only three
gametic types involving MC22 and either Transpac
(Transpac1 is seen only on the MC221 background)
or MC21 (MC211 is seen only on the MC22� back-
ground); hence there is no evidence forhistorical recom-
bination events separating these markers. This contrasts
with Long et al.’s (2000) description of two MC22/
Transpac recombinant chromosomes. We speculate that
Long et al.’s (2000) recombinants likely represent ge-
notyping errors (Transpac’s status was inferred using
relatively crude Southern blots), and those errors per-
haps colored the interpretation of genotype–phenotype
associations in the region.

Departure from Hardy–Weinberg Equilibrium: In
wild populations SV96 and NV01, we note several
significant departures from Hardy–Weinberg propor-
tions in females (SV96, PMC21¼ 0.017, PTranspac¼ 0.016;
NV01, PMC22 ¼ 0.011). In all cases (including non-
significant tests) there appears to be a slight excess of
heterozygotes. Although our tests for departure from
Hardy–Weinberg equilibrium (HWE) are highly signif-
icant, it is unlikely they would have achieved statistical

TABLE 1

Mean and standard deviations of population data

SV96 NV01 IV04 W1 W3 WE

Average bristle no.
Male ABN 16.6 (2.44) 15.7 (2.34) 17.2 (2.08) 16.1 (1.61) 17.0 (2.39) 16.0 (1.73)
Male SBN 16.8 (2.09) 16.7 (2.16) 17.6 (1.64) 18.1 (2.34) 17.4 (2.27) 18.1 (2.16)
Female ABN 18.2 (2.68) 18.2 (2.76) 20.2 (2.61) 17.1 (2.65) 17.8 (3.53) 17.0 (3.06)
Female SBN 17.1 (2.09) 17.3 (2.19) 18.6 (1.63) 18.9 (2.35) 18.4 (2.19) 19.0 (2.32)

Minor allele frequency
MC22 0.266 0.256 0.0547 0.111 0.267 0.415
MC21 0.291 0.315 — 0.386 0.386 0.171
Transpac 0.110 0.0834 0.0553 0.0417 0.0667 0.097

Na 2580 2784 2836 48 45 41

a Total number of wild chromosomes in each genotyped panel (two per outbred female, one per outbred male or NIL).
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significance if the study had employed a more modest
sample of wild individuals (Macdonald et al. 2005b).
An excess of heterozygotes is not a pattern commonly
observed with this genotyping method (on balance, ‘‘no
calls’’ generally cause a slight deficit of heterozygotes).
There is also no evidence for any sort of systematic
genotyping error. For these reasons we do not believe
the observed departure from HWE is due to methodo-
logical error. We note that tests for phenotype–genotype
associations are not affected by departures from HWE
as long as genotypes are correct.

MC22 genotype–phenotype associations: Previous
work (Long et al. 2000) detected a significant asso-
ciation between MC22 and SBN in both males and
females, an association between Transpac and ABN in
females, and a sex-by-genotype interaction between
MC21 and ABN. To ascertain if these associations rep-
licate in large outbred populations and in a set of NILs,
we regressed bristle phenotypes on genotypes at these
three markers. Surprisingly, associations were highly
dependent on the population examined.

In the SV96 population, MC221 is associated with a
reduction of bristle number for both ABN and SBN in
both males and females (ABN, Pmale ¼ 0.003, Pfemale ¼
0.011; SBN, Pmale ¼ 0.0002, Pfemale ¼ 0.001). Figure 1
demonstrates similarities between Long et al. (2000)
and the SV96 wild population by replicating the
association between MC22 and SBN, with SV96 being
additionally significant for ABN. However, results are
different in the other populations. In the IV04 sample
we observe MC22 to be significantly (P ¼ 0.001)
associated with female SBN, but with effects in the opposite
direction from that predicted by previous studies. A
similar nonsignificant (P ¼ 0.081) trend is apparent
for male SBN. However, in a second wild-caught
population, NV01, there is no apparent association
between MC22 and bristle number variation. (Regard-
less of population or trait, arbitrary dominance terms
were never significant, P . 0.09.)

For the two wild populations, linear models testing
for an interaction between MC22 and population of
origin are nominally significant for both male ABN
and SBN (P ¼ 0.038 and P ¼ 0.010, respectively). This
suggests that observed differences in male bristle
number effects at MC22 are biological in origin and
not simply due to chance. Whereas, for female ABN and
SBN there is no significant interaction between wild
population of origin and MC22 genotype (P ¼ 0.474
and P¼ 0.074). When all three outbred populations are
considered, SBN shows significant MC22-by-population
interactions (Pmale ¼ 0.001 and Pfemale ¼ 0.0003), but
ABN does not (Pmale ¼ 0.097 and Pfemale ¼ 0.726).

We also sought to replicate associations in a moder-
ately sized panel of 134 NILs. Similar to our NV01
collection of outbred flies, the entire panel of NILs
also showed no convincing association between bristle
number and genotype of any of the ASC loci examined,
with the marginal exception of a nominal association
between Transpac and female ABN (P ¼ 0.043). These
lines were collected in two localities (California and
North Carolina) and at different times of year; addi-
tionally, they have different allele frequencies (Table 1).
Therefore we analyzed the Californian collections
(W1 1 W3, �90 lines), as well as each individual collec-
tion (.40 lines each) separately. MC22 is not associated
with any bristle phenotype in the subpopulations. There
are four marginally significant associations between
bristle phenotypes and MC21 or Transpac, similar in
direction and magnitude to those observed in our SV96
or by Long et al. (2000). However, they are all based on
extremely small representation (2, 4, or 7 lines) of the
minor allele class, and none were consistent over mul-
tiple NIL collections.

Testing associations between ASC haplotypes and
bristle number phenotypes: With three polymorphisms
in strong LD, each suggestive of a phenotypic effect in
SV96, two scenarios deserved investigation: either the
haplotype defined by the markers has a phenotypic

Figure 1.—Estimated effects of markers on bristle phenotypes in outbred populations. Allelic effects, a, are shown in terms of
the change in bristle number if a rare allele were substituted for a common allele, grouped by polymorphism: (A) MC22, (B)
MC21, (C) Transpac. Error bars indicate 95% confidence intervals on the mean; nonoverlap with 0 indicates nominal significance.
Dashed rectangles show the effects of the alleles observed by Long et al. (2000) in chromosome extraction lines (centerline, mean;
top and bottom edge, 61.96 3 SEM).
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consequence or all polymorphisms are providing evi-
dence of an identical effect through LD with each other
or with an untyped causal polymorphism. In our out-
bred populations, an inspection of Transpac’s ‘‘effects’’
(Figure 1C) reveals striking similarities to MC22 (Figure
1A), although with generally less-significant statistical
support. Also, the measured effect of MC211 in SV96
is an increase in bristle number (Figure 1B). Both of
these observations are in accord with the coupling of
Transpac1 with MC221 and the repulsion between
MC211 and MC221. Therefore, we wished to deter-
mine if MC21 and Transpac have effects on bristle
number independent of the effects associated with
MC22 in SV96 and NV01. (This is not possible in IV04,
as MC21 is not polymorphic, and the pair of loci MC22
and Transpac are completely associated; i.e., R2 ¼ 1.) To
this end, we fit a linear model of MC22’s effect on each
phenotype in each population, as well as a slightly more
complex model that additionally included a term for an
effect of MC21 or Transpac. At P , 0.05, in no case did
the model with an additional locus result in a signifi-
cantly better fit to the data in either wild population. We
also performed association analyses focusing on three-
locus haplotypes. Figure 2 shows the outbred popula-
tions’ phenotypic effects associated with the four
common haplotypic classes at ASC. Even for phenotypes
where haplotype is nominally significant (SV96, all
traits; IV04, female SBN), inspection of pairs of haplo-
types that differ only by Transpac (i.e., 1�� vs. 1�1)

or by MC21 (i.e., � � � vs. � 1 �) does not reveal
significant differences. Thus analyses at the level of
haplotypes confirm analyses at the level of single mark-
ers: the marker state at MC22 is sufficient to explain any
and all associations between genotype and phenotype
observed at ASC. Finally, in the panel of NILs, no sig-
nificant effects of haplotype on bristle phenotype were
observed in either the concatenated data set or the
separate collections.

We tested for the presence of a population–haplotype
interaction by concatenating the two outbred wild
data sets and reanalyzing. No trait was significantly af-
fected by the interaction term. It is worth noting that
when SV96 and NV01 were analyzed together, the main
effect of haplotype on bristle phenotype was always
nonsignificant.

DISCUSSION

We have characterized the impact of three sites,
observed to be associated with bristle number variation
in prior studies (Long et al. 2000), with bristle number
variation in three large outbred panels of Drosophila
and a moderately sized panel of NILs. Bristle number, in
addition to being a classic quantitative model system,
is one of just a handful of traits that has proved quick
and reliable to measure in large numbers of wild organ-
isms regardless of their age or size, thereby making

Figure 2.—Phenotypic estimates of haplotype classes in outbred populations. Haplotypes are ordered in terms of frequency in
wild populations (allele counts given inside the bars). Each haplotype is defined by the absence (‘‘�’’) or presence (‘‘1’’) of the
insertion allele, in the genomic order MC22, MC21, Transpac. Error bars indicate 95% confidence intervals (61:96 3 SEM).
Significant differences among haplotypes have the associated P-value displayed (for purposes of analysis in IV04, the lone
rare-homozygote female was excluded). The top axis plots male phenotypes and the bottom axis plots female phenotypes (scale
is halved because each actual female is composed of two alleles). (A) Abdominal bristle number; (B) sternopleural bristle number.
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it amenable to this varied array of association study
strategies.

In this study, our paradigm for authenticating an
effect of variant on phenotype was that of repeatability
in additional populations. This is the most widely appli-
cable stratagem, as it can be applied to any organism
and is the most straightforward means of observing
genetic effects in natural environments. Another advan-
tage will be increasingly obvious as whole-genome asso-
ciation studies become realistic: repeating such studies
will address the association or nonassociation of many
polymorphisms simultaneously. The repeatability para-
digm’s shortcomings are most apparent in instances of
failure to replicate, as the comparison provides no ex-
perimental explanations but ample room for specula-
tion. There are other options in model organisms. In
Drosophila, crosses of putative variants into various
genetic backgrounds have been used to verify associa-
tions from inbred lines, although at least one group
specifically notes that resampling large oubred popula-
tions would have been more efficient (Palsson et al.
2005). It has long been possible to insert genes at
random positions in the Drosophila genome, and with
sufficient replication this has been used to dissect
quantitative traits, such as the classical effects of Alcohol
dehydrogenase alleles (Stam and Laurie 1996). More-
over, the field of Drosophila quantitative genetics is on
the edge of having access to genetic manipulation of
single endogenous nucleotides, such as that performed
at the desaturase2 gene (Greenberg et al. 2003). How-
ever, even this method is potentially subject to contro-
versy, as some have claimed that the effect of desaturase2
on cold tolerance and sexual isolation cannot be
repeated in the manipulated lines (Coyne and Elwyn

2006). This controversy reminds us that technical ad-
vances do not substitute for robust controls and repli-
cation (particularly over many genetic backgrounds)
in all evolutionary genetics experiments. In any case,
genetic manipulations as a whole are inherently con-
ducted gene-by-gene and are likely to remain labor
intensive for the foreseeable future.

In the present study, all three polymorphisms are
located in the ASC complex, which contains the pro-
neural genes achaete (ac), scute (sc), lethal of scute (l’sc),
and asense (ase). In particular, the expression of ac and sc
specifies bristle placement (Simpson 1990). Although
no specific biochemical consequence has been assigned
to these natural alleles, previous work on this complex
has found that bristle number is associated with natural
variation at small indels at intermediate frequency
(Long et al. 2000) and with transposable element in-
sertions at both low and intermediate frequency
(Mackay and Langley 1990; Long et al. 2000).

Our modern genotyping technology and large sam-
ple sizes lead us to conclude that the natural variants we
genotype at ASC are in complete LD (D9 ¼ 1), having
never been separated by recombination. Therefore

associations between each polymorphism and bristle
phenotypes are not independent. For this reason we
consider only MC22 in subsequent discussion because it
shows the strongest association with bristle number
variation. We observed a general concordance between
the inbred/laboratory study of Long et al. (2000) and
the outbred/wild population SV96, having observed
association between MC22 and SBN in both studies.
However, our additional (nearly isogenic) laboratory
panel as well as another wild population does not show
associations between bristle phenotypes and this locus.
Finally, the outbred/laboratory population IV04 shows
significant associations but in the opposite direction
from other types of cohorts.

We think it unlikely that detecting a robust, signifi-
cant effect of MC22 on SBN would occur spuriously
using two different experimental strategies on genetic
material collected thousands of miles apart (SV96 here
and that in Long et al. 2000), although false-positive
associations at P , 0.0013 in one of three replicate
follow-up populations remain a formal possibility. Left
unexplained is why associations between genotype and
phenotype are not always present (or if present, not
always detected), even when levels of genotypic and
phenotypic variation appear similar. As they pertain to
these data, we explore the concepts of LD, sampling
variation, genotype–environment interaction, and epis-
tasis (see also a comprehensive review of bristle genetics
in Mackay and Lyman 2005).

Linkage disequilibrium: In the process of conducting
these studies, we collected genotype data from thou-
sands of outbred flies, about half of which are hemi-
zygous males. In all these data, no evidence for historical
recombination between markers was detected, in spite
of MC22 and Transpac being 50 kb apart. This is perhaps
expected given the low levels of crossover in this region
(Aguadé et al. 1989), but it also suggests that previously
observed associations between bristle number variation
and various polymorphisms in ASC may be explained by
LD with an ungenotyped polymorphism. Unfortunately,
we have not proved that MC22 is the causal site, and the
prospects of this are particularly daunting given the
region’s LD. It is likely that there are additional sites
strongly associated with MC22, any of which are equally
good a priori candidate quantitative trait nucleotides
(QTNs).

Might a breakdown in association between markers
typed in this study and an untyped causative SNP be
responsible for our variable associations with pheno-
type? For at least two sites we have identified, the answer
is no. An attractive site in the 39-UTR of the sc transcript
is completely associated with MC22 in samplings of both
the (significant) SV96 and (nonsignificant) NV01 pop-
ulation (data not shown). The disequilibrium between
MC22 and a SNP �150 bp from the Transpac insertion
was also equally strong in both wild populations (R 2 ¼
0.88; data not shown). However, as long as any common
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polymorphisms in the region remain unknown and
ungenotyped, they remain a possible explanation for
any associations.

An additional consequence of the low recombination
rate at the tip of the X chromosome is that large physical
stretches of DNA sequence can ‘‘hitchhike’’ on the
background of a selected allele. Our IV04 collection
comes from the Ives laboratory population, which has
undergone a consistent but unnatural selection regime
for hundreds of generations and probably differs in its
genetic history from typical wild populations in other,
unknown ways. Our results demonstrate that ‘‘outbred/
laboratory’’ populations are not necessarily a panacea to
resolving the hazards of association studies of wild
individuals. One possibility is that the unusual haplo-
type spectrum we observe, as well as the ‘‘backward’’
association between MC22 and bristle number, could
both be explained by a sweep (the result of a laboratory
selective pressure) that randomly associates MC22 with
another bristle QTN of larger, opposite effect. Allele
frequencies for autosomal SNPs in IV04 do not show
such extreme frequency differences (data not shown),
suggesting that demographic effects such as a bottle-
neck are implausible.

Sampling variation: SV96 and NV01, which are
similar at the levels of geography, environment, ASC
genotype spectrum/LD, and bristle number variation,
differ in whether they replicate the original associations

between bristle phenotypes and MC22 (Long et al.
2000). Figure 3 compares the MC22 effect estimates
across all ASC association studies. It is striking that the
large majority of studies are biased toward a negative
estimate of a, even when nonsignificant. A potential
nonbiological explanation of these results is that our
significant associations overestimate (and nonsignifi-
cant associations underestimate) the true effect of
MC22. If the IV04 population is set aside because of
its unique ASC haplotype frequencies, confidence in-
tervals of all other studies do overlap, reminiscent of
the human PPARg studies in which a metaanalysis con-
cludes that a true association exists for the polymor-
phism, albeit with a much smaller effect size than the
initial study indicated (Altshuler et al. 2000). Power
analysis on the SV96 and NV01 populations shows 90%
power to detect an effect as small as 0.38 sternopleural
bristles (Macdonald and Long 2004), but if the true
effect is smaller, power is sharply reduced (see Figure 2
of Macdonald and Long 2004).

Although it can be argued that all the populations are
consistent with a single small effect on bristle number,
such a hypothesis is inconsistent with the observation
that male phenotypes from the two outbred/wild
populations display a significant population–genotype
interaction. Although a significant but artifactual
population–genotype interaction could be expected if
one of the populations had served to initially ascertain

Figure 3.—Compiled estimates of
MC22’s effect on bristle number pheno-
types. Plotted are estimates of a, the av-
erage effect of substituting a rare allele
MC221 in the place of the common al-
lele MC22�, from the literature (Long

et al. 2000) and our association study
panels. Error bars indicate 95% confi-
dence intervals. Each section surveys a
different number of wild chromosomes,
and the height of each bar is propor-
tional to square root of this number.
Open bars are outbred populations, in
which every female contributes two wild
chromosomes to the overall panel.
Shaded bars represent studies of iso-
genic strains; each individual pheno-
typed is homozygous, but many
individuals are phenotyped per strain.
The ‘‘Long00 WC’’ strains were isogenic
except for the whole X chromosome,
the ‘‘Long00 BC’’ strains were back-
crossed to be isogenic except for the
tip of the X chromosome (Long et al.
2000). NILs were collected from the
wild as isofemale lines and inbred by
brother–sister mating for 15–40 genera-
tions (Yang and Nuzhdin2003;Palsson

et al. 2004).
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that MC22 is associated with bristle number variation
(Beavis 1998), this does not apply here because both
wild populations were genotyped to replicate an inde-
pendent association initially obtained using isogenic
lines in the laboratory (Long et al. 2000). This suggests
that the differences observed here are biological and
not statistical in origin.

Two other studies in Drosophila have encountered
similar transitory associations, albeit when compar-
ing associations in inbred/laboratory panels outbred/
wild populations. Palsson and Gibson (2004) found a
significant association between D. melanogaster wing-
shape metrics and a SNP near Egfr, using �100 NILs in
the laboratory. A follow-up study (Dworkin et al. 2005)
found that the same allele had a significant effect in a
cohort of 871 wild-caught males. However, an extremely
important distinction made in the follow-up study was
that the effect of the allele was 10-fold weaker in the natural
cohort and the wing-shape character examined was
slightly different than it had been in the inbred lines.
Furthermore, expanded genotyping to fill in missing
data from the original study resulted in the California-
derived part of the original experiment becoming de-
cidedly nonsignificant, although the effect of the allele
was detectable in a number of other collections of ge-
netic material (Palsson et al. 2005). The other relevant
comparison is a follow-up association study on outbred/
wild samples (Macdonald and Long 2004) of a pu-
tative SBN QTN at hairy. The original, highly significant
association was identified in an inbred/laboratory study
(Robin et al. 2002). Despite ample statistical power, the
follow up failed to replicate in either of two natural
populations (SV96 and NV01, as used in this study).

In each of these examples, it is impossible to say
whether the differences in effect are a function of com-
paring inbred vs. outbred, nature vs. laboratory, or one
association study vs. another (of any kind). Unfortu-
nately, our set of studies illustrates discrepancies in
potentially all of these categories. We feel that future
experiments to rigorously test each possibility will be
consequential.

Genotype–environment interactions: The nature vs.
laboratory possibility suggests the importance of
genotype–environment interactions (GEI) for quanti-
tative traits. GEI has been demonstrated for genes and
quantitative trait loci (QTL) of many traits. Specifically,
Gurganus et al. (1998) demonstrated GEI variance for
bristle number on QTL throughout the genome. In that
study, a marker linked to the ASC region showed no
significant effect at 18� and 25�. Yet at 29�, the marker
explained more genetic variation of female ABN than
any other marker. Geiger-Thornsberry and Mackay

(2002) describe GEI (for the association between bristle
phenotypes and polymorphisms in Delta) when environ-
ments differ by media type or rearing temperature. One
potential pitfall of the previous work was that only three
representative strains per genotype were examined.

Today, no technological or economic barriers remain
that would preclude experiments that seek to describe
GEI at either Delta or the ASC in large, outbred popu-
lations reared under different conditions. The bristle
number phenotype is well suited for further study
of GEI with a phenotypic association to a molecular
marker, as larval crowding (Kearsey and Barnes 1970;
Imasheva and Bubliy 2003), temperature (Imasheva

et al. 1998), and nutrition (Imasheva et al. 1999) have
an effect on phenotypic variation for ABN and SBN and
are easily manipulated in the laboratory.

Epistasis: Although initially believed to be a trait
dominated by additive interactions, recent studies have
documented significant epistatic variation for bristle
phenotypes (Mackay and Lyman 2005). One of the first
QTL studies of bristle phenotypes using neutral genetic
markers noted a QTL in the vicinity of ASC and many
epistatic interactions among autosomal QTL, but could
not document an epistatic interaction between the
‘‘ASC’’ QTL and other sex-linked loci (Long et al. 1995).
Creating introgression panels on a grander scale, i.e.,
breeding an identical panel of natural X chromosomes
into multiple inbred backgrounds and looking for
associations, would require large but not unprece-
dented quantities of bristle counting and only trivial
amounts of genotyping. This may address the issue of
epistasis between ASC and autosomal loci. Epistatic
interactions themselves have been shown to be sensitive
to environmental factors for Drosophila life span (Leips

and Mackay 2000), so integrating different environ-
mental conditions as discussed above would also be
fruitful.

Using bristle number variation and a polymorphism
in the ASC of D. melanogaster, we show that associations
between variants and phenotypes may be difficult to
replicate in populations of different genetic makeups or
obtained from samplings at different environments.
Although there is no strong evidence that bristle num-
ber is an atypical polygenic trait (in terms of GEI or
epistasis), the ASC is an atypical genomic region and it is
possible that this would lead to aberrant patterns of
genotype–phenotype associations.

The tip of the X chromosome of D. melanogaster is
characterized by little recombination (Aguadé et al.
1989). All else being equal, a selective sweep (either due
to the fixation of a beneficial allele or due to the
elimination of a deleterious one) will affect more genes
here than in a highly recombining region. The result is
that a focal locus at the tip of the X chromosome will
experience sweeps more commonly than other regions.
In IV04, the reduced haplotype diversity and unex-
pected direction of the effects at MC22 are consistent
with a sweep scenario.

In the two wild populations, we also observe a slight
deficit of homozygotes relative to HWE. This pattern
could result from closely linked deleterious recessive
alleles. Reduced recombination implies that selection is
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less efficient at removing specific deleterious variants
(due to Muller’s ratchet), and thus strong ‘‘deleterious’’
alleles contributing to bristle number variation may
segregate at higher frequencies than elsewhere in the
genome. It is possible that our results are influenced by
transient associations with haplotypes harboring dele-
terious bristle alleles that have not yet been eliminated
by natural selection. Two previous studies did suggest
that, as a class, strains with ASC alleles harboring one or
more transposable element insertions have fewer bris-
tles than strains with insertion-free alleles (Mackay and
Langley 1990; Long et al. 2000).

We have endeavored to address whether MC22, a
strong candidate as a polymorphism having an effect on
a complex phenotype, behaves predictably in different
populations and under diverse experimental strategies.
This collection of association studies makes clear that
much remains to be understood about the relationship
between candidate loci, molecular markers, and phe-
notypic variation. As long as this is true, our under-
standing of the relationship between genetic variation
and evolution is incomplete at best and naı̈ve at worst.
Systematically altering the environmental or genomic
context of a population that shows association between
ASC genotypes and bristle number will lend consider-
able insight into the relationship between genetic and
phenotypic variation.
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