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ABSTRACT

Advances in medicine, agriculture, and an understanding of evolution depend on resolving the genetic
architecture of quantitative traits, which is challenging since variation for complex traits is caused by
multiple interacting quantitative trait loci (QTL) with small and conditional effects. Here, we show that
the key developmental gene, hairy (h), is a QTL for Drosophila sternopleural bristle number, a model
quantitative trait. Near-isoallelic lines (NIL) for the 4 gene region exhibited significant variation in bristle
number and failed to complement a hairy mutation. Sequencing 10 7% alleles from a single population
revealed 330 polymorphic sites in ~10 kb. Genotypes for 25 of these and 14 additional sites in the flanking
regions were determined for the 57 NIL and associated with variation in bristle number in four genetic
backgrounds. A highly significant association was found for a complicated insertion/deletion polymorphism
upstream of the transcription start site. This polymorphism, presentin 17.5% of the halleles, was associated
with an increase of 0.5 bristle and accounted for 31% of the genetic variance in bristle number in the NIL.

OST traits of medical, agricultural, and evolution-

ary significance vary continuously in natural pop-
ulations, due to the segregation of multiple quantitative
trait loci (QTL), with individually small effects that are
sensitive to the genetic, sexual, and external environ-
ments. Understanding the genetics of such quantitative
traits begins with a genome scan for QTL and ends with
the molecular definition of functional QTL alleles. In
recent years, the availability of dense polymorphic marker
linkage maps and robust statistical methods for estimat-
ing map positions and effects of QTL by linkage to these
markers has generated an explosion of QTL maps for
morphological, disease susceptibility, behavioral, and
fitness-related traits in multiple species (MAckAy 2001).
However, only a few QTL with large effects have been
mapped to genetic loci using traditional positional clon-
ing methodology (CORMIER et al. 1997; DOEBLEY et al.
1997; FrRARY et al. 2000; FRIDMAN ¢f al. 2000; E1-ASSAL
etal. 2001). The difficulty arises because replicated QTL
genotypes are necessary to estimate effects of QTL al-
leles; if QTL effects are small, the phenotype of a single
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individual is not a reliable indicator of the QTL geno-
type.

In model organisms for which whole-genome sequence
is available, it is possible to nominate positional candi-
date genes contained in the QTL interval and systemati-
cally test whether molecular polymorphisms in these
candidate genes are associated with the quantitative trait
phenotype (HoriGawA et al. 2000) in natural popula-
tions. However, QTL intervals can contain many posi-
tional candidate genes (Mackay 2001), some of which
clearly affect the quantitative trait phenotype, but most
of which are either of unknown function or might have
unknown pleiotropic effects on the trait. In genetic model
organisms in which controlled crosses can be made and
mutations at positional candidate genes generated,
quantitative complementation tests of QTL alleles to
mutant and wild-type alleles of candidate genes in the
QTL region can narrow the number of positional candi-
date genes targeted for such association studies (MACKAY
2001).

This strategy has the highest likelihood of success for
quantitative traits for which many candidate genes have
been defined by mutations that affect the phenotypic
expression of the trait. Numbers of abdominal and
sternopleural bristles in Drosophila are classic model
quantitative traits (MACKAY 1996), with large amounts
of naturally segregating genetic variation. Further, these
bristles are external mechanosensory organs of the pe-
ripheral nervous system (PNS), and the many genes
known to affect PNS development (CAMPOS-ORTEGA
1993; Jan and Jan 1993; KANIA el al. 1995; SALZBERG el
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al. 1997) are candidate bristle number QTL. The map
positions of bristle number QTL often include these
candidate genes (LONG et al. 1995; GURGANUS et al. 1998,
1999; NuzHDIN et al. 1999), and complementation tests
of QTL alleles to candidate gene mutations have impli-
cated several of these loci as the genes corresponding
to bristle number QTL (LoONG et al. 1996; LymaN and
Macxkay 1998; GURGANUS et al. 1999; LYMAN et al. 1999).
Subsequent association studies showed that molecular
variation at three of these genes, scabrous (LYMAN et al.
1999), Delta (LLONG et al. 1998), and the achaete-scute
complex (LONG et al. 2000), was indeed associated with
naturally occurring phenotypic variation in bristle
number.

The Drosophila gene hairy (h) encodes a basic helix-
loop-helix transcriptional repressor and exhibits a high
degree of pleiotropy (RusHLOW et al. 1989). As one of
the first zygotically expressed genes, it functions as a
pair-rule gene demarcating the first segmental bound-
aries in the developing embryo (INGHAM et al. 1985a).
As the name suggests, & also plays a role in bristle devel-
opment, with the classic mutants having supernumerary
bristles distributed across the epidermis (INGHAM et al.
1985b). The expression pattern of Hairy in the wing,
leg, and eye imaginal discs and the genetic interactions
observed between it and achaete, another helix-loop-
helix protein, suggest that A functions to regulate the
spatial pattern of PNS development (CARROLL and
WHYTE 1989). Previous studies have shown that QTL
affecting variation in bristle number map to the s gene
region (3-26.5 cM, 66D; SHRIMPTON and ROBERTSON
1988; LoNG et al. 1995; GURGANUS ¢t al. 1999) and fail to
complement 2mutations (LONG et al. 1996; GURGANUS et
al. 1999).

Here, we report the results of further tests of the
hypothesis that % is a bristle number QTL. We con-
structed a panel of near-isoallelic lines (NIL) for the A
gene region and tested the extent to which they contrib-
uted to naturally occurring variation in bristle number
and for failure to complement an # mutation. We also
conducted tests for association of molecular polymor-
phisms in the h gene region with variation in bristle
number. In outbred populations, the power to detect
associations between polymorphic molecular markers
and quantitative trait phenotypes depends on the mag-
nitude of the effect of the causal molecular variant [the
quantitative trait nucleotide (QTN)], the sample size,
and the strength of linkage disequilibrium between the
QTN and the markers used in the association test (LONG
and LANGLEY 1999; NIELSEN and WEIR 1999). If only a
subset of polymorphisms are genotyped, the optimal
spacing of markers is the physical distance correspond-
ing to the historical recombination parameter 4Nc¢ (= R)
(Hupson 1987; LoNG and LANGLEY 1999). Unfortu-
nately, Rvaries by at least an order of magnitude among
different gene regions and even within genes (Miva-
SHITA and LANGLEY 1988; AGUADE et al. 1989; Miva-

SHITA 1990; LoNG et al. 1998, 2000) and cannot be
predicted in advance. Therefore, we sequenced a subset
of & alleles to guide the choice of molecular markers
used in the association study.

MATERIALS AND METHODS

Drosophila stocks: Fifty-seven isogenic third chromosomes,
derived from independent isofemale lines collected from Ra-
leigh, North Carolina, were substituted into the Samarkand
(Sam) homozygous genetic background (LyMAN and MACKAY
1998).

An allele of hairy (h') was introgressed into Sam by 20 genera-
tions of backcrossing. After the initial cross of the Sam and 7'
stocks (GO0), Sam/h' males and females were mated inler se
(G1). A" homozygous males from this cross were backcrossed
to Sam females (G2). Gl and G2 crosses were repeated 19
more times, after which the backcross stock Sam; h' (BC20)
was established.

Two independent % region NIL were constructed for each
of the chromosome substitution lines by 10 generations of
backcrossing females heterozygous for the wild (+) and A'
(BC20) chromosomes to Sam; k' (BC20) males. Homozygous
NIL were derived by crossing Sam; TM6B, k' D’/h' females
to +/h (BC20) males at G11; mating Sam; TM6B, h' D’/ +
females and males inter seat G12; and eliminating the balancer
chromosome at G13.

All stocks were maintained on cornmeal-agar-molasses me-
dium at 25°.

Bristle number phenotypes: Abdominal and sternopleural
bristle numbers were scored as previously described (LymaN
and MAckAyY 1998) in four genetic backgrounds: (i) homozy-
gous chromosome 3 substitution lines; (ii) homozygous A re-
gion NIL; (iii) A region NIL as heterozygotes against Sam; A'
(BC20); (iv) hregion NIL as heterozygotes against Sam. Both
bristle traits were recorded on 10 males and 10 females from
each of two replicate vials per line (or per replicate NIL).

hairysequence: DNA sequence data were obtained for 10 kb
including the Zairy gene for 10 of the homozygous D. melano-
gaster alleles and one D. simulans allele. PCR primers were
designed to amplify partially overlapping 2- to 3.5-kb segments
of the hairy gene region. Several 50-pl reactions from each
primer pair were pooled for each line to minimize the contri-
bution of polymerase errors to sequence variation and purified
using Qiaquick columns (QIAGEN, Valencia, CA). PCR prod-
ucts were sequenced directly from both strands with internal
primers and ABI big dye terminator chemistry. Sequence qual-
ity was assessed using PhredPhrap software (EWING et al. 1998).
Sequences were aligned using Macvector and VectorNTI pro-
grams. Chromatograms were checked for singleton polymor-
phic sites and manually edited where necessary.

Polymorphism genotyping: Restriction map polymorphism
in a 29-kb region including the % locus was evaluated using
three 6-base-cutter restriction enzymes (EcoRI, HindIIl, BamHI),
exactly as described previously (LONG et al. 1998). A total of
25 polymorphic sites at intermediate frequency in the sample
of 10 sequenced alleles was genotyped for the remaining 47
alleles by three methods.

The genotypes of 23 polymorphic sites were determined
by pyrosequencing, a “sequence by synthesis” technique that
monitors the release of pyrophosphate via a light-producing
enzyme cascade (RONAGHI el al. 1998). Pyrosequencing was
performed on a PSQ96 Pyrosequencer using reagents and
protocols supplied by Pyrosequencing AB. The distribution
of polymorphisms at # was such that multiple sites could often
be scored in a single pyrosequencing reaction extending up
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TABLE 1

Analysis of variance of bristle number for chromosome 3 substitution lines

Sternopleural bristles

Abdominal bristles

Source® d.f. MS F o MS F o’

S 1 27.2 4.38%* Fixed 2834 13(Hk* Fixed
L 56 229 29.6%*** 5.53 141 6.307F**% 2.97
SX L 56 6.21 1.55% 0.11 21.8 5.48%*H* 0.89
V(L) 57 5.53 1.38 (NS) 0.08 4.62 1.16 (NS) 0.03
S X VI 57 4.00 1.32 (NS) 0.10 3.97 1.05 (NS) 0.02
Error 2279 3.03 3.03 3.78 3.78

#REE P < (0.0001; *0.01 < P < 0.05; NS, P> 0.05.

“See text for explanation.
"Variance component.

to 27 nucleotides from the sequencing primer, designed to
anneal 1-5 bases from the first polymorphic site.

Genotypes of marker AG646-7GC were determined by allele-
specific PCR. Two primers were designed such that the 3’
base corresponded to the alternate polymorphic states. One
primer was synthesized with 12 random nucleotides at the 5’
end. These primers were used in a PCR reaction including a
reverse primer that bound to the complementary strand 201
bp away at 58°. The allelic state of the product was determined
by electrophoresis on a 3% Metaphor gel.

The genotype of C8591T was scored by digesting PCR products
with SoFI and assaying for digestion on a 1.8% agarose gel.

Data analysis: Quantitative genetic variation in bristle num-
ber for each of the four genotypes, as well as quantitative
complementation of 4 region NIL to mutant and wild-type
h alleles, was assessed by mixed-model analyses of variance
(ANOVA). The model for partitioning the variance in bristle
number for the whole chromosome 3 substitution lines was
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Ficure 1.—Distributions of bristle number line means. (a)
Sternopleural bristle number, homozygous chromosome 3
substitution lines. (b) Sternopleural bristle number, -2 NIL.
(c) Abdominal bristle number, homozygous chromosome 3
substitution lines. (d) Abdominal bristle number, 2 NIL.

Y=pn+L+S+LXS+ VL) + SX V(L) + error, where
Land Sare, respectively, the cross-classified random and fixed
effects of line and sex, Vis replicate vial, and parentheses
indicate nested effects. The ANOVA models for homozygous
h NIL and crosses of the NIL to wild-type and mutant £ alleles
were Y=p+ L+ S+ LXS+ R(L)+ SXR(L)+ V(LX
BC) + § X V(L X BC) + error, where R denotes the two
replicate NIL per original chromosome substitution line. The
model for the complementation test included cross (C) as an
additional fixed factorial effect: Y = pw + C+ S+ CX S+
L+ CXL+SXL+S8SXCXL+RWL) +CXRL)+ SX
R(L)y + CX SX RWL) + (CXLXR +8X V(CX LX
R) + Error.

Estimates of 6 (WATTERSON 1975) and m (NEI and TAjIMA
1981) and tests for departure from neutrality (HUDSON et al.
1987; Tajima 1989; McDoNaLD and KrRerrManN 1991) were
applied to the DNA sequence data using DnaSP software
(Rozas and Rozas 1999). Significance of pairwise linkage
disequilibria was determined using Fisher’s exact test. Hud-
son’s estimator (Hupson 1987) of the historical recombina-
tion parameter, R, was computed using DnaSP.

Associations between molecular polymorphisms and bristle
phenotypes were assessed by three-way factorial ANOVA of
line means, according to the model Y= + M+ G+ S+
MX G+ MXS+ GX S+ MX GX S+ Error, where M,
G, and S denote the fixed effects of molecular marker allele,
background genotype, and sex, respectively. Reduced models
were also run to test marker associations within each genotype.

All ANOVAs and Fratio tests of significance were computed
using SAS software.

RESULTS AND DISCUSSION

Quantitative genetic analyses: We extracted 57 third
chromosomes from the Raleigh population and substi-
tuted them into the highly inbred Sam background.
There was highly significant variation among lines for
both bristle traits (Table 1, Figure 1). Assuming random
mating, the genetic variance (V;) for bristle number is
estimated by 07/2 + 0%, where of and o3, are, respec-
tively, the among-line and sex X line variance compo-
nents (LymMaN and MAckay 1998). The heritability (4?)
attributable to segregation of third chromosome bristle
number QTLis V/[ Vo + V&], where V4, the environmen-
tal variance, is estimated by the within-line variance com-
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TABLE 2

Analysis of variance of bristle number for 7 NIL

Sternopleural bristles

Abdominal bristles

Source’ d.f. MS F o2t MS F o

S 1 112 20, Tskksk Fixed 3717 477 Gtk Fixed
L 56 49.4 4.06%*** 0.48 50.3 2.07%* 0.33
SX L 56 3.83 1.15 (NS) 0.01 7.95 1.00 (NS) 0.00
R(L) 55 11.7 2. 18%%* 0.16 24.2 2.65FHx* 0.39
S X R(L) 55 3.33 1.17% 0.07 7.94 Q 47wk 0.24
V(R X L) 110 4.02 2.0 2% *%* 0.10 4.42 1.87% 0.06
SX V(R X L) 110 1.99 0.98 (NS) 0.00 3.91 0.94 (NS) 0.00
Error 3985 2.02 2.02 3.41 3.41

waak P < 0.0001; ##%0.0001 < P < 0.001; #%0.001 < P < 0.01; *0.01 < P < 0.05; NS, P> 0.05.

“ See text for explanation.
! Variance component.

ponent (o}). Estimates of these parameters were similar
for the two bristle traits: For sternopleural bristle num-
ber, V; = 2.88 and #* = 0.47; for abdominal bristle
number V; = 2.37 and #* = 0.39.

The extent to which variation in the A gene region
contributed to segregating variation in bristle number
was assessed by constructing two independent NIL for
each of the wild-derived #Z alleles. The NILs are expected
to differ only in the 20 ¢cM encompassing & (7% of
the genome, 18% of the third chromosome; CROw and
Kimura 1970). There was highly significant variation in
sternopleural and abdominal bristle number among the
NIL (Table 2, Figure 1). The proportion of the total
third chromosome genetic variance attributable to the
h gene region (estimated by the ratio of the among-line
variance component for the 4 NIL to the among-line
variance of the whole chromosome) was 8.7% for stern-
opleural bristle number and 7.0% for abdominal bristle
number. The % gene region did not contribute to sex-
specific variation in abdominal bristle number. These
data confirm earlier results that mapped bristle number
QTL to this region (LONG et al. 1995; GURGANUS et al.
1998, 1999; NUuzZHDIN et al. 1999).

To evaluate the contribution of % to the variation
among lines, we crossed each NIL to A', which had been
introgressed by 20 generations of backcrossing into Sam,
and to Sam, containing a wild-type % allele. The NIL
failed to complement 7% for sternopleural, but not ab-
dominal, bristle number (Table 3). This is also con-
sistent with previous complementation tests showing
failure of high and low selected chromosomes to com-
plement & alleles for sternopleural, but not abdominal,
bristle number (LLONG et al. 1996; GURGANUS et al. 1999).
Failure to complement indicates a genetic interaction
between the sternopleural bristle number QTL and 4,
but cannot discriminate whether the interaction is al-
lelic or epistatic. Association studies can provide corrob-
orating evidence that /4 is a bristle number QTL.

Molecular population genetics of h: We sequenced

10.08 kb, including the /4 transcription unit from 10
Drosophila melanogaster alleles from the Raleigh popula-
tion and one D. simulans allele. h is highly polymorphic
within D. melanogaster. We observed 279 single-nucleo-
tide polymorphisms (SNPs) and 51 length variants (in-
dels) in the sample of 10 alleles; 158 SNPs and 23 indels
were shared by two or more lines. Estimates of nucleo-
tide diversity based on the number of segregating sites
(6, WATTERSON 1975) and the average number of nucle-
otide differences between pairs of sites (m, NEI and
Tajima 1981) were, respectively, 0.01022 and 0.01016 =
0.00087 (SD).

Three of the alleles were nearly identical, with only
two nucleotides different between them in the 10 kb
sequenced (Figure 2B). The three alleles that shared
the “10-kb haplotype” had 13 polymorphic sites that
distinguished them from the other sequences, and com-
parison with the D. simulans allele suggests all 13 are
derived in the 10-kb haplotype lineage. One of these
polymorphic sites was the only amino acid polymor-
phism observed in the sample—an alanine/serine poly-
morphism at position 5410 of the aligned sequence
(Figure 2B). Given the number of segregating sites in
the sample and the degree of recombination observed
(see below), simulations indicate that this partitioning
of the variation among alleles is unlikely under a neutral
model (P < 0.03; HUDSON et al. 1994) and suggest that
these alleles may have recently risen to high frequency
in this population. Of course, rejection of the null hy-
pothesis does not imply selection as the cause of the
increase in frequency of the 10-kb haplotype; recent
admixture could also account for this pattern.

Application of several other tests of selection failed to
detect any other significant departures from neutrality.
The sequence of the D. simulans allele showed that the
distribution of 257 diverged sites (only one of which
was a replacement change) closely followed that of poly-
morphism (Figure 2C). In the coding region, D. simulans
was divergent from D. melanogaster for 1 replacement and
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TABLE 3

Quantitative complementation test

Sternopleural bristles

Abdominal bristles

Source* d.f MS F MS F

C 1 797 1] skt 919 75,6k
S 1 342 13748k 9902 1285k
CX S 1 6.69 2.55 (NS) 25.8 5.67%

L 54 31.8 2,643k 40.4 1.78%
CX L 54 7.08 1.63% 12.2 1.28 (NS)
SX L 54 2.50 1.08 (NS) 8.02 0.98 (NS)
SX CX L 54 2.62 1.53% 4.55 1.15 (NS)
R(L) 55 8.24 2.63%:* 20.3 1.62*

C X R(L) 55 3.44 1.25 (NS) 8.88 1.24 (NS)
S X R(L) 55 1.40 0.82 (NS) 7.60 1.9k
CX SX R(L) 55 1.59 0.93 (NS) 4.49 1.14 (NS)
V(C X L X R) 220 2.74 1.603%#:% 7.15 1.8skkskek
SX V(CX LXR) 220 1.71 0.98 (NS) 3.94 1.00 (NS)
Error 7920 1.75 3.94

FEEEP < 0.0001; ##%0.0001 < P < 0.001; #*%0.001 < P < 0.01; *0.01 < P < 0.05; NS, P> 0.05.

“See text for explanation.

13 synonymous substitutions, and D. melanogaster was
polymorphic at 1 replacement and 16 synonymous sites,
consistent with neutrality [Yates-corrected G= 0.37, P=
0.54 (McDoNALD and KrertManN 1991)]. The test of
HubsoN et al. (1987), which compares polymorphism
and divergence between two loci, was applied to the 5’

A RR BHBR

Al |

BH HB

LAl A |

and 3’ halves of the % sequence and failed to reject the
neutral model (x2 = 0.59, P = 0.44). Values of 6 and
w are expected to be equal under neutrality. TAJIMA’S
(1989) D statistic, which tests the significance of the
difference in the estimates of these quanitities, was
—0.027, not significantly different from zero (P> 0.1).

|
LErp L 1]

w

|=REGION SEQUENCED—=

0
abd— Oln=l

=

R =L IS N ]

VARIABLE SITES PER 100bp

FIGURE 2.—Molecular variation in the hairy
gene region. (A) Restriction map variation in a
29-kb region encompassing the h transcription
unit (black boxes below the line) and the cis ele-
ments controlling stripe expression (gray boxes
below the line; RibpiHOUGH and IsH-HorRowicz
1991). R, EcoRI; H, HindIIl (H); B, BamHI. Dele-
tion polymorphisms are shown as triangles. (B)
DNA sequences for 10.08 kb including /4 for 10
D. melanogaster alleles from the Raleigh popula-
tion (R3-X, where X designates the allele number)
and one D. simulans (D. sim) allele. Sites that
occur more than once in the D. melanogasteralleles
are shown in the form of a condensed alignment
where sites that are in the same state as R3-105
are black. (C) The distribution of nucleotide poly-
morphism within D. melanogaster (solid line) and
fixed differences between D. melanogaster and D.
simulans (dotted line) across the region se-
quenced. Polymorphism and divergence were
computed at the midpoint of adjacent 100-bp slid-
ing windows.
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hairy

F1GUrE 3.—Linkage disequilibrium in and around the Aairy gene (intron/exon structure shown by lines/solid bars) is illustrated
as a matrix of pairwise comparisons where the locations of polymorphic markers are represented graphically across the top and
numerically along the bottom left edge. Sites scored by restriction fragment length polymorphisms are shown on the top line
and are numbered with reference to transcript origin and cutter type (R = EcoRI, H = HindIll, B = BamHI). Sites detected by
sequencing are shown below the gene structure on the bottom line and are labeled such that the most common state is followed
by the position in the alignment and then the rarer state. Position 1 of the alignment corresponds to position 8,591,371 of the
3L sequence of Berkeley Drosophila Genome Project genome sequence release 2.0 (http:/www.fruitfly.org/). Note the change
in physical scale between the top and bottom lines, indicated by the solid bars. Linkage disequilibrium was assessed using Fisher’s
exact test. Pvalues (uncorrected for multiple tests) are denoted as red (P < 0.005), orange (0.005 < P < 0.01), yellow (0.01 <
P < 0.05), white (P > 0.05). Stippled diamonds indicate missing data. The shading of the circles at the top of each column
increases with the expected heterozygosity of the polymorphic site.

The estimate of R (HupsonN 1987) from the nucleo-
tide sequence data was 65.5, or 0.0066 between adjacent
base pairs in the 10.08 kb of aligned sequence; i.e.,
linkage disequilibrium (LD) is expected between sites
separated by 154 bp. We genotyped 25 SNPs and indels
spanning the 10.08 kb of aligned sequence, including
the amino acid polymorphism and two other polymor-
phic sites that differentiated the common haplotype
from the other sequences in the 47 remaining lines. In
addition, a restriction map survey of all 57 lines using
three 6-cutter restriction enzymes uncovered two restric-
tion site polymorphisms in 4.2 kb 5" of the sequenced
region and 12 polymorphisms 14 kb 3’ of the sequenced

region (Figure 2A). There was considerable LD between
the polymorphic sites in the sequenced region, consis-
tent with an average spacing of 403 bp, but not between
the more widely spaced restriction map polymorphisms
(Figure 3).

Association mapping: ANOVA was used to assess
marker associations with bristle number across all four
genetic backgrounds. Six sites were associated with varia-
tion in abdominal bristle number at nominal (0.01 <
P < 0.05) significance levels (not shown). Fourteen sites
were associated with variation in sternopleural bristle
number: 10 at 0.01 < P < 0.05, 3 at 0.01 < P < 0.001,
and 1 at P < 0.0001 (Figure 4a). However, markers
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A2185T, in2264del, A2332G, and G2341A had the same
haplotype for all 57 lines, as did SNPs G3830A and
C3839G, G5410T and A5564C, C6696T and A6710C,
and B + 13.0 and H + 13.4. Therefore, there were
only 32 different (but still partly correlated) tests for
association. With a conservative Bonferroni correction
for multiple tests, only sites with a P value of 0.00156
or less can be considered to be significant. One site
associated with variation in sternopleural bristle num-
ber, del2187in, met this criterion (F 43 = 15.84, P =
0.000081; Table 4). No further sites became significant
when this site was fixed and the ANOVAs were repeated
on residuals. Thus, consistent with the quantitative com-
plementation test results, molecular variation at 7% is
associated with sternopleural, but not abdominal, bristle
number.

2187in is a complicated insertion/SNP present in
17.5% of the alleles, where the common sequence
ATAAAAAAA has been replaced by TATACATAGTA
TAGTATATATAGT. Comparison with D. simulans shows
del2187 is the ancestral state. The presence of 2187in is
associated with an increase of 0.64 sternopleural bristles
across all genetic backgrounds, with no significant inter-
actions with genetic background or sex (Table 4). Differ-
ences of 0.54, 0.51, and 0.42 bristle between the in2187
and del2187 alleles were significant in the homozygous
NIL, NIL/ %', and NIL/ Sam genotypes, respectively; but
a difference of 1.14 bristle was not significant in the
chromosome 3 substitution lines (Table 5, Figure 4b).
The fraction of the among-line genetic variance (V;)
associated with del2187in is given by the ratio of the
variance component attributable to this marker to the
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TABLE 4

Analysis of variance of sternopleural bristle number
line means for del2187in

Source® d.f. MS F

G 3 243 187sk%

M 1 27.9 15, 8eiesksies
S 1 6.73 3.82 (NS)
GX M 3 1.77 1.00 (NS)
GXS 3 0.17 0.10 (NS)
MX S 1 0.02 0.01 (NS)
GXMXS 3 0.04 0.02 (NS)
Error 432 1.76

wEEE P < 0.0001; NS, P> 0.05.
“See text for explanation.

total W for each genotype and ranged from 12% in the
chromosome 3 substitution lines to 73% in the NIL/
Sam heterozygotes (Table 5).

We were able to detect a significant effect of ~0.5
bristle in a sample of only 57 alleles because 40 (whole
third chromosomes) to 80 (NIL and crosses) individuals
were scored per line, enabling precise estimation of
genotypic values of each line. Further, the NILs varied
for only 7% of the total genome. It is illustrative to
calculate the potential contribution of del2187in to nat-
urally occurring variation in sternopleural bristle num-
ber in a random breeding population. Estimates of phe-
notypic (Vp) and additive genetic (V,) variances of
sternopleural bristle number from wild-caught flies
reared under standard laboratory conditions are 4 and
1.4, respectively (MACkAY 1980; GURGANUS et al. 1999).
Assuming strict additivity, Vj, attributable to a locus with
a genotypic effect (g, one-half the difference between
the means of the homozygous genotypes) of 0.25 and
allele frequencies p = 0.825 (del2187) and ¢ = 0.175
(in2187) is V), = 2pga® = 0.018 (FALCONER and MACKAY
1996). Thus, this locus would account for only 1.3% of

the additive genetic variance and 0.45% of the pheno-
typic variance.

However, an additive model may not be appropriate,
as in2187 appears to be dominant to del2187. Mean
sternopleural bristle numbers of del2187 homozygotes
were 17.5 in the NIL homozygotes and 17.7 in the NIL/
Samheterozygotes, whereas the mean bristle numbers of
the in2187 homozygotes (NIL) and of in2187/del2187
heterozygotes (NIL/Sam) were both 18.1. Further, the
effect of this marker was similar in all genetic back-
grounds (Tables 4 and 5), which is not expected under
strict additivity. Assuming complete dominance of in2187,
Vi = 8p/qa® = 0.049 (FALCONER and MACKAY 1996), or
3.5% of the additive genetic and 1.2% of the phenotypic
variance.

If one were to repeat this study using flies sampled
directly from nature, what would be the minimum sam-
ple size necessary to detect a significant effect of de-
12187in? Statistical theory gives the minimum number
(n) of individuals necessary to detect a difference, 9,
between two marker class means as n = 2(z, + 2g)?/
(8/0p)? (SorAL and Ronrr 1981), where a and B are
the type I and type II error rates, z is the ordinate of
the normal distribution corresponding to the subscript,
and o, is the within-marker-class phenotypic standard
deviation. Evaluating this expression with o = 0.05 and
B = 0.1 gives n = 1344 for 8 = 0.25 and n = 336
for 8 = 0.5. The former case is appropriate for strict
additivity, where the difference of interest is betweeen
homozygous del2187 and heterozygous del2187/in2187
genotypes at Hardy-Weinberg expected frequencies of
0.68 and 0.29, respectively. To obtain 1344 heterozy-
gotes, one would need to sample >4600 individuals.
The latter case is appropriate for dominance of in2187.
With a combined frequency of in2187 homozygotes and
del2187/in2187 heterozygotes of 0.32, again assuming
Hardy-Weinberg equilibrium, a total of 1050 would en-
sure adequate representation of the less frequent geno-

types.

TABLE 5

Effect of del2187in in four genetic backgrounds

Genotype* a’ Fii oy o3 % Vp % Vil
C3 1.14 3.68 (NS) 0.64 5.79 10 12
NIL 0.54 7.48%% 0.15 0.65 19 31
NIL/ 7! 0.51 14.46%** 0.13 0.29 31 66
NIL/ Sam 0.42 14.32%:%* 0.09 0.20 31 73

% 0.0001 < P < 0.001; ** 0.001 < P < 0.01; NS, P> 0.05.

*C3, chromosome 3 substitution lines; NIL, homozygous A near-isoallelic lines; NIL/ %!, NIL heterozygotes
against the A' allele; NIL/Sam, NIL heterozygotes against the Sam wild-type 7 allele.

" Difference in mean sternopleural bristle number between in2187 and del2187 marker genotypes.

“Fratio test of significance of difference in mean bristle number between in2187 and del2187.

‘Between (o)) and within (0}) marker genotype variance components.

“Percentage of phenotypic variance attributable to in2187del.

/Percentage of genetic variance attributable to in2187del.
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These numbers are underestimates. The phenotypic
variance of wild flies will be greater than that of lab-
reared flies as a consequence of greater environmental
variance in nature (CoyNE and BEecHAM 1987). Fur-
ther, allelic effects of the markers are likely to vary,
depending on the environmental conditions (GURGA-
NUS et al. 1998; GEIGER-THORNSBERRY and MACKAY
2002), such that the average allelic effect across environ-
ments may be reduced. Such considerations highlight
the challenge of testing marker-phenotype associations
in nature, even for “simple” complex traits, such as
Drosophila sensory bristle number, and are relevant to
association study designs for mapping genes affecting
complex human diseases (LANDER 1996; COLLINS et al.
1997).

The rapid decay of LD in Drosophila regions of high
recombination and polymorphism is a highly favorable
situation for association mapping of QTL to the level
of genes. There is no significant LD between del2187in
and markers 5’ of AG646-7GC and 3’ of C8457T, which
localizes the sternopleural bristle number QTL to this
7.8-kb region, in which % is the only gene. However,
del2187in is not necessarily the QTN causing the varia-
tion in bristle number, since it is possible that a site that
was not genotyped in this sample, in strong LD with
del2187in, is the causal polymorphism. Del2187in is in
strong LD with markers spanning 1.7 kb (from T2158C
to A3851T) 5’ to the beginning of the % coding se-
quence. Of the 94 variable sites in this interval detected
by sequencing 10 alleles, only 11 were genotyped in the
sample of 57 alleles. Among the 10 sequenced alleles,
3 of the 94 sites, SNPs at positions C2298A, C2414T,
and C3118T of the aligned sequence, respectively, had
the identical haplotype to del2187in. Outside this 1.7-kb
region, only one other polymorphism, another compli-
cated SNP/indel beginning at position 8962, 1.4 kb
3’ of the end of the transcription unit, had the same
haplotype as del2187in among the sequenced alleles.

These data illustrate how critical it is to utilize the
correct density of markers, relative to historical recombi-
nation, in association study designs. If the genotype of
del2187in had not been determined in this sample,
none of the associations would have reached the strin-
gent level of statistical significance required to account
for multiple tests. It follows that additional QTN affect-
ing bristle number might have been revealed had the
marker density been greater. Resolving which polymor-
phic site(s) causes variation in phenotypes will ulti-
mately require genotyping all variable sites on large
samples of alleles, to eliminate the possibility of hidden
causal QTN and to detect informative recombinants. In
Drosophilaregions of high recombination and polymor-
phism, this requirement currently restricts the utility of
linkage disequilibrium mapping in outbred populations
to mapping QTN within candidate genes. While & was
a clear candidate gene affecting bristle number, many
QTL map to regions containing no obvious candidate

genes. With the ultimate availability of stocks containing
targeted disruptions of all known and predicted genes
in Drosophila (SPRADLING et al. 1999) and other model
organisms, quantitative complementation of QTL al-
leles to mutations of all genes in the region to which
QTL map provides a reliable, rapid, and cost-effective
method for nominating candidate genes for further
study (LymaN and Mackay 1998; LoNG et al. 1998; Ly-
MAN e¢f al. 1999).

This is one of a growing number of examples indicat-
ing that variation in noncoding regions is likely to be
responsible for quantitative genetic variation (MACKAY
2001), which in turn can motivate functional studies to
define regulatory motifs (in this case, regulatory sites
for expression of £ in the PNS). Intermediate frequency
polymorphisms associated with quantitative traits are
not likely to be maintained by mutation-selection bal-
ance (LONG et al. 1998, 2000), further motivating large-
scale future studies with new designs to detect hallmarks
of positive or balancing selection at this locus.

This work was supported by National Institutes of Health grant GM
45146 to T.F.C.M. This is a publication of the W. M. Keck Center for
Behavioral Biology.
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