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ABSTRACT

As part of an effort to dissect quantitative trait locus effects to the nucleotide level,
association was assessed between 238 single nucleotide and 20 indel polymorphisms
spread over 11 kb of the Drosophila melanogaster Egfr locus, and 9 relative warp
measures of wing shape. One SNP in a conserved potential regulatory site for a GAGA
factor in the promoter of alternate first exon 2 approaches conservative experimentwise
significance (p < 0.00003) in the sample of 207 lines, for association with the location of
the crossveinsin the central region of the wing. Severa other sites indicate marginal
association with one or more other aspects of shape. No strong effects of sex or
population of origin were detected with measures of shape, but two different sites were
strongly associated with overall wing size in interaction with these fixed factors. Whole
gene sequencing in very large samples, rather than selective genotyping, would appear to
be the only strategy likely to be successful for detecting subtle associations in species
with high polymorphism and little haplotype structure. However, these features severely
limit the ability of linkage disequilibrium mapping in Drosophila to resolve quantitative

effects to single nucleotides.
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INTRODUCTION

Three of the mgjor challenges in efforts to dissect complex traits to the nucleotide level relate to
disentangling of population stratification, linkage disequilibrium, and the correlated effects of
underlying genetic mechanisms. To date, association of morphological with genotypic variation has
been investigated largely in relation to simple traits, namely those that are measured by a single
unambiguous descriptor, such as enzyme activity, bristle number or longevity (LAURIE et al. 1991;
LONG et al. 1998, 2000; LAI et al. 1994; LYMAN and MACKAY 1998; ROBIN et al. 2002; DE LucA
et al. 2003). Compound traits are those for which the whole is assembled from multiple parts whose
individual contributions are not straightforward to identify, such as shape or psychological disease
(ATCHLEY and HALL, 1991; PERALTA et al. 1997; SHASTRY, 1999). They present novel challenges

for association mapping.

The shape of the Drosophila melanogaster wing is an example of a complex morphological
trait that has proven difficult to describe (WHITLOCK and FOWLER 1999; K LINGENBERG and
ZAKLAN 2000; GILCHRIST et al. 2000). No matter how it is measured, it has consistently been
shown to have high heritability due to a large number of genetic factors of small effect (WEBER et
al. 1999, 2001; ZMMERMAN et al. 2000). We have advocated the use of geometric morphometric
techniques for description of orthogonal components of variation, as these capture the major
components of variation and are independent of observer bias (BOOKSTEIN 1991; ROHLF 1996;
DRYDEN and MARDIA 1998). Relative warp analysis (ROHLF 1993) of the shapes of intervein
regions defined by landmarks at the junctions between veins and the wing margin shows that shape

is stable to size and environmental variation (BIRDSALL et al. 2000). This observation suggests the
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placement and length of the veinsis a major determinant of shape, and hence that genes affecting

venation are candidate modifiers of wing shape.

Consistent with this hypothesis, EGF Receptor has been implicated as a candidate gene for
wing shape by two quantitative approaches. QTL mapping in two different crosses segregating
variation affecting different regions of the wing identified more than 30 significant QTL intervals,
and athough resolution of this approach was too low to implicate individual genes, a significant
excess of peaks was found in the vicinity of loci involved in EGFR signaling (ZIMMERMAN et al.
2000). One of these peaks covered the Egfr locus itself, and follow-up quantitative complementation
mapping was consistent with the possible contribution of segregating variation in the locus to wing
shape variation (PALSSON and GIBSON 2000). A large deletion, Df(2R)Pu-D17, that also eliminates
function of three other potential regulators of EGFR signaling and vein development (MESK-2, PTP-
ER, and cv-2), showed interactions with wild-type alleles in al three intervein regions, while a null
point mutation Egfr’ specifically failed to quantitatively complement shape specification in the

central and anterior wing.

These results encouraged us to initiate a large association study designed first to confirm that
variation in Egfr modifies wing shape, and second to attempt to describe the distribution of allelic
effects of single nucleotide polymorphisms (SNPs). Association mapping generaly relies on linkage
disequilibrium among SNPs to focus on aregion of alocus that may be responsible for an effect.
Choice of a subset of SNPs reduces both the cost of genotyping and the statistical challenges due to
multiple comparisons (ROBIN et al. 2002; DE LUCA et al. 2003). However, thisisafar from

comprehensive approach, particularly in Drosophila where linkage disequilibrium typically decays
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within akilobase (AQUADRO et al. 2001), and is heavily biased toward only detecting major-effect

common polymorphisms.

Consequently, we chose to sequence almost 11 kb of the Egfr in a sample of 207
chromosomes, and to test for associations with each of the 238 independently segregating SNPs and
20 indels for which both alleles were at afrequency of at least 5 percent. Although statistical power
can be increased substantially by isolating single chromosomes in a common background, this
approach can be biased by the presence of deleterious recessives and by nonadditive interactions
with the common background. On the other hand, assessment of associations in outbred individuals
is compromised by the large contribution of norngenetic variation, so the intermediate approach
adopted here was to measure nearly isogenic lines generated by at least 15 generations of inbreeding.
Measurement of multiple individuals of each line minimizes environmental variation, effectively
enhancing the genetic effects. The 207 lines were derived from two different populations, from
North Carolina and California, affording the opportunity to examine whether population
stratification might affect any observed associations (PRITCHARD and ROSENBERG 1999;
THORNSBERRY €t al. 2001; ARDLIEE€t al. 2002). Although sexual dimorphism for wing shapeis
limited (BIRDSALL et al. 2000), subtle quantitative contributions of SNPs might be sex-biased, so
both sexes were aso included in the analysis. The results provide evidence for association of a
handful of SNPs with different aspects of wing shape, but promote the more cautionary conclusion
that resolution of the relative contributions of alleles of large and small effect to complex traits

remains beyond the reach of empirical detection.
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MATERIALS AND METHODS

Fly Culture: All of the wildtype lines of Drosophila melanogaster used in this study are near iso-
genic lines derived by between 15 and 50 generations of sib-pair mating of derivatives of isofemales
collected in West End, North Carolina (NC: PALSSON et al. 2003), and Winter, California (CA:
YANG and NUZHDIN 2003). Homozygosity at Egfr was determined by sequencing of asingle fly,
and confirmed for a second individua in a subset, but there may be some genetic variation
segregating at Egfr in some lines, and in genera heterozygosity remains up to 10 percent throughout
the genome of the NC lines in particular, as these were lessinbred. All lines were maintained on 12

hour light-dark cycle in vials with 10 ml cornmeal medium supplemented with yeast.

Morphometrics: One wing was dissected from each of 10 flies of each sex from each of 3
independent vials, and mounted carefully under a glass coverdip on a microscope dide. The image
was captured using Scion Image Version 4.2 and recorded to a compact disc. The x-y coordinates of
the 9 landmarks were captured, and subject to thin plate spline analysis using the TPS-Relw Version
1.2 package downloaded from http://life.bio.sunysb.edu/morph (ROHLF 1996). The first step of this
procedure is a General Procrustes transformation that scales the wings to unit squared distance of
landmarks from the centroid, and rotates pairs of wings iteratively to minimize the sum of the
sguared distances between equivalent landmarks (DRYDEN and MARDIA 1998). Subsequently, the
major axes of variation are captured as Relative Warps, which are essentially equivalent to principal
components (ROHLF 1999), and provide orthogonal descriptors of some fraction of the variation.
Two sets of relative warps were obtained, one involving all 9 landmarks, the other three sets of 4, 5,

and 4 landmarks for intervein region B (IVR-B), IVR-C, and IVR-D respectively (see Fig. 1in
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correlations between traits were estimated as the covariance of the among line variance component

divided by the square root of the product of variance component (FALCONER and MACKAY 1996).

Association Tests. Genotypes were obtained by direct sequencing of PCR products as described in
the accompanying paper (PALSSON et al. 2003), and are also available along with phenotype scores
as Supplementary Information (http://statgen.ncsu.edu/ggibson/SupplInfo/Suppl Info7.htm). Effects
of Genotype (G), and interactions with Sex and Population were assessed with PROC MIXED for
each SNP according to the model

Relative Warp Score =i+ G + P + S+ PxS+ GxP + GxS+ GxPxS+ L +e
where al terms are fixed except for the Line. Note that Line isfit to control for the pseudo-
replication due to measurement in two sexes, and while it is nested within Population and Genotype,
this nesting does not affect the estimates of interest so was not included here. Failure to include Line
results in dramatic inflation of p-values due to pseudoreplication of the sexes, as monitored by
permutation of the lines within sex and population (analysis not shown). Inclusion of the population

interaction terms controls for possible effect of population structure.

Adjustment for multiple comparisons was performed using the standard Bonferroni
correction by dividing the test-wise alpha of 0.05 by the number of tests (2142 = 238 SNPsand 9
traits per analysis) to give the experimentwise threshold of 0.000023 (the negative logarithm of
which is 4.6). However, since linkage disequilibrium is typically significant between up to five
adjacent sites, this threshold is amost certainly too conservative, and afour-fold less stringent
threshold of 0.0001 (neglogp = 4.0) isalso considered. Sinceit isunlikely that the statistical

measures of shape capture axes of variation that are directly affected by Egfr, finding associations
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with correlated warps from two different modes of analysis might be considered as corroborative
evidence that a SNP affects some aspect of shape that is only partialy captured by the two warps.
That is, correlated trait measures may exhibit “morphological disequilibrium” with one another in
the same sense that physically adjacent SNPs are in likage disequilibrium with one another.
However, since the two sets of relative warps combined capture most of the wing shape variation,
they are not independent. Thisis confirmed by the observation that summation of the logarithms of
the p-values of each set of nine warps results in very similar “multitrait” association plots that will
be described elsewhere. In our judgement, this nonindependence justifies separate statistical

analysis of the two types of shape measure and correction for 9 traits rather than 18.

Multivariate analysis of variance was also performed so as to allow employment of asingle
test statistic per site, by fitting a linear model on the six pairs of partial warps and the uniform
component of variation derived from the 9 x-y landmarks (ROHLF et al. 1996). Compared with
univariate analysis of each relative warp, this strategy requires an order of magnitude less formal
significance, but since no sites were significant even at p < 0.001, the results are only presented in
the Supplementary Table 2. Various other modes of MANOVA were also considered, but their
general failure to identify candidate sites suggests that any effects of Egfr are restricted to single

components of wing shape variation.

10
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RESULTS

Relative War p Descriptors of Wing Shape

Since our hypothesisis that Egfr affects wing shape through its effect on vein differentiation, our
analysis of shape focuses on the nine landmarks defined by the junctions of the internal longitudinal
veins 2, 3, 4, and 5 with the anterior and posterior crossveins (acv and pcv), and the wing margin.
The x-y coordinates of each landmark were captured from single wings of 30 flies of each sex of the
207 nearly isogenic lines, and subject to Procrustes superimposition, which reduces size differences
and rotates shapes to optimize their alignment (ROHLF 1996). Shape variance was reduced to its
major components by two modes of relative warp analysis, one dividing the wing into three intervein
regions (IVRs B, C and D) corresponding to anterior, central and posterior regions respectively, and
the other treating the whole wing as a single shape. The advantages of the former are that the warps
explain more of the variance and are more robust than the whole shape warps, they are easier to
interpret, and are more likely to capture variation due to regionspecific gene action. The advantages
of the latter are that the warps are by definition orthogonal, and this approach implicitly captures any

genetic integration of morphogenesis across the whole wing.

Nine warps were captured for each mode. The aspect of morphology captured by each warp
isshown in Fig. 1, and parameters of variation are indicated in Table 1. Hatcher’s rules (HATCHER
1994) suggest retention of all 9 VR warps (3 per IVR), since all associated eigenvalues are greater

than 1 and each warp explains more than 10% of the variation for its IVR. In the anterior IVR, B1

11
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captures the width of the region, B2 the placement of the acv, and B3 a composite of all landmarks.
In the central IVR, C1 captures the distance between the crossveins, C2 the width of the region, and
C3 the taper of the region. The shape of the posterior IVR is more complex, but broadly D1 captures
the length of longitudinal vein 5, D2 the width of the region, and D3 the placement of the pcv. For
the whole wing warps, retention is justified strongly for W1 to W3, and more weakly for W4 to W7,
but we aso include W8 and W9 because they both show high heritability, W8 captures some of the
variation seen by B3, and W9 shows an unexpected pattern of association with nucleotide
polymorphism. The stronger warps W1 through W4 capture broad aspects of wing shape relating to
length and width, whereas W5, W6, W7 and W9 appear to be most influenced by local aspects of

shape relating to placement of the crossveins and L5.

For the purposes of association mapping, it is preferable that the shape measures be both
uncorrelated and robust. As expected, none of the whole wing warps are significantly correlated
with one another (Table 2). Some correlation between VR warps is expected because adjacent
IVRs share veins and landmarks, but only three significant similarities were detected at both the
phenotypic and genotypic level: B2 with D1 and D2, and B3 with D2. Since IVR-B and IVR-D do
not share landmarks, this observation provides evidence for morphological integration across the
wing (KLINGENBERG and ZAKLAN 2000), but it should be noted that the effect is weak and most of
the variation is IVR-specific. Whole wing and VR warps clearly capture some of the same
underlying genetic factors, since a complex correlation matrix is indicated between the two modes in
Table2. Overall, we regard the IVR warps as better descriptors of shape, but both modes are
considered side-by-side as a check for the internal consistency of the association studies as outlined

in the Methods section.

12
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The robustness of the relative warp measures was confirmed by examining the effect of
altering the size of the dataset. The penultimate column in Table 1 indicates that all warps are very
highly correlated between the full dataset consisting of 12,530 wings and one about half this size
consisting of just 70 percent of the North Carolinian sample. This suggests both that the main axes
of variation are shared between the populations, and that the warp measures are not overly sensitive
to sample size. All warps aso have relatively high heritability, as shown in the fina column of
Table 1. Heritability was consistently several percent lower in the North Carolinian than the
Californian sample, possibly reflecting more complete inbreeding in the latter sample of lines.
Furthermore, good congruence with r > 0.95 for all warps, was observed when the dataset was
tripled by the addition of three further datasets to be described elsewhere, including a Kenyan
sample, a set of crosses among lines, and testcrosses to 15 heterozygous wing mutants. It is
noteworthy thet two gain- and loss-of-function alleles of Egfr had opposite overall effects on several
measures of wing shape, and that the IVR measures were more sensitive to perturbation by mutants
(PALssON 2003). Loss of DER activity tends to reduce the width of the wing and lessen the spacing

between the crossveins.

Association between Egfr allelesand Wing Shape

Association between allelic variation in Egfr and each measure of wing shape was assessed by mixed

model analysis of variance with Genotype, Sex, and Population as fixed effects and Line as arandom

effect, for each of 238 SNPs for which both biallelic sites had a frequency of at least 5 percent in the

sample of 207 lines. Table 3 lists the strongest association observed for each of the 18 warps as well

13
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as the total area of the wing, and Fig. 2 plots significance of the genotype effect against location in the
gene for traits C1, D1, W1 and W9. At least one SNP would be expected to associate by chance with
each trait with a p-value of 0.004 or lower, bu even that level of stringency is not met by five of the
IVR warps and two of the whole wing warps, indicating that Egfr does not dramatically affect wing
shape in aglobal manner. Treating each mode of analysis separately, 2142 SNP tests were performed,
so a stringent significance threshold of 2.3° 10 would provide experiment-wide confidence in any
particular association. For shape, this condition was amost met by just a single site, 30200, that liesin
the promoter 5' to the alternate first exon 2 ard affects trait C1. Notably this site was only scored in
half of the lines due to difficulties in amplifying DNA from the region, and it disrupts an unusual
highly conserved GAGA factor binding motif (PALSSON et al. 2003). Applying aless conservative
correction that accounts for the non independence of tests with adjacent sites requires that p < 0.0001
(dashed line in Fig. 2), and suggests marginally significant associations with two further sites, 39389, a
silent substitution in exon 4 that may affect D1, and 30505, which isjust 13 bases in front of the

trandation start site of exon 2 and may affect W7.

Each of these associations would explain in excess of 5% of the genetic variance in the
relevant aspects of wing shape, notwithstanding Beavis effects. The study design does not have good
power to detect effects of this magnitude, so it is possible that other true associations have not been
detected. Two hints that this may be the case are suggested by careful examination of Table 3. First,
three sites show the strongest association with traits in both modes of analysis. Site 39389 mentioned
above has the strongest association with W4, the whole wing trait most closely correlated to warp D1.
Similarly, site 30505 gives the strongest association with D2, but in this case while W7 is correlated

with D2, it is more strongly predictive of D3 yet site 30505 is only very weakly associated with D3

14
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(p=0.042). Site 40110 isnot formally significant for any trait, but it provides the strongest test
statistic for both W2 and C3, even though these two traits are uncorrelated. Moreover, site 40119,
another silent substitution just 9 bases away in exon 6 and in quite strong linkage disequilibrium with
site 40110, shows the best association with B2. Second, three of the other traits associate most
strongly with relatively rare alleles: D3 with a promoter allele near aternate exon 1 at a frequency of
0.12 in asample of just 140 chromosomes, and W1 with a silent substitution in exon 4 at a frequency
of 0.14, and W6 with a site in the conserved portion of intron 2 at a frequency of 0.06 that actually
shows the largest standardized effect of any of the SNPs. Further work will be required to confirm the
significance of any of these SNPs, but taken as awhole there is good evidence that one or afew sites
in the Egfr locus impact wing shape. Supplementary Table 3 lists the site that has the strongest
magnitude of effect for each trait, and all but one of these are relatively rare alleles, many of which lie

within Intron 2.

Among the replacement substitutions segregating in the population, only site 6065 (Ser17lle
in exon 1) shows any putative significance. It is associated with D1 at p = 0.0022 and the correlated
trait W3 at p = 0.0102, as well aswith W9 at p = 0.0070. Intriguingly, this site also showed a strong
interaction with the ability to enhance the dominant gain of function Egfr='''P* phenotypein
photoreceptor determination. Most of the other replacement polymorphisms are rare, and molecular
population genetic analysis suggests that the protein, with the exception of exon 1, experiences
strong purifying selection (PALSSON et al. 2003). As aclass, these sites are marginally significant
for association with trait B2/W3 and W9 (p ~ 0.03), and hence withthe location of the anterior

crossvain.
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Sex and Population-Dependence of Associations

Aside from the main effect of genotype, another way to evaluate the significance of associationsis to
assess thelr robustness across sexes and populations. Although no significant association was
observed between Egfr and wing size, the plots in Fig. 3 suggest that there may be a significant
interaction between genotype and sex or population in relation to the total area of the wing.
Although these effects are the most formally significant in the entire analysis, the effects of Sex,
Population, and Sex by Population interaction regardless of genotype were much larger for size than
shape, and permutations of the data result in associations at this level more often than would be
expected by chance (data not shown). Since size is much more susceptible to environmental
variation than is shape, this association is much less likely to be robust than the size associations,
and indeed fails to replicate in preliminary follow-up crosses (unpublished data; PALSSON 2003).
For the shape measures, similarity between the sexes occurs despite the fact that several traits show
overall sex effects, but also reflects the contribution of shared genetic backgrounds within lines to
the correlation between sexes. Population effects are likely to be due to a combination of sampling
biases, overall differences between populations due to genetic factors other than at Egfr, and

population by genotype interactions at each SNP.

Due to the emormous number of contrasts involved in the full models for 238 SNPs and 18
traits, it is almost impossible to disentangle these factors across the experiment. The ANOVASIn
Table 4 indicate the absence of interaction effects for the sites that show the strongest overall
genotype effects. The strongest Population by Genotype interactions were actually observed for

Sites 40344 and 42788 with D2 (p = 0.00067 and 0.00078), and 42383 with C1 (p = 0.00087) but this
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level of effect is expected by chance. No associations at the p < 0.001 level were seen for the Sex by
Genotype interaction, while two closaly linked sites in exon 3 showed suggestive associations with
B2 (site 37878, p = 0.00064) and C2 (site 37959, p = 0.00085) for the three-way Genotype by Sex

by Population interaction.

L ocus-wide and Haplotype Associations

An aternative approach to association mapping that does not attempt to identify the discrete sites
that may cause a phenotype difference, isto ask whether more sites are significant at a pre-chosen
threshold than expected by chance (LAI et al. 1994). Two whole-wing warps have a great excess of
sites significant at the 0.05 level as shown in Fig. 2. W1 and W9. However, the variance of this
statistic is greatly inflated by even small levels of linkage disequilibrium such as those detected in
Egfr. Whereasif 238 genotypes are randomly generated independent of one another, the number of
sites significant at the 0.05 level aimost always lies between 8 and 16, with the Egfr data this number
ranges up to 21 for more than a quarter of the traits, while W1 and W9 show 30 and 39 significant
sites respectively. However, values up to 30 are seen in 20% of permutations of the Egfr genotype
and phenotype matrices, holding sexes within lines and lines within populations constant. The
reason is that if a chance strong association happens to fall in a haplotype block then several SNPs
will exceed the low threshold, as appears to be the case for W9 where most of the weak associations
fal in alarge block of LD near exon 3. Consequently, even these extreme test values only provide

weak evidence for a contribution of Egfr to wing shape.
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Suggestive SNP associations with disease susceptibility are now routinely followed by haplotype
tests (e.g. ZHANG et al. 2003; NORTH et al. 2003; MOHAMED et al. 2003). Therationale for thisis
that where genotyping is incomplete, a cluster of linked sites are more likely to capture the variation
associated with the true but untyped causal SNP. In some cases, the haplotype might also sum weak
effects of two or more sites to give alarger overall effect, particularly if epistatic interactions are
present (DE LUCA et al. 2003). There are too many sites and traits to test systematically for haplotype
effects here, but no significant epistatic interactions were detected between the three most significant

sites and the next two most significant sites for their respective traits.

However, one intriguing result is that linkage disequilibrium exists between sites that have
the strongest association with D1, namely 39389, 40110, and 6065 (all of which were mentioned in
relation to other traits as well). Although the former two sites are within a kilobase of one another,
they show considerably less LD with a dozen common polymorphisms between them. Site 6065 is
more than 35 kb distant, and the LD is only weakly significant since the morerare T alele only has a
frequency of 0.1. Nevertheless, in each case the pairwise linkage disequilibria result in an excess of
alleles with extreme values for warp D1. Differencesin D1 score are highly significant for both the
two-site and three-site haplotypes (p < .000002 and p = 0.00002 respectively), and the effects of
each SNP are nearly additive such that the two most extreme haplotypes differ by more than a full

standard deviation unit of the line means for the trait.
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DISCUSSION

Does Polymor phism in the Egfr locus affect Wing Shape?

This study represents the largest investigation of genotype-phenotype association yet reported in a
model organism, in terms of the combination of depth of sequence coverage, sample size of
chromosomes, and inclusion of two populations. Developmental genetic arguments (BIEHS et al.
1998), documentation of the effect of loss and gain of function Egfr aleles on wing patterning
(CLIFFORD and SCHUPBACH 1994; MARTIN-BLANCO €t al. 1999; WANG et al. 2000; ZECCA and
STRUHL 2002; CROZATIER et al. 2002), QTL mapping, and deficiency complementation tests all
implicate Egfr as an excellent candidate locus for modification of wing shape in Drosophila
(ZIMMERMAN et al. 2000; PALSSON et al. 2000). Molecular population genetic analysis
demonstrates that purifying selection is quite strong throughout the locus, but variable haplotype
structure in particular short regions of the gene are consistent with the operation of weak positive
selection as well (PALSSON et al. 2003). Nevertheless, no blazing signal of comprehensive
association with multiple aspects of wing shape was detected, and the conclusion must be that any
contributions of the sequenced portion of Egfr to the trait are subtle and likely to be due to multiple

polymorphisms of weak effect within the gene.

The strongest evidence for association comes from a T to C substitution at a frequency of
0.26 in a putative regulatory element 341 bp upstream of the start codon of the second alternate first
exon. Asshown in Fig. 4, this element consists of two runs of more than a dozen CN repegatsin a

100 bp sequence fragment that is highly conserved in D. pseudoobscura, which diverged from D.
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melanogaster 45 million years ago (POWELL 1996), and a similar motif in the bithoraxoid region is
known to be required for regulation of transcription by a GAGA factor (HODGSON et al. 2001). The
association is with the shape of the central intervein region, and the less common C allele decreases
the spacing between the anterior and posterior crossveins, consistent with slight loss of function of
EGFR signaling. It was detected predominantly in the North Carolina sample, owing to inconplete
sequencing of the fragment in the California sample, but the polymorphism is at a similar frequency
in aset of 30 Kenyan aleles so has been maintained in the species for some time. Three other
putative associations were detected with polymorphisms flanking the two first exons, al with aspects
of shape in the posterior intervein region. All other trait measures were most strongly associated
with synonymous substitutions in the long exons that encode the bulk of the protein, including one
site that is marginally significant experiment-wide, 39389, potentially with the length of longitudinal

vein 5in the posterior of the wing.

There are avariety of mechanisms by which wing shape could affect fitness, and by which
synonymous polymorphisms could affect wing shape. Placement of the wing veinsis thought to
impart rigidity to the wing, which is important for aerodynamic performance (DICKENSON et al.
1999; DUDLEY 2000) and might also affect other wing functions such as the mating dance. Wing
size and shape clines are well documented in Drosophila (GILCHRIST and PARTRIDGE 1999; HUEY
et al. 2000; IMASHEVA 1995) and appear to be under strong selection, and while shape is quite stable
to size variation, subtle variation in venation might interact with size to affect performance.
Intriguingly, the first two relative warps for IVR-C are significantly correlated with two aspects of
take-off velocity in apanel of recombinant inbred lines (K. MONTOOTH and A.G. CLARK, personal

communication). Presumably, venation can be quantitatively affected by the amount of DER
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(EGFR) protein in the vein primordium, either as aresult of differential transcription or trandation.
Codon bias can affect protein levels (CARLINI and STEPHAN, 2003), but it might also affect the
fidelity of amino acid incorporation. In aparallel study of association between Egfr polymorphism
and eye development, we found strong evidence for an effect of a cluster of synonymous sitesin
exon 6 on photoreceptor determination (DWORKIN et al. 2003). These sites are not implicated in
wing shape here (and nor do the putative wing sites affect the eye), which may indicate some tissue-

specificity to codon usage effects, or could be attributed to low statistical power.

Experimental Design Issues

Our experimental design differs from similar published work with Drosophilain three major
features: the type of inbreeding, inclusion of two populations, and comprehensive nature of the
genotyping. The major attraction of Drosophila for these experiments is the ability to manipulate the
genetics (MACKAY 2001), principally through inbreeding that allows multiple measurements to be
made per genotype and thereby reduces the environmental error. MACKAY and coworkers have
demonstrated the gains to be had by taking this a step further, by substituting whole chromosomes
into a common background, so that the contribution of the candidate gene need only be a significant
proportion of one third of the genetic variation (LONG et al. 1998; ROBIN et al. 2002).
Unfortunately, in a pilot experiment we encountered several drawbacks to this approach.
Sequencing detected an appreciable level of probable gene conversion between the wild-type alleles
at Egfr and the balancer chromosome, approaching 10 percent. Since most natur al chromosomes
harbor lethals, an unbiased approach is to retain them over the balancer, and take measurementsin a

heterozygous cross — but this strategy surrenders any gain in power if site effects are recessive.
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Chromosome extraction is also laborious, expensive, and error-prone, and while it would be useful
for the community to develop alarge panel of such lines (GIBSON and MACKAY 2002), in the mean
time simple inbreeding to homogenize whole genomes is a viable aternative that also ensures that

ste effects are averaged over the effects of other modifiers.

Population stratification is only likely to be a concern where two populations differ for the
trait, or for the frequency of a particular allele (PRITCHARD and ROSENBERG 1999). The NC and
CA populations do show different phenotype distributions (PALSSON 2003), presumably due to
undocumented genetic differences. Since more marginaly significant genotype by population
interactions were detected in our study than genotype by sex interactions, despite the fact that sex
has at least a ten times larger fixed effect than population, interactions between Egfr polymorphisms
and the genetic background may affect the association studies. However, only a handful of sites
differ in frequency between NC and CA (PALSSON et al. 2003), and none of these showed
significant contributions to any trait. A more pressing concern is whether each of the two main
populations are themselves produced by admixture between local populations, perhaps including
inversion polymorphism types. Even if only afew percent of al SNPs differ in frequency between
populations, the total amount of genetic differentiation could be of the same order of magnitude as
that observed in humans, for example. It thus seems prudent to include population as a factor in
Drosophila quantitative genetics, though at least in the initial phase of a study restricting the survey

to two or three localities.

The most important difference in our study is the decision to completely sequence al of the

dleles, rather than to genotype just the most common SNPs identified in a dozen sequences. This
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decision was made because haplotype blocks are so short in Drosophila, rarely more than 5 sites
long, and polymorphism is so high, that linkage disequilibrium mapping is generally unlikely to
detect weak associations. The disadvantage is that the multiple comparison problem becomes
severe, but the complexity of wing shape and length of the locus already assured statistical
uncertainty. Our approach is validated by two considerations. Most importantly, neither of the two
formally significant sites would have been scored if we had chosen sites to genotype on the basis of
their frequency in asmall sample, and similarly severa of the other weaker, not formally significant,
associations were detected with relatively rare aleles. Moreover, if the thought experiment is
performed of only assessing the 33 most common polymorphisms spaced by at least 100 bp
intervals, no meaningful associations are detected: only the expected 15 of 297 contrasts are
significant at p = 0.05 for the IVR warps, and the strongest association is 0.007, well short of the
0.0001 cutoff for 9 warps or even for just the three strongest warps. We conclude that even though
linkage disequilibrium mapping has produced significant results in other studiesin flies (LONG et al.

2000; LYMAN et al. 1999), success is far from guaranteed.

The Genetic Architectureof QTLs

A more critical interpretation of this study would call into question the reality of the identified
guantitative trait nucleotide (QTN) effects, and even if they are real, their relevance to evolutionary
biology. The experiment-wise adjustment for multiple comparisons is appropriate for testing the
hypothesis that variation in the candidate gene affects the trait, but actually builds on the prior
assumption that the gene is more likely than other genes to make a quantitative contribution. There

are almost certainly in excess of 2 million common SNPs in the fly genome based on observed
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nucleotide diversity, so 200 associations with each trait are expected genome-wide at the 0.0001
level by chance (and 20 at the 0.00001 level, even though none were observed in Egfr). In asample
of 200 chromosomes, each of these 200 prima facie significant associations would appear to explain
more than 5% of the genetic variation. So, in a complete genome scan the ratio of false positives to
true positives will be at least 10 to 1 and false positives are expected one in every 75 genes per trait
(or onein every 10 genes for any of the wing shape traits). Had we sampled one of the other loci in
Df(2R)Pu-D17in the vicinity of the Egfr QTL peak and observed a similar association, we would be
less likely to believe that the result represented a true association. Even though our two most
significant associations are among the strongest yet reported in Drosophila, the results must be
regarded as suggestive only. Experimental verification is unlikely to have sufficient resolution to

detect such asmall effect, so further replication is required to confirm the result.

The even more pertinent question is whether detection of one or two major-effect QTNs
addresses the fundamental issue of whether genetic variation is predominantly contributed by a few
sites of large effect or many with small effects. Although the reality of major effect QTL has been
emphasized recently, they are slowly being eroded by fine structure mapping that can resolve single
into multiple peaks (PASYUKOVA et al. 2000; STEINMETZ et al. 2002), and by the realization that
Beavis effects lead to overestimation of contributionsin initial studies (IOANNIDISet al. 2001). It
would take sample sizes of 10,000 fully sequenced alleles to confidently identify QTNs that account
for aslittle as 0.5% of the variation for atrait, but 100 such sites spread over multiple loci could
explain half of the genetic variation for any trait. Given the high level of recombination in
Drosophila, loci such as Egfr are made up of numerous small haplotype blocks in linkage

equilibrium. If severa of these harbor small effect QTN, it isinevitable that some alelesin the
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population would differ by several percent in their contribution to atrait. This presents a conundrum
in the resolution of QTL to individual genes and nucleotides, because there is smply no power to

test the alternate hypothesis that numerous sites of small effect add up to produce QTL haplotypes.
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FIGURE LEGENDS

Figure1: Aspects of Wing Shape Variation captured by the 18 relative Warp measures. Each
outline shows a reconstituted wing outline from the average of the landmerks of the 5 lines with the
most extreme values of the particular Relative Warp. The 9 plots at the top show the IVR traitsin
the anterior, central, and posterior regions of the wing, while those at the bottom show the whole-

wing traits.

Figure2: Significance of Relative Warps along the Egfr locus. Each plot shows the negative
logarithm of the p-value associated with the Genotype term from the mixed model ANOVA for the
indicated trait, for the 238 common SNPs aligned from 5’ to 3'. Boxes below the plots indicate the
extent of exons in three contiguous blocks of sequence (see PALSSON et al. 2003 for details of SNP
location). Lower dotted line indicates test-wise alpha = 0.05 cutoff, whereas the dashed line at
neglogp = 4.0 indicates an approximate Bonferroni threshold adjusted for non- independence of

adjacent sites. Plots show association with traits C1, D1, W1, and WO.

Figure 3: Genotype interaction effects with Sex and Population for Total Area of the wing.
(A-C) Smilar plotsasin Fig. 2, but showing significance of the association with wing size
for the indicated interaction effects. (D) Plot of genotype and sex means for Total Area (in
arbitrary units) plus or minus one standard error unit for site T31656C (solid line CA, dashed
lineNC). Tota Areais highly correlated with other measures of size such as the area of each

IVR, or wing length.
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Figure4: Conservation and polymorphism in the CN repeat. The sequence of the 86 bp
bipartite CN motif upstream of exon 2 in five representative aleles at the indicated
frequenciesin D. melanogaster and one from D. simulans. Dots represent conserved sites.
Underlined sites are conserved in D. pseudoobscura as well: note that almost all of the C
residues are conserved, but the N residues vary. The linker isjust 7 bp long in D.
pseudoobscura. The asterisk above the third last C identifies the C/T polymorphism (site

30200) in D. melanogaster that is associated with wing shape variation.

Tablel: Relative warp variance components

Table2: Reative warp correlation matrix

Table3: Most significant Genotype associations by Trait

Table4: ANOVA Models for 5 representative sites

Supplementary Table 1. Polymorphisms and Relative Warp Scores (online)
Supplementary Table 2: Polymorphisms and Relative Warp Significance (online)

Supplementary Table 3. Largest magnitude of Genotype effects by Trait.

See http://statgen.ncsu.edu/qgibson/Suppl | nf o/ Suppl | nfo7.htm
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Tablel Relative Warp Parameters

Warp  Eigenvalue PVE Fpop Est SE r h?
Bl 3.30 59.4 0.16 0.0008 0.0019 0.999 0.51
B2 2.10 24.1 8.93*** 0.0036 0.0012 0.991 0.46
B3 1.59 13.8 0.05 0.0002 0.0009 0.992 0.46
Cl 2.74 58.3 4.07* 0.0036 0.0159 0.999 0.50
Cc2 1.65 211 0.34 0.0005 0.0080 0.982 0.45
C3 1.15 10.3 0.03 0.0000 0.0061  0.967 0.34
D1 4.46 57.5 0.19 0.0011 0.0026  1.000 0.49
D2 2.59 19.3 0.90 0.0015 0.0015 0.991 0.43
D3 2.28 15.0 0.05 0.0003 0.0013 0.986 0.34
w1 3.53 32.7 1.20 0.0023 0.0021  0.986 0.61
W2 2.85 21.3 7.03*** 0.0047 0.0018 0.974 0.53
W3 2.33 14.2 0.13 0.0005 0.0013  0.969 0.46
W4 1.87 9.2 0.16 0.0005 0.0011 0.957 0.49
W5 1.65 7.2 7.17** 0.0026 0.0010 0.961 0.46
W6 1.48 5.7 1.86 0.0012 0.0008 0.982 0.40
W7 1.04 2.8 0.00 0.0000 0.0006  0.989 0.28
w8 0.85 1.9 0.00 0.0000 0.0005  0.953 0.39
W9 0.76 1.5 0.03 0.0001 0.0004 0.951 0.37

PVE: percent variance explained
Fpop: F-ratio for effect of population on warp score, with associated significance
(* 0.01<p<0.05; ***0.0001<p<0.001)
Est and SE: Estimate of difference between and standard error of population means
r: correlation between dataset for associations and the larger dataset
h?: heritability averages across sexes and populations
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Table?2 Correlation Matrix for Relative War ps

B1 B2 B3 C1 C2 C3 D1 D2 D3 W1 W2 W3 W4 W5 W6 W7 W8 WO T

B1 - *kk  * * *
B2 _ * * * *  x% * k% *
B3 * _ * * *% *% * *
ClL * _ * * * % * % * *

C2 * * - * * * * * * *%

C3 R - * * * *% *
D1 * * E _ * k% k% * *
D2 * ok k*k * % - *% * % *

D3 - * * * * k%

W1 *** * *xk*x  kx  * * - *
W2 **x * kkk  kk ok  kk kkk X _

W3 ** %% %k ok kk kk kkk - *
W4 * *kx * *  kx  kkk kxx % -

W5  * **% * * * % * _

W6 *k* * * kx% - *
W7 *% *kk kkk -

WS * k% * k% _

W9 * * * -

TA * * * -

Phenotypic correlation above the diagonal, male genetic correlation below, for both
populations combined. * 0.05<r?<0.25; ** 0.25<r? < 0.50; *** 0.50 <r? < 1.00. Note
the absence of phenotypic correlation between Relative Warps of the same trait, although
these sometimes show genetic correlation.
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Table3 Most Significant Genotype Associations by Trait

Trait Site Location P-value Estimate SD.U. Alldel Allee2

Bl 38581 Exon 4 0.01121 0.00626 0.46 S8 A 64 C
B2 40119 Exon 6 0.00766 0.00354 041 111 T 80G
B3 37498 Intron 2 0.01275 0.00300 0.47 130A 42T
Cl1 30200 5 toEx2 2.7E-05**  0.01037 0.82 ST 33C
C2 39160 Exon 4 0.00117 0.00303 0.49 137 T 67C
C3 40110 Exon 6 0.00900 0.00166 0.38 74C 1227
D1 39389 Exon 5 6.1E-05*  0.01298 0.69 54C 126T

D2 6412 3 toEx1 0.00589 0.00496 0.45 59T 134C
30505 5 t0Ex2 0.00603 0.00751 0.68 8C 24A
D3 5917 StoEx1 0.00405 0.00839 0.89 123C  17A

W1l 38914 Exon 4 0.00044 0.01066 0.72 181C 29T
w2 40110 Exon 6 0.00332 0.00559 0.43 122 T 74C
W3 39160 Exon 4 0.00155 0.00431 0.48 6/7C 137T
W4 39389 Exon 5 0.00567 0.00404 0.50 54C 126T
W5 41925 Exon 6 0.02437 0.00259 0.36 49G 158C
W6 36248 Intron 2 0.00221 0.00560 0.92 12G  173A
W7 30505 5 toEx2 0.00016 0.00360 0.90 24A 78C
W8 42043 3 UTR 0.00076 0.00275 0.81 23T 179A
W9 38022 Intron 3 0.00047 0.00159 0.52 105T 89C
TA 41712 Exon 6 0.00999 0.4285 0.14 120C  90A

P-value for the Genotype term after fitting the full model with Sex and Population
Estimate and S.D.U: Estimate in relative warp units and as a fraction of the sex-averaged
standard deviation of the trait line means.

Alleles 1 and 2 arbitrarily defined to give a positive difference in warp LSMs

TA istotal area of the wing, a representative size measure.
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Table4 Analysis of Variance of Representative Associations

Trait Site Source F P Trait Site Source F P

Cl C30200T Genotype 19.06 0.00003 D1  T39389C Genotype 16.93 0.00006
Pop'n 5.58 0.020 Pop'n 0.12 0.72
Sex 17.38 0.00006 Sex 343.56 0.00000
GxP 0.28 0.60 GxP 3.31 0.071
GxS 022 0.64 GxS 0.06 0.80
PxS 0.98 0.32 PxS 2.00 0.16
GxPxS 0.16 0.69 GxPxS 0.00 0.97

Area T31656C Genotype 2.06 0.15 Area T40722C Genotype 0.15 0.70
Pop'n 145 0.23 Pop'n 14.65 0.00018
Sex 2044.02 0.00000 Sex 6287.36 0.00000
GxP 0.31 0.58 GxP 16.97 0.00006
GxS 25.59 0.000002 GxS 0.12 0.73
PxS 18.72 0.00004 PxS 33.23 0.00000
GxPxS 11.28 0.0011 GxPxS 449 0.035

C2 C31634T

Genotype 0.03 0.86
Pop’'n 0.24 0.62
Sex 317.09 0.00000
GxP 3.31 0.071
GxS 8.94 0.0037
PxS 10.20 0.0020
GxPxS  18.35 0.00005
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