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We developed a rapid, economical method for high-resolution
quantitative trait locus (QTL) mapping using microarrays for
selective genotyping of pooled DNA samples. We generated
21,207 F, flies from two inbred Drosophila melanogaster strains
with known QTLs affecting lifespan, and hybridized DNA pools
of young and old flies to microarrays. We used changes of gene
frequency of 2,326 single-feature polymorphisms (SFPs) to map
previously identified and additional QTLs affecting lifespan.

Phenotypic variation for traits important for human health,
agriculture and adaptive evolution is typically genetically complex,
owing to multiple segregating QTLs whose expression is contingent
on sex, background genotype and the environment!2, Determining
the genetic architecture of complex traits is challenging. High-
resolution QTL mapping requires large mapping populations to
generate densely spaced informative recombinants; quantitative
measures of trait phenotypes for thousands of individuals; dense
molecular marker maps; and an accurate, economical platform for
marker genotyping®. Comparative DNA hybridization to expres-
sion microarrays can be used to identify thousands of polymorphic
molecular markers*, but cost considerations limit its application for
genotyping thousands of individuals. We developed a method for
rapid, economical high-resolution QTL mapping in which two
pools of DNA samples are labeled with different dyes and hybri-
dized to one Affymetrix gene-expression microarray, and applied it
to mapping QTLs affecting D. melanogaster lifespan.

QTLs affecting D. melanogaster longevity have been mapped
previously by linkage to polymorphic markers in a mapping
population of recombinant inbred lines derived from the Oregon
and 2b isogenic strains®. But the relatively small numbers of
markers and lines precluded fine-scale QTL localization. In this

study we identified thousands of robust SFPs segregating between
Oregon and 2b. We constructed a large F, population by crossing
these strains, hybridized DNA samples from pools of ‘Young’ (2-3
days old) and ‘Old’ (B60 days old) F, flies to each of three
Affymetrix microarrays, and mapped QTLs affecting lifespan
with high resolution by testing for differences in marker frequency
between the Young and Old flies.
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Figure 1 | Hybridization intensities of F, Young DNA pool and means of two
parental DNA populations. (a,b) Hybridization intensities of labeled F, Young
DNA pool plotted against the mean hybridization intensities of the two inbred
parents for all probe sets in black: Oregon and 2b for all probes. The 2,326
selected SFPs are highlighted in red. Perfect match probes (a). Mismatch
probes (b).
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Table 1 | QTLs affecting variation in lifespan between Oregon and 2b

at random. We detected one or more single

nucleotide polymorphisms (SNPs) and one

Cytog_ehem o Putative  Number insertion-deletion among all eight SFPs,
QTL Chromosome position t-statistic®  P-value®  range®  of SFPsd QTLs® . .
and found no sequence polymorphisms in
Male the negative control probes (Supplemen-
1 2L 2383 414 0.013 78 kbp 2 tary Table 1 online). .
2 2L 27F128D2  4.67 0001 512kbp 3 QTLs can be mapped by tracking changes
3 2L 35A1 1093  <0.001 64 bp 12 30D-38E of gene frequepcyl 2 population under
4 2L 38A7-A8 4.07 0016 14 kbp 2 300-38E, 35B-43a  Artificial selection™™. This method s
5 R 47C1-47C6 484 <0001 99kbp 7 46¢-49D maximally powerful when the base popula-
6 2R 51E9-52C4 4.82 <0.001 517 kbp 8 tion is an Fz derived from two inbred "nes,
7 2R 53A1 4.01 0.020 1SFP 1 and the selected population is the extreme
8 2R 56A2-56D3 4.68 0.001 364 kbp 7 tail of the F, distribution. The frequencies of
9 2R 58C1-58C4 4.87 0.001 52 kbp 6 neutral polymorphic markers in the unse-
10 3R 94E1 4.00 0.020  1SFP 1 lected F, population are 0.5, but the fre-
11 3R 96E10 4.16 0.012  1SFP 1 96F-97E quency of marker alleles closely linked to a
QTL affecting the selected trait will depart
Female from 0.5 in the selected F, population by an
12 X 3F7-4B1 4.62 0.002 273 kbp 2 1B-3E amount that depends on the standardized
13 X 7C4 4.15 0.015 880 kbp 3 6E-10D effect of the QTL allele and the proportion
14 2L 35A1 4.76 0.001  43bp 8 35B-38E of the population selected®. The precision
15 2R 57A8-57B7 5.49 <0.001 278 kbp 5 of mapping increases with the size of the
16 2R 58C2-C3 4.04 0.023 13 kbp 3 F, population and the density of poly-
17 3L 77E5 4.02 0.024  1SFP 1 69D-878 morphic markers.
18 3R 97F3 4.36 0.007 1SFP 1 97E-99A

2Highest t-value within a QTL region. PP-values calculated based on t-statistic from the permutation test. ®Physical range defined by SFPs
with ¢ > 4 within a QTL region. %Number of SFPs with t-statistic > 4 within the putative range. ®From reference 5.

To identify SFPs between Oregon and 2b, we used two-color
labeling and competitive hybridization of two labeled DNA pools to
the same microarray to increase the sensitivity of detecting allele
frequency differences between two pooled DNA samples®; a dye-
swap design to remove intensity-specific dye bias’, thus reducing
false positive SFPs; and an endonuclease treatment to reduce
mismatch hybridization and improve consistency between replicate
hybridizations (Supplementary Methods). We prepared three
replicate pools of biotin-labeled DNA from Oregon strain flies
(Oregon DNA) and fluorescein-labeled DNA from 2b strain flies
(2b DNA), and three replicate pools of fluorescein-labeled Oregon
DNA and biotin-labeled 2b DNA. We purified each of the six
pooled DNA samples and hybridized them to one microarray. We
quantified the raw hybridization intensities of the fluorescein- and
biotin-labeled DNAs separately, and statistically corrected the raw
signal intensities for the partial overlap between the emission
spectra of fluorescein and phycoerythrin. Quantile normalization
further reduced noise and nonspecific variation across microarrays®
(Supplementary Methods).

Informative SFPs for QTL mapping must act additively; that is,
the hybridization signal of the Young F, sample must equal the
mean hybridization intensity of the two parents. Thus, we first
selected 168,859 perfect match probes and 154,393 mismatch
probes (out of 193,634 perfect match and mismatch probes of
the array), the hybridization intensities of which were additive. We
then tested whether these probes had significantly different hybri-
dization intensities between Oregon and 2b using paired t-tests®.
We identified 2,326 SFPs that were significant at the false discovery
rate of 0.05 for both directions of the dye-swapping experiments
(Fig. 1 and Supplementary Fig. 1 online). We determined the
Oregon and 2b sequences of eight SFPs and eight non-SFPs, chosen
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We generated 10,388 F, males and 10,868
F, females from reciprocal crosses of Ore-
gon and 2b strains, in three temporally
overlapping cohorts. We collected and
froze one F, Young sample consisting of an average of 534 2-3-
day-old flies of each sex from each cohort. We maintained the rest
of the population until 10% of the population remained alive, on
average, and then collected an average of 342 longest-lived flies of
each sex from each cohort for the six F, Old samples.

To map QTLs affecting variation in lifespan, we extracted
genomic DNA from each of the samples, and labeled the F,
Young DNA pools with fluorescent nucleotides and the F, Old
DNA pools with biotinylated nucleotides. We then combined the
labeled DNA pools from the same cohort and sex, and hybridized
each of the pooled samples to one array (a total of six microarrays,
three for each sex).

We quantified the hybridization intensities of the 2,326 SFP
markers as described above. For each SFP, we computed the
difference in hybridization intensity of the Young and Old F,
samples, separately for each replicate (cohort) and sex, and normal-
ized the F, difference by the mean difference in hybridization
intensity between the parental samples. Because only one genera-
tion of recombination occurs in the F, population, closely linked
SFPs will be in strong linkage disequilibrium. Therefore, we
computed the average of normalized differences between Young
and Old F, samples for adjacent SFPs in sliding windows of 5, 10, 15
and 20 SFPs, which correspond respectively to 275, 550, 825 and
1,100 kbp, on average. We used t-tests to assess whether the average
of normalized differences between F, Young and Old DNA pools in
each genomic region was significantly different from zero, and
permutation!? to determine the appropriate experiment-wide 5%
significance threshold of the t-statistics, corrected for multiple tests.
As the significance threshold is correlated with the sliding window
size, we plotted the significance thresholds against sliding window
sizes to determine that the optimal window size is 15 SFPs. The 5%
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Figure 2 | QTLs on the X chromosome affecting variation in male and female
lifespan between Oregon and 2b strains. Each spike represents one SFP for
which the t-statistic is not equal to 0. When two SFPs are the perfect match
and mismatch probes from one probe set, the average of the two t-statistics
was used. The x-axis represents the physical position of SFPs along each
chromosome arm. The y-axis indicates the value of the t-statistic from tests of
equality of allele frequency in the F, Young and Old DNA samples, calculated
in sliding windows of 15 SFPs. The permutation-derived significance threshold
(t = 4) is indicated by the horizontal dashed line. QTLs affecting lifespan
reported previously® are depicted above the t-value spikes along the physical
map. QTLs on other chromosomes are available in Supplementary Figure 3.

critical value remains stable at 4 for window sizes of 15 SFPs and
higher (Supplementary Fig. 2 online).

We identified 18 QTLs affecting variation in lifespan between
Oregon and 2b strains (Table 1, Fig. 2 and Supplementary Fig. 3
online). As reported previously, most QTLs affecting longevity were
sex-specific®. There were 11 QTLs affecting male lifespan and seven
affecting female lifespan, but only two QTLs were shared by both
sexes (35A1 and 58C1-58C4). Six QTLs are located within, and
three are near, previously identified QTL intervals®. We expected to
be able to detect more QTLs with a larger mapping population than
used previously: we have greater power to detect QTLs with smaller
effects, and the increased recombination separates closely linked
QTLs!. Further, the QTL intervals (defined by t > 4) are greatly
reduced from those typically detected in an initial genome scan,
and range from 1 SFP to 880 kb (Table 1). A list of the positional
candidate genes within each QTL region is available in Supple-
mentary Table 2 online. We confirmed changes of SFP allele
frequency between the F, Young and Old DNA pools for four
SFPs corresponding to two QTLs and a negative control, using real-
time TagMan SNP genotyping assays*® (Supplementary Table 3
online) with reference to standard DNA pools created by mixing
Oregon and 2b DNA in six different concentrations (Supplemen-
tary Tables 4 and 5 online).

The QTL shared by males (t = 10.9) and females (t = 4.76) at the
cytological position 35A1 is proximal to a known QTL affecting
male and female lifespan®. The eight SFPs in females and 13 SFPs in
males that correspond to this QTL are in a computationally
predicted transcript, CG15285. We sequenced 728 bp encompassing
the SFPs in this gene and identified a 117-bp deletion in the 2b allele
that was associated with increased life span. The Oregon insertion

allele consists of 13 tandem copies of the sequence CCGTAATGT,
located between two transposable element remnants. Additional
studies will be necessary to determine the function of CG15285,
and to assess whether the deletion allele causally influences
extended lifespan.

We described a rapid, cost-effective, microarray-based method
for high-resolution QTL mapping, and presented a proof-
of-principle example by mapping 18 QTLs affecting longevity
to small genomic regions using only 12 microarrays. While
these QTLs need to be confirmed by complementation tests,
sequencing, expression analysis and association tests in outbred
populations, the fine-scale of localization greatly reduces the
scope of these efforts. Our ability to detect QTLs was limited by
the small number of robust SFPs, and can be improved in the future
by using tiling arrays for a complete genome or whole-genome
SNP arrays. Increasing the number of biological and technical
replicates'* as well as the number of generations of recombination
before selection can improve the power to map QTLs with
greater precision. This approach is applicable to any complex
trait in D. melanogaster and other model organisms, and to
mapping QTLs by changes in gene frequencies between pools of
unrelated individuals in outbred populations with divergent phe-
notypes, including humans®.

Note: Supplementary information is available on the Nature Methods website.
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