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Understanding the genetic architecture of quantitative traits

begins with identifying the genes regulating these traits,

mapping the subset of genetically varying quantitative trait loci

(QTLs) in natural populations, and pinpointing the molecular

polymorphisms defining QTL alleles. Studies in Drosophila have

revealed large numbers of pleiotropic genes that interact

epistatically to regulate quantitative traits, and large numbers of

QTLs with sex-, environment- and genotype-specific effects.

Multiple molecular polymorphisms in regulatory regions of

candidate genes are often associated with variation for complex

traits. These observations offer valuable lessons for

understanding the genetic basis of variation for complex traits

in other organisms, including humans.
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Abbreviations
Ddc Dopa decarboxylase

LD linkage disequilibrium

QTL quantitative trait locus

QTN quantitative trait nucleotide

RI recombinant inbred

smi smell-impaired

Introduction
Understanding the genetic architecture of any quanti-

tative trait breaks down to a number of issues: the genes

(quantitative trait loci [QTLs]) regulating the trait; the

subset of QTLs affecting naturally occurring variation

in the trait; the homozygous, heterozygous, epistatic,

and pleiotropic effects of QTL alleles, in a wide range

of environments; the molecular basis of the allelic

variation; and finally, the evolutionary forces respons-

ible for maintaining genetic variation for quantitative

traits in nature. Understanding all of these is a tall order,

likely only to be delivered using model systems

with excellent genetic and genomic resources, such as

Drosophila melanogaster.

The list of quantitative trait phenotypes that can be

investigated using Drosophila is only limited by the ima-

gination of the investigator. In addition to obvious aspects

of morphology, including the classic numbers of sensory

bristles [1], one can quantify Drosophila behaviors: stress

resistance and drug tolerance; enzyme activities and

metabolic traits; and fertility and longevity. Given the

evolutionary conservation of genes affecting important

biological processes, it is likely that genes affecting

homologous traits will affect the same traits in other

species, including humans.

Drosophila brings an impressive toolkit to the challenge of

genetically dissecting the multiple interacting loci, with

individually small and environmentally sensitive effects,

that affect complex traits. This includes mutagenesis

using P transposable elements [2] and RNA interference

[3��] to identify genes regulating quantitative traits. Dro-
sophila collected from nature can be screened for geno-

types with extreme trait phenotypes, either by inbreeding

whole genomes to homozygosity or cloning single chro-

mosomes using balancer stocks [2]. More deviant geno-

types can be created by artificial selection [4]. Mapping

the QTLs responsible for naturally occurring variation is

facilitated by the ability to rear large numbers of flies, and

to construct recombinant inbred and near-isoallelic lines.

Complementation tests to deficiency stocks enables rapid

high-resolution QTL mapping, and complementation to

mutations identifies positional candidate QTLs for

further study. Linkage disequilibrium decays rapidly in

Drosophila regions of normal recombination [5], enabling

identification of molecular polymorphism(s) that func-

tionally define QTL alleles. Finally, the genome

sequence [6] and multiple platforms for whole genome

transcriptional profiling facilitate genomic approaches for

identifying genes affecting quantitative traits, and varia-

tion in quantitative traits. Here, I review recent progress

that has been made towards understanding the complex

genetic architecture of quantitative traits in Drosophila,

and outline directions for future research.

P-element mutagenesis
The first question, ‘what genes affect quantitative traits?’,

is best addressed by mutagenesis. Lines containing inde-

pendent insertions of single P-elements are readily pro-

duced by simple crosses, and the exact insertion sites of

the P-elements are easy to determine. Assessing subtle,

quantitative effects of new mutations derived in an iso-

genic background is a highly efficient method for dis-

covering novel loci affecting quantitative traits

[7,8,9��,10]. Bristles are external sensory organs of the
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peripheral nervous system, and a large number of loci

involved in neural development have been identified by

traditional screens for mutations with large effects [11].

Screening for quantitative mutational effects of P-ele-

ment insertions on bristle number [8,9��] has identified

several insertions in known loci with well-characterized

roles in neurodevelopment, many insertions in known

genes with previously unknown and pleiotropic effects on

bristle number, and many putative first mutations in

predicted genes [9��]. Quantitative screens for effects

of P-element mutations on olfactory behavior [7] and

resistance to starvation stress [12] have provided new

insights to the genetic architecture of these less-under-

stood complex traits. Smell-impaired (smi) insertional

mutations [7] with subtle effects on olfactory behavior

interact epistatically [13]. The smi60E mutation is an

insertion in the gene encoding the NaCP60E cation

channel [14], and smi97B is an allele of scribble [15], which

is essential for early development [16]. The large num-

bers of insertions affecting bristle number, olfactory

behavior and starvation resistance found in all of the

screens implies extensive pleiotropy, and implicates roles

for key developmental loci in adult morphology, behavior

and physiology.

Whole genome expression analysis
Co-isogenic P-element insertional mutations affecting the

same trait afford the opportunity to ask to what extent

single mutations alter expression of other genes, whether

the same genes are either up- or down-regulated in the

backgrounds of different mutations, and whether genes

exhibiting transcriptional co-regulation also exhibit epis-

tasis for the trait phenotype. Analysis of variation in tran-

script abundance between five co-isogenic smi mutations

revealed significant trans-regulation in transcription for

>500 genes [17�]. Most (61%) transcripts showed altered

regulation in response to only a single P-element insertion,

but 39% were altered in two or more smi lines. Evaluation

of epistasis for olfactory behavior using quantitative com-

plementation tests to mutations in genes with altered

transcript levels in one or more smi lines revealed that

epistatic interactions for olfactory behavior often mirrored

trans-regulation at the level of transcription, thus identify-

ing new candidate QTLs regulating olfactory behavior.

Mutations affecting the same complex trait induced in the

same isogenic background facilitate a systems-biology

approach for further elucidating networks of interacting

QTLs. Similar logic was used to identify candidate genes

affecting geotactic behavior from differences in gene

expression between a line selected for increased and

one selected for decreased geotactic behavior [18�].

QTL mapping: genome scans
To understand the evolutionary forces responsible for

maintaining genetic variation for quantitative traits in

nature, we need to map the genes affecting natural

variation in the trait, and determine the molecular poly-

morphisms defining QTL alleles. This is an iterative

procedure, beginning with a genome scan to map regions

containing one or more QTLs affecting the trait. D.
melanogaster is a natural outbreeder, but inbred lines

can be created in the laboratory. Thus, mapping popula-

tions derived from segregating backcross, F2, advanced

intercross or recombinant inbred (RI) lines derived from

two genetically divergent inbred strains are the most

powerful designs for mapping Drosophila QTLs [4].

QTLs are mapped in the usual manner by linkage to

polymorphic molecular markers, utilizing statistical

methods designed to account for multiple QTLs [19]

and appropriate control for the experiment-wise false-

positive error rate [20].

RI lines are a particularly useful resource for QTL map-

ping: marker genotypes need only be assessed once for

each line; replicated phenotypic measurements of each

genotype give a more accurate measure of the mean

genotypic effect; and the same lines can be examined

for multiple traits, and for the same trait in multiple

environments. A panel of 98 RI lines derived from Ore-
gon-R and 2b have been used to map QTLs for longevity

[21–24]; abdominal and sternopleural bristle number [25];

ovariole number [26]; olfactory behavior [27�]; courtship

signal [28]; flight [29] and measures of metabolism [29].

Other studies have utilized RI chromosomes, in a stan-

dard inbred background, to map QTLs for sensory bristle

number [30–32,33�] and wing shape [34,35].

General principles emerging from studies of Drosophila
QTLs are likely to apply to quantitative traits in other

species. First, the distribution of homozygous QTL

effects is exponential, with a large number of QTLs with

small effects, and a smaller number with large effects; the

latter contribute most of the variation between the par-

ental lines [33�]. Second, most QTLs are not strictly

additive [33�], and often interact epistatically with other

QTLs [23,24,33�,34,35]. Third, QTL effects are often

sex-specific [21–25,30,31,33�] and exhibit QTL by envir-

onment interaction [22–25,33�]. Some QTL effects are

even more complicated, with epistasis contingent on the

external environment [23]. If pervasive in other species

where it is not realistic to take both sexes and multiple

environments into account, these features complicate

QTL mapping efforts by reducing the marginal effects

of the QTLs (and hence the power to detect QTLs)

averaged over males and females, and uncontrolled envir-

onmental variation. Evolutionary arguments implicate

QTL by sex and QTL by environment interaction in

the maintenance of variation for complex traits [36],

suggesting that these features may indeed be general.

QTL mapping: deficiency and mutant
complementation tests
On average, QTLs identified by genome scans in Droso-
phila encompass �4300kb and 500 genes. The challenge

254 Genetics of disease

Current Opinion in Genetics & Development 2004, 14:253–257 www.sciencedirect.com



for QTL mapping in Drosophila is the same as for all other

species: resolving the QTLs into individual contributing

genes. Drosophila geneticists can short-circuit the usual

laborious process of high-resolution recombination map-

ping by utilizing the set of overlapping deficiencies that

together uncover 70–80% of the genome. Briefly, one

crosses the two parental lines used to map the QTLs to

the set of deficiencies spanning each QTL region. Failure

of a deficiency to complement the QTL is inferred if the

difference in trait phenotype between deficiency hemi-

zygous progeny is greater than that between heterozygous

progeny [37]. Comparison of the breakpoints of the

deficiencies that fail to complement with those of over-

lapping complementing deficiencies can map QTLs to

sub-cM intervals. Studies utilizing this method have

found that single QTLs tend to fractionate into multiple

linked QTLs [12,27�,37,38�]. For example, two QTLs

affecting variation in longevity between Oregon R and 2b
have been resolved into at least eight linked QTLs

[37,38�]. If closely linked QTLs, sometimes with oppo-

site and sex-specific effects, is a general hallmark of the

genetic architecture of complex traits, the level of diffi-

culty for genetic dissection of QTLs in less genetically

tractable organisms will increase considerably.

The Drosophila genome sequence enables listing all

positional candidate genes in the intervals to which the

QTLs map. Mutations are available for a large number of

loci, and will ultimately be produced in every Drosophila
gene [39]. Thus, one can perform quantitative comple-

mentation tests for the two parental lines and a mutant

and wild-type allele of each of the positional candidate

genes, exactly as done for deficiency complementation

mapping. Many candidate genes affecting nervous system

development have been implicated as corresponding to

QTLs affecting sensory bristle numbers using this

method [30,31]. A novel gene, Vanaso, is a candidate gene

affecting variation in olfactory behavior [27�]; Dopa dec-
arboxylase (Ddc) fails to complement QTL alleles for

longevity [38�]; and 12 candidate genes have been iden-

tified that affect variation in resistance to starvation stress

[12]. Analysis of differences between the two parental

lines in expression of positional candidate genes can also

nominate candidate genes corresponding to QTLs [40�].

Loci implicated as corresponding to QTLs using these

methods remain ‘candidate genes’. Proof that the candi-

date gene indeed causes the difference in quantitative

trait phenotype ultimately requires transformation of the

parental alleles into a strain containing a null mutation of

the candidate gene and recovering the difference in trait

phenotype [41] — a major effort if the magnitude of the

effect of the allelic substitution is of the same order as the

variation induced by different insertion sites of the trans-

genes. This problem can be alleviated by precise replace-

ment of alternative alleles at the site of the endogenous

locus, in the same genetic background [42��], which has

been used to show that a naturally occurring allele of

desaturase 2 affects stress resistance [43�]. In the absence

of formal proof, supporting evidence for causality

includes expression of the candidate gene in appropriate

tissues, functional differences in mRNA and/or protein

expression levels, potentially functional DNA sequence

differences between the two alleles, and demonstration

that naturally occurring molecular polymorphisms in the

candidate gene are also associated with phenotypic varia-

tion in the trait.

Linkage disequilibrium mapping
Linkage disequilibrium (LD) mapping capitalizes on

historical recombination to identify candidate genes

affecting complex traits [4]. The resolution of the method

depends on local recombination rates, number of genera-

tions following the mutation event, population demogra-

phy, and the density of polymorphic markers surveyed. In

regions of normal recombination in Drosophila, LD decays

rapidly within several hundred bp [5], creating a highly

favorable scenario for mapping quantitative trait nucleo-

tides (QTNs) defining QTL alleles. LD mapping

requires large sample sizes, but in Drosophila the ability

to substitute homozygous wild-derived chromosomes into

a common inbred background [5,38�,44–47] and to test

whether near-isoallelic lines of the wild alleles fail to

complement mutations of the candidate genes [5,48,49]

considerably increases the power to detect associations

with small effects. LD mapping has been used in Droso-
phila to show that molecular polymorphisms in candidate

genes are associated with quantitative variation in

enzyme activity [44], numbers of sensory bristles

[5,45–49] and longevity [38�]. Most of the polymorphisms

associated with quantitative variation are in putative

regulatory regions. Further, LD mapping has uncovered

epistatic interactions between multiple polymorphisms

within candidate genes [38�,50], revealing an unprece-

dented degree of complexity in the genetic architecture

of quantitative traits.

Demonstrating that molecular polymorphisms in a candi-

date gene identified via linkage analysis and mutant

complementation tests are associated with naturally occur-

ring phenotypic variation for the trait is excellent corro-

borating evidence that the gene indeed corresponds to the

QTL. However, we can rarely conclude that the poly-

morphisms exhibiting LD with the trait actually cause the

trait variation, because LD could arise from recent admix-

ture, and utilizing only a subset of polymorphic markers

within the candidate genes leaves open the possibility that

the true causal polymorphism is in LD with the signifi-

cant site. The latter problem can be alleviated by fully

sequencing each candidate gene allele, and ultimately

transformation of alternate alleles into a null background

[50] or homologous replacement into the endogenous

gene [43�] will be required to prove that particular poly-

morphisms cause the differences in trait phenotypes.
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Conclusions
Less than a decade ago, studies of the genetic architecture

of numbers of Drosophila sensory bristles [1] painted the

optimistic picture that natural variation in bristle number

could be attributed to polymorphisms in relatively few

candidate genes involved in neural development. How-

ever, even these early studies hinted at complications

arising from sex-specific QTL effects and interactions

between QTLs. We now know that there are large

numbers of epistatically interacting loci regulating quan-

titative traits (including numbers of sensory bristles), and

that any one subtle mutational perturbation can induce

hundreds of epigenetic co-regulated transcriptional inter-

actions. The challenge for the future will be to assess

pleiotropic mutational effects on multiple quantitative

traits, and to link networks of transcriptional interactions

to genetic interactions. Higher resolution recombination

and deficiency complementation mapping has revealed

that single QTLs fractionate into multiple linked QTLs,

giving large numbers of QTLs and candidate genes

affecting naturally occurring variation. QTL effects are

strongly conditional on the sexual and external environ-

ment, and genetic background, even for largely ‘additive’

traits. Even within a single candidate gene, multiple

polymorphisms interact to affect trait variation.

In the future, combining QTL mapping with whole

genome expression analyses of the mapping population

to identify transcripts corresponding to QTLs will give a

more complete picture of the complex genetic architec-

ture of quantitative traits. Utilizing complete DNA

sequences of large numbers of candidate gene alleles

in LD mapping studies has the potential to identify actual

QTNs affecting trait variation, and to evaluate evolution-

ary mechanisms for maintenance of quantitative genetic

variation. Finally, functional analyses are required to

understand how molecular variation in non-coding

regions translates to phenotypic variation.

Acknowledgements
I thank Robert Anholt for comments on this manuscript. Work in the
author’s laboratory is supported by grants GM45146, GM45344 and
GM59469 from the National Institutes of Health.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
��of outstanding interest

1. Mackay TFC: The nature of quantitative genetic variation
revisited: lessons from Drosophila bristles. Bioessays 1996,
18:113-121.

2. Ashburner M: Drosophila — A Laboratory Handbook. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory press; 1989.

3.
��

Kalidas S, Smith DP: Novel genomic cDNA hybrids produce
effective RNA interference in adult Drosophila. Neuron 2002,
33:177-184.

This paper describes a technique for constructing stable RNA interfer-
ence constructs that can be expressed in subsets of cells or tissues using
the binary GAL4/UAS system. Using this system, reverse genetic anal-
yses are now possible in Drosophila.

4. Falconer DS, Mackay TFC: Introduction to Quantitative Genetics,
4/e. Harlow, Essex, UK: Addison Wesley Longman; 1996.

5. Long AD, Lyman RF, Langley CH, Mackay TFC: Two sites in the
Delta gene region contribute to naturally occurring variation in
bristle number in Drosophila melanogaster. Genetics 1998,
149:999-1017.

6. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD,
Amanatides PG, Scherer SE, Li PW, Hoskins RA, Galle RF et al.:
The genome sequence of Drosophila melanogaster.
Science 2000, 287:2185-2195.

7. Anholt RRH, Lyman RF, Mackay TFC: Effects of single P element
insertions on olfactory behavior in Drosophila melanogaster.
Genetics 1996, 143:293-301.

8. Lyman RF, Lawrence F, Nuzhdin SV, Mackay TFC: Effects of
single P element insertions on bristle number and viability in
Drosophila melanogaster. Genetics 1996, 143:277-292.

9.
��

Norga KK, Gurganus MC, Dilda CL, Yamamoto A, Lyman RF,
Patel PH, Rubin GM, Hoskins RA, Mackay TFC, Bellen HJ:
Quantitative analysis of bristle number in Drosophila mutants
identifies genes involved in neural development. Curr Biol 2003,
13:1388-1397.

In this paper, we show that screening for quantitative effects of insertional
mutations that have been induced in a co-isogenic background is a highly
effective method for identifying known and novel loci affecting quantita-
tive traits. The large numbers of inserts recovered affecting single traits
implies that most loci have pleiotropic effects on many traits.

10. Nadeau JH, Frankel D: The roads from phenotypic variation to
gene discovery: mutagenesis versus QTL. Nat Genet 2000,
25:381-384.

11. Jan YN, Jan LY: Neuronal specification. Curr Opin Genet Dev
1992, 2:608-613.

12. Harbison ST, Yamamoto AH, Fanara JJ, Norga KK, Mackay TFC:
Quantitative trait loci affecting starvation resistance in
Drosophila melanogaster. Genetics 2004, in press.

13. Fedorowicz GM, Fry JD, Anholt RRH, Mackay TFC: Epistatic
interactions between smell-impaired loci in Drosophila
melanogaster. Genetics 1998, 148:1885-1891.

14. Kulkarni NH, Yamamoto A, Robinson KO, Mackay TFC,
Anholt RRH: The DSC1 channel, encoded by the smi60E locus,
contributes to odor-guided behavior in Drosophila
melanogaster. Genetics 2002, 161:1507-1516.

15. Ganguly I, Mackay TFC, Anholt RRH: Scribble is essential
for olfactory behavior in Drosophila. Genetics 2003,
164:1447-1457.

16. Bilder D, Perrimon N: Localization of apical epithelial
determinants by the basolateral PDZ protein Scribble.
Nature 2000, 403:676-680.

17.
�

Anholt RRH, Dilda CL, Chang S, Fanara JJ, Kulkarni NH, Ganguly I,
Rollmann SM, Kamdar KP, Mackay TFC: The genetic architecture
of odor-guided behavior in Drosophila: epistasis and the
transcriptome. Nat Genet 2003, 35:180-184.

In this paper, we quantify the large degree of transcriptional co-regulation
induced by single mutations with subtle effects on olfactory behavior, all
in the same co-isogenic background. Mutations in co-regulated genes
also interact epistatically with the focal mutations, thus linking transcrip-
tional networks with genetic networks.

18.
�

Toma DP, White KP, Hirsch J, Greenspan RJ: Identification of
genes involved in Drosophila melanogaster geotaxis, a
complex behavioral trait. Nat Genet 2002, 31:349-353.

Here, differences in transcription between a line selected for increased,
and one selected for decreased, geotactic behavior were quantified using
microarrays. Mutations in three of five genes with significant changes in
expression exhibited aberrant geotactic behavior, showing that analysis
of expression differences between lines with different quantitative trait
phenotypes can identify novel candidate genes affecting the trait.

19. Zeng ZB: Precision mapping of quantitative trait loci.
Genetics 1994, 136:1457-1468.

20. Doerge RW, Churchill GA: Permutation tests for multiple
loci affecting a quantitative character. Genetics 1996,
142:285-294.

256 Genetics of disease

Current Opinion in Genetics & Development 2004, 14:253–257 www.sciencedirect.com



21. Nuzhdin SV, Pasyukova EG, Dilda C, Mackay TFC: Sex-specific
quantitative trait loci affecting longevity in Drosophila
melanogaster. Proc Natl Acad Sci USA 1997, 94:9734-9739.

22. Vieira C, Pasyukova EG, Zeng ZB, Hackett JB, Lyman RF,
Mackay TFC: Genotype-environment interaction for
quantitative trait loci affecting lifespan in Drosophila
melanogaster. Genetics 2000, 154:213-227.

23. Leips J, Mackay TFC: Quantitative trait loci for lifespan in
Drosophila melanogaster: interactions with genetic
background and larval density. Genetics 2000, 155:1773-1788.

24. Leips J, Mackay TFC: The complex genetic architecture of
Drosophila life span. Exp Aging Res 2002, 28:361-390.

25. Gurganus MC, Fry JD, Nuzhdin SV, Pasyukova EG, Lyman RF,
Mackay TFC: Genotype-environment interaction for
quantitative trait loci affecting sensory bristle number in
Drosophila melanogaster. Genetics 1998, 149:1883-1898.

26. Wayne ML, Hackett JB, Dilda CL, Nuzhdin SV, Pasyukova EG,
Mackay TFC: Quantitative trait loci for fitness-related traits in
Drosophila melanogaster. Genet Res 2001, 77:107-116.

27.
�

Fanara JJ, Robinson KO, Rollmann S, Anholt RRH, Mackay TFC:
Vanaso is a quantitative trait locus for Drosophila olfactory
behavior. Genetics 2002, 162:1321-1328.

In this paper, we used recombination mapping to localize a single QTL
affecting variation in olfactory behavior in both sexes to the distal end of
chromosome 3L. Deficiency complementation mapping shows that this
QTL fractionates into one male- and one female-specific QTL, and
complementation to mutations show that a novel gene, Vanaso, is a
candidate gene for the female-specific QTL.

28. Gleason JM, Nuzhdin SV, Ritchie MG: Quantitative trait loci
affecting a courtship signal in Drosophila melanogaster.
Heredity 2002, 89:1-6.

29. Montooth KL, Marden JH, Clark AG: Mapping determinants of
variation in energy metabolism, respiration and flight in
Drosophila. Genetics 2003, 165:623-635.

30. Long AD, Mullaney SL, Reid LA, Fry JD, Langley CH, Mackay TFC:
High resolution mapping of genetic factors affecting
abdominal bristle number in Drosophila melanogaster.
Genetics 1995, 139:1273-1291.

31. Gurganus MC, Nuzhdin SV, Leips JW, Mackay TFC: High
resolution mapping of quantitative trait loci affecting
sternopleural bristle number in Drosophila melanogaster.
Genetics 1999, 152:1585-1604.

32. Nuzhdin SV, Dilda CL, Mackay TFC: The genetic architecture of
selection response: Inferences from fine-scale mapping of
bristle number quantitative trait loci in Drosophila
melanogaster. Genetics 1999, 153:1317-1331.

33.
�

Dilda CL, Mackay TFC: The genetic architecture of Drosophila
sensory bristle number. Genetics 2002, 162:1655-1674.

In this paper, we used high-resolution recombination mapping to reveal
that a large number of QTLs, with sex-, environment- and genotype-
specific effects, affect natural variation in the archetypical ‘additive’
quantitative traits: numbers of abdominal and sternopleural bristles.

34. Weber K, Eisman R, Morey L, Patty A, Sparks J, Tausek M,
Zeng ZB: An analysis of polygenes affecting wing shape on
chromosome 3 in Drosophila melanogaster. Genetics 1999,
153:773-786.

35. Weber K, Eisman R, Higgins S, Morey L, Patty A, Tausek M,
Zeng ZB: An analysis of polygenes affecting wing shape on
chromosome 2 in Drosophila melanogaster. Genetics 2001,
159:1045-1057.

36. Gillespie JH, Turelli M: Genotype-environment interactions
and the maintenance of polygenic variation. Genetics 1989,
121:129-138.

37. Pasyukova EG, Vieira C, Mackay TFC: Deficiency mapping of
quantitative trait loci affecting longevity in Drosophila
melanogaster. Genetics 2000, 156:1129-1146.

38.
�

De Luca M, Roshina NV, Geiger-Thornsberry GL, Lyman RF,
Pasyukova EG, Mackay TFC: Dopa-decarboxylase affects
variation in Drosophila longevity. Nat Genet 2003, 34:429-433.

Here we use deficiency and mutant complementation tests to implicate
Ddc as a candidate gene affecting longevity. LD mapping reveals that an
amino acid polymorphism and two polymorphisms in non-coding regions
of Ddc interact epistatically to affect longevity. This study implicates Ddc
as a candidate gene affecting longevity in other species, and illustrates
the complexity of intragenic interactions affecting variation in quantitative
trait phenotypes.

39. Spradling AC, Stern D, Beaton A, Rhem EJ, Laverty T, Mozden N,
Misra S, Rubin GM: The Berkeley Drosophila Genome Project
gene disruption project. Single P-element insertions
mutating 25% of vital Drosophila genes. Genetics 1999,
153:135-177.

40.
�

Wayne ML, McIntyre LM: Combining mapping and arraying:
an approach to candidate gene identification. Proc Natl Acad
Sci USA 2002, 99:14903-14906.

QTLs for ovariole number were mapped with high resolution using
complementation tests to deficiencies, followed by quantification of
differences in gene expression between the two parental lines using
expression microarrays. A strong candidate gene for ovariole number
was identified on the basis of large differences in expression between the
two lines mapped and localization within the QTL region.

41. Choudhary M, Laurie CC: Use of in vitro mutagenesis to analyze
the molecular basis of the difference in Adh expression
associated with the allozyme polymorphism in Drosophila
melanogaster. Genetics 1991, 129:481-488.

42.
��

Rong YS, Titen SW, Xie HB, Golic MM, Bastiani M,
Bandyopadhyay P, Olivera BM, Brodsky M, Rubin GM, Golic KG:
Targeted mutagenesis by homologous recombination in
D. melanogaster. Genes Dev 2002, 16:1568-1581.

This paper describes a method for allelic substitution using homologous
recombination. The method is a critical addition to the Drosophila toolkit
for evaluation of subtle functional differences in phenotype between
candidate gene alleles.

43.
�

Greenberg AJ, Moran JR, Coyne JA, Wu CI: Ecological adaptation
during incipient speciation revealed by precise gene
replacement. Science 2003, 302:1754-1757.

Here, the method for allele substitution described in [42��] is utilized to
show that natural variation in desaturase 2 alleles affects variation in
stress resistance.

44. Aquadro CF, Desse SF, Bland MM, Langley CH, Laurie-Ahlberg CC:
Molecular population genetics of the alcohol dehydrogenase
gene region of Drosophila melanogaster. Genetics 1986,
114:1165-1190.

45. Mackay TFC, Langley CH: Molecular and phenotypic variation
in the achaete-scute region of Drosophila melanogaster.
Nature 1990, 348:64-66.

46. Lai C, Lyman RF, Long AD, Langley CH, Mackay TFC: Naturally
occurring variation in bristle number and DNA polymorphisms
at the scabrous locus in Drosophila melanogaster.
Science 1994, 266:1697-1702.

47. Long AD, Lyman RF, Morgan AH, Langley CH, Mackay TFC: Both
naturally occurring insertions of transposable elements and
intermediate frequency polymorphisms at the achaete-scute
Complex are associated with variation in bristle number in
Drosophila melanogaster. Genetics 2000, 154:1255-1269.

48. Lyman RF, Lai C, Mackay TFC: Linkage disequilibrium mapping
of molecular polymorphisms at the scabrous locus associated
with naturally occurring variation in bristle number in
Drosophila melanogaster. Genet Res 1999, 74:303-311.

49. Robin C, Lyman RF, Long AD, Langley CH, Mackay TFC: hairy:
a quantitative trait locus for Drosophila bristle number.
Genetics 2002, 162:155-164.

50. Stam LF, Laurie CC: Molecular dissection of a major gene effect
on a quantitative trait: the level of alcohol dehydrogenase
expression in Drosophila melanogaster. Genetics 1996,
144:1559-1564.

Genetic dissection methods: The genetic architecture of quantitative traits Mackay 257

www.sciencedirect.com Current Opinion in Genetics & Development 2004, 14:253–257


	The genetic architecture of quantitative traits: lessons from Drosophila
	Introduction
	P-element mutagenesis
	Whole genome expression analysis
	QTL mapping: genome scans
	QTL mapping: deficiency and mutant complementation tests
	Linkage disequilibrium mapping
	Conclusions
	Acknowledgements
	References and recommended reading


