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ABSTRACT
The magnitude of segregating variation for bristle number in Drosophila melanogaster exceeds that pre-

dicted from models of mutation-selection balance. To evaluate the hypothesis that genotype-environment
interaction (GEI) maintains variation for bristle number in nature, we quantified the extent of GEI for
abdominal and sternopleural bristles among 98 recombinant inbred lines, derived from two homozygous
laboratory strains, in three temperature environments. There was considerable GEI for both bristle traits,
which was mainly attributable to changes in rank order of line means. We conducted a genome-wide
screen for quantitative trait loci (QTLs) affecting bristle number in each sex and temperature environment,
using a dense (3.2-cM) marker map of polymorphic insertion sites of roo transposable elements. Nine
sternopleural and 11 abdominal bristle number QTLs were detected. Significant GEI was exhibited by 14
QTLs, but there was heterogeneity among QTLs in their sensitivity to thermal and sexual environments.
To further evaluate the hypothesis that GEI maintains variation for bristle number, we require estimates
of allelic effects across environments at genetic loci affecting the traits. This level of resolution may be
achievable for Drosophila bristle number because candidate loci affecting bristle development often map
to the same location as bristle number QTLs.

Amajor focus of evolutionary quantitative genetics in as VG 5 VM/s, where s is the average selection coefficient
against a heterozygous mutation, and is sufficientlyrecent years has been to evaluate the hypothesis

that ubiquitous naturally occurring variation for quan- large that mutant homozygotes are rare (Barton 1990).
However, when this hypothesis is evaluated for Drosoph-titative traits (Mousseau and Roff 1987; Roff and

Mousseau 1987; Houle 1992) can be maintained in ila abdominal and sternopleural bristle number, for
which many independent estimates of VM (reviewed bythe face of continual erosion of genetic variability by

strong directional and stabilizing natural selection Keightley et al. 1993; Houle et al. 1996) and the fitness
effects of spontaneous mutations affecting bristle num-(Endler 1986), by reintroduction of variation each gen-

eration by mutation (Barton and Turelli 1989). The ber (Mackay et al. 1995; Nuzhdin et al. 1995) have
been made, it is inadequate to explain the large amountsexact quantitative theoretical relationships between the
of segregating variation observed in natural populations.rate of production of mutational variance affecting a
Therefore, alternative mechanisms must be sought toquantitative trait and the intensity of selection vary de-
explain the maintenance of variation in these traits inpending on the model assumptions, but in all cases,
the face of weak mutation and strong selection.there is a positive association between the amount of

The mean phenotypic value for a quantitative traitgenetic variation maintained in an equilibrium popula-
of a defined genotype is not a constant but can varytion (VG) and the input of mutational variation per
according to the environment. A plot of the mean phe-generation (VM; Clayton and Robertson 1955). For
notypic value of a genotype across a range of environ-example, if mutations affecting quantitative traits have
ments is its norm of reaction, or environmental sensi-deleterious pleiotropic fitness effects, VG is related to VM
tivity. Variation among genotypes in environmental
sensitivity contributes to genotype 3 environment in-
teraction (GEI) variance, which could lead to levels of
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maintained by full-sib mating for 25 generations. The 98 RIthe trait in the different conditions (Falconer 1960).
lines that survived inbreeding were maintained subsequentlyIf there is stabilizing selection within environments but
by mass matings of 20 pairs per generation.

disruptive selection between environments, GEI will in- Bristle number phenotype: Two replicate vials of each RI
crease the equilibrium genetic variance above the level line, and the two parental lines, were reared at 188, 258, and

298. A total of 10 males and 10 females from each vial wereexpected from mutation-selection balance alone if
scored for abdominal (the total number of hairs on the sixthrGE 5 21. Alternatively, if a trait exhibits GEI such that
abdominal sternite in females and on the fifth abdominaladditive allelic effects fluctuate randomly across envi-
sternite in males) and sternopleural (the total number of

ronments, and there is stabilizing selection for a single macrochaetes and microchaetes on the left and right ster-
phenotype in all environments (i.e., no disruptive selec- nopleural plates) bristle number. The total sample size was

thus 3 temperatures 3 98 lines/temperature 3 2 replicates/tion between environments), variation will be main-
line/temperature 3 2 sexes/replicate 3 10 individuals/tained by overdominance because the across-environ-
sex 5 11,760 flies scored for each bristle trait. The design wasment variance decreases as the number of heterozygous
completely balanced.

loci increases (Gillespie and Turelli 1989). Marker genotype: Insertion sites of high-copy-number trans-
Empirical evaluation of the extent to which GEI affects posable elements provide convenient polymorphic molecular

markers for mapping (Long et al. 1995; Nuzhdin et al. 1997;quantitative genetic variation for traits under stabilizing
M. C. Gurganus, S. V. Nuzhdin and T. F. C. Mackay, unpub-selection promises to be difficult, requiring knowledge
lished results). roo transposable element insertion sites wereof the magnitude of GEI under the exact environmental
determined by in situ hybridization of a biotin-labeled plasmid

circumstances experienced by the population, the na- containing the full-length roo transposable element (Long et
ture of selection acting on the trait within and between al. 1995) to polytene salivary gland chromosomes of third

instar larvae. Probes were labeled with biotinylated dATP (bio-environments, the types and frequencies of relevant en-
7-dATP; Bethesda Research Laboratories, Gaithersburg, MD)vironments, and the genetic basis of GEI (Via et al.
by nick translation. Hybridization was detected using the Vec-1995). In this article, we have begun to determine the
tastain ABC kit (Vector Laboratories, Burlingame, CA) and

genetic basis of GEI using the Drosophila melanogaster visualized with diaminobenzidine (Long et al. 1995; Nuzh-

bristle number model system. There is substantial GEI din et al. 1997). Five slides were scored per line, and markers
were classified as homozygous Oregon, homozygous 2b, orfor sternopleural bristle number segregating between
heterozygous. There were 92 roo markers in total, with 22inbred strains of D. melanogaster (Caligari and Mather

on the X chromosome, 27 on chromosome 2, and 43 on1975), for Drosophila pseudoobscura abdominal bristle
chromosome 3. The roo elements provide a dense marker map

number among isogenic second-chromosome lines sam- with an average intermarker distance of 3.2 cM (Nuzhdin et
pled from nature (Gupta and Lewontin 1982), and al. 1997) on the standard genetic map (Lindsley and Zimm

1992). The fourth chromosome of Oregon was marked by thefor new mutations affecting both abdominal and ster-
recessive morphological marker spapol, which also segregatednopleural bristle number (Mackay and Lyman 1998).
among the RI lines.Furthermore, Drosophila bristle number is one of the

The additional generations of recombination during the
few quantitative traits for which quantitative trait loci construction of the RI lines resulted in an effective map expan-
(QTLs) at which mutational and segregating variation sion; although the standard map length of the Drosophila

genome is 294 cM (Lindsley and Zimm 1992), the effectiveoccur have been mapped with high resolution, in some
map length in the RI line population was 690 cM, as estimatedcases to the level of genetic locus (reviewed by Mackay

by summing the recombination rates using the observed re-1995, 1996). Here, we determine the extent to which
combination between markers (r) and the Kosambi mapping

QTLs affecting bristle number exhibit GEI by mapping function relating observed recombination to distance (d) be-
bristle number QTLs that segregate in a panel of recom- tween them in centimorgans (100d 5 0.25 ln[(1 1 2r)/(1

2 2r)]). There was no recombination between 16 markersbinant inbred (RI) lines derived from two unselected
and the next adjacent marker, leaving 76 informative markersinbred strains by linkage to highly polymorphic trans-
and an average interval size on the expanded map of 9.2 cM.posable element markers, in each of three temperature

Analysis of variance of bristle number: Analysis of variance
environments. There is considerable GEI for bristle (ANOVA) was used to partition variation among the recombi-
number and variation among loci in the association nant inbred lines for each bristle character into sources attrib-

utable to line (L, random), sex (S, fixed), and temperaturebetween mean effects and sensitivity.
(T, fixed) according to the model

y 5 m 1 T 1 S 1 L 1 T 3 S 1 T 3 L 1 S 3 L
MATERIALS AND METHODS 1 T 3 S 3 L 1 R(T 3 L) 1 S 3 R(T 3 L) 1 E,

Drosophila stocks: Two unrelated lines, Oregon R (Linds- where m is the overall mean, R refers to replicate vial, E is
ley and Zimm 1992) and 2b (Pasyukova and Nuzhdin 1993), the within vial error variance, and parentheses represent the
were made isogenic using balancer chromosomes to suppress nesting of an effect. Similar analyses were done considering
recombination (Pasyukova and Nuzhdin 1993). The paren- the three possible pairs of temperatures and for each tempera-

ture environment. In addition, all analyses were run separatelytal lines were crossed, and the F1 progeny were backcrossed
to 2b. An advanced intercross design, in which the backcross for males and females. Tests of significance of F ratios and

estimates of variance components were obtained using SASprogeny were randomly mated for four generations, was used
to increase recombination between markers and QTLs and procedures GLM and VARCOMP (SAS Institute, Inc. 1988),

respectively.hence the precision of mapping. In the fifth generation, 200
individual pairs were selected, and the progeny of each pair Genetic correlations of bristle number in the two sexes and
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1885GEI for Bristle Number QTLs

in pairs of temperature environments (rGE) were computed mean trait values on multiple markers were calculated using
the SAS procedure GLM (SAS Institute, Inc. 1988). Permu-from the variance components as s2

L12/(s2
L1 3 s2

L2), where
s2

L12 is the variance among lines from the joint analysis across tation tests for major QTLs and a sequential search for addi-
tional QTLs (Churchill and Doerge 1994; Doerge andtemperature or sex environments, and s2

L1 and s2
L2 are the

variances among lines from the analyses in environments 1 Churchill 1996) were performed in Mathematica Version
2.2 (Wolfram 1991).and 2, respectively (Robertson 1959).

Significant GEI of loci affecting bristle number with the sex We also analyzed these data using a composite interval map-
ping procedure (Zeng 1993, 1994), which tests the hypothesisand/or temperature environment can arise from two sources:

from the departure of the genetic correlation (rGE) of bristle- that an interval flanked by two adjacent markers contains a
QTL affecting the trait, while statistically accounting for thenumber effects across environments from unity, and from

changes in among-line variance of bristle number in the differ- effects of additional segregating QTLs by multiple regression
on markers outside the tested interval. The interval sizes inent environments. Their relative contributions are given by

the relationship cM were estimated from the observed recombination between
markers and the Kosambi mapping function, as described

s2
GE 5 o

i, j
[2 sLi sLj (1 2 rij) 1 (sLi 2 sLj)2]/t(t 2 1) above. The likelihood ratio test statistic LR is 22 ln(L 0/L1),

where L0/L1 is the ratio of the likelihood under the null
hypothesis (there is no QTL in the interval) to the alternative(Cockerham 1963), where s2

GE is the G 3 E interaction vari-
hypothesis (there is a QTL in the interval). This test statisticance component; t is the number of environments; sLi and sLj
at a genomic location is distributed as chi-squared with 1 d.f.are the square roots of the among-line variance components
under the null hypothesis. The genome-wide significance levelin environments i and j, respectively; and rij is the genetic
for a Type I error rate of 0.05, taking multiple tests intocorrelation between environments. The first term is the contri-
account, is 11.6. These analyses were performed using thebution from lack of perfect correlation between environments,
QTL Cartographer software Version 1.09a (J. C. Basten,and the second is from differences in variance.
B. S. Weir and Z.-B. Zeng; fttp:/esssjp.stat.ncsu.edu/pub/The variance of means across pairs of environments was
qtlcart/), 10 background markers, and a window size of 5 cM.estimated as s2

M 5 0.25(s2
L1 1 s2

L2) 1 0.5s2
L12. The variance of

sensitivity was estimated as s2
S 5 (s2

L1 1 s2
L2 2 2 s2

L12)/D 2. (D
is the difference in mean bristle number between the environ-
ments 1 and 2, where environment 1 has a higher overall RESULTS
mean value of the trait than environment 2.) The covariance

Three temperatures: Mean sternopleural and abdom-between the mean and sensitivity was estimated as covMS 5
(s2

L1 2 s2
L2)/2D (Falconer 1990). The genetic correlation inal bristle numbers of the two parental strains, Oregon

between the mean and sensitivity, rMS , was thus estimated as and 2b, and of the 98 RI lines derived from them, are
rMS 5 covMS/(s2

M 3 s2
S)1/2. in the wild-type range for these characters (Table 1).QTL mapping: We used two different procedures to map

There is genetic variation between the parental strainsQTLs affecting bristle number in each sex and environment.
for both bristle traits: Averaged over temperature andSingle-marker analysis is arguably more appropriate than in-

terval mapping for advanced generation crosses because the sex, 2b has more sternopleural and abdominal bristles
probability of multiple recombination events between marker than Oregon. Temperature and bristle number are neg-
intervals is much higher than in F2 and backcross generations. atively correlated, averaged over both parental lines and
Therefore, we first used a sequential search procedure com-

sexes. However, the two parental lines respond differ-bined with permutation testing to evaluate associations be-
ently to changes in temperature, for both bristle traits;tween the molecular markers and trait phenotypes. Single-

marker F statistics for the regressions of mean trait values on i.e., there is genetic variation in the temperature reac-
marker genotypes were computed for all markers for each tion norms, or there is GEI variance. Both bristle traits
sex, temperature environment, and bristle trait separately. are sexually dimorphic, with females having on average
To overcome the problems of multiple tests and correlated

more bristles than males, and the magnitude of themarkers in setting the correct experiment-wise Type I error
sex dimorphism of abdominal and sternopleural bristlerate at a 5 0.05, we determined the empirical F distribution
number varies between the parental lines (sex 3 lineunder the null hypothesis of no association between any of

the markers and trait values by randomly permuting the trait interaction). For abdominal bristle number, the magni-
data among marker classes 2000 times and by calculating the tude of the difference between lines in sex dimorphism
maximum F statistic (FMAX) across all markers for each permu- clearly varies with temperature (temperature 3 sex 3tation. The number of times that FMAX exceeded the F statistic

line interaction). These lines are thus suitable materialfrom the original data was recorded. The 100th highest FMAX

to use to investigate the genetic basis of variation inis the empirical critical F corresponding to a 5 0.05 under
the null hypothesis (Churchill and Doerge 1994; Doerge reaction norms.
and Churchill 1996). To address the issue of segregating Mean bristle numbers of the Oregon/2b RI lines in
unlinked QTLs inflating the within-marker-class variance and the three temperature environments are given in Fig-hence reducing the power to detect additional QTLs (Zeng

ures 1 (sternopleural bristles) and 2 (abdominal bris-1993, 1994; Jansen and Stam 1994), we used a sequential
tles). Although the mean bristle numbers of all RI linessearch procedure for significant marker-QTL associations

(Doerge and Churchill 1996). For each category, the effects are bracketed by the two parental line means for each
of the most significant marker (having the highest F statistic sex and bristle trait (Table 1), the range of means of
from the original data) were removed using the SAS procedure the RI lines exceeds those of the parental lines for each
GLM (SAS Institute, Inc. 1988) with the model y 5 marker

trait and temperature. Such transgressive segregation isand calculating the residuals. The permutation procedure was
a common phenomenon for progeny generations de-then repeated on the residuals until no further markers were

significant. F statistics (Type III SS) for regressions of line rived from parental lines that are not selected for the

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/149/4/1883/6034247 by guest on 25 M

ay 2023



1886 M. C. Gurganus et al.

TABLE 1

Mean sternopleural and abdominal bristle numbers of inbred Oregon and 2b,
and RI lines derived from them, in three temperature environments

Oregon 2b RI

Trait Temperature Male Female Male Female Male Female

ST 188 19.50 21.05 23.40 23.35 20.69 21.61
(0.34) (0.45) (0.51) (0.51) (0.13) (0.15)

258 18.10 19.40 20.00 20.80 19.04 20.02
(0.62) (0.74) (0.59) (0.53) (0.14) (0.16)

298 16.50 17.50 19.35 22.15 18.67 19.41
(0.44) (0.32) (0.51) (0.43) (0.18) (0.22)

AB 188 17.00 18.55 16.80 18.15 16.38 17.91
(0.49) (0.45) (0.51) (0.67) (0.12) (0.14)

258 15.25 16.35 16.75 20.90 15.79 17.18
(0.70) (0.55) (0.92) (0.55) (0.14) (0.15)

298 14.45 15.70 16.55 20.20 14.95 17.08
(0.40) (0.43) (0.36) (0.44) (0.14) (0.12)

ST, sternopleural; AB, abdominal; mean, 6 SE.

measured trait. Increasing and decreasing alleles at loci ANOVAs for the two bristle traits. The main effects of
temperature (T), sex (S) and line (L) are all highlyaffecting the trait are in dispersion in the parental lines

and recombine to produce more extreme phenotypes significant, for both bristle traits. The T 3 L and
S 3 L GEI terms are also highly significant for bothin the progeny.

The variation among the RI lines in the three tem- bristle traits, indicating that the crossing of temperature
reaction norms of the RI lines demonstrated in Figuresperatures is quantified in Table 2, which gives the full

Figure 1.—Norms of reaction of sternopleural bristle num- Figure 2.—Norms of reaction of abdominal bristle number
for 98 Oregon/2b recombinant inbred lines in three tempera-ber for 98 Oregon/2b recombinant inbred lines in three tem-

perature environments. ture environments.
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TABLE 2

ANOVA of bristle numbers for the recombinant inbred lines, pooled over
three temperature environments and sexes

Sternopleural bristles Abdominal bristles

Mean Variance Mean Variance
Source d.f. square P component square P component

T 2 4783.59 0.0001 — 1269.32 0.0001 —
S 1 2298.44 0.0001 — 8369.58 0.0001 —
L 97 244.04 0.0001 1.691 157.81 0.0001 1.116
T 3 S 2 14.92 0.0198 — 151.50 0.0001 —
T 3 L 194 31.91 0.0001 0.536 14.50 0.0001 0.162
S 3 L 97 13.00 0.0001 0.155 15.25 0.0001 0.157
T 3 S 3 L 194 3.73 0.2309 0.017 5.82 0.0495 0.056
R(T 3 L) 294 10.12 0.0001 0.337 6.89 0.0005 0.110
S 3 R(T 3 L) 294 3.39 0.0655 0.039 4.70 0.0001 0.147
E 10,584 3.00 3.001 3.24 3.237

T, temperature; S, sex; L, line; R, replicate; E, environment.

1 and 2 are statistically significant, and that, further- interaction to VG for the different temperature pairs is
constant across sexes (Table 3).more, the magnitude of the sex dimorphism for bristle

number is not constant across lines. The three-way The among-line variance of abdominal bristle num-
ber is also highly significant for each pair of tempera-T 3 S 3 L GEI term is marginally significant for ab-

dominal bristle number. The remaining terms in the tures considered, but its magnitude is least for the 18–
298 contrast. The S 3 L and T 3 L interactions forANOVA are due to uncontrolled environment.

The variance components for the random effects are abdominal bristle number are all formally significant,
but their magnitude varies. The S 3 L interaction vari-also given in Table 2. The among-line variance com-

ponent is an estimate of the genetic variance (VG) segre- ance at 18–298 is about one-half its value in the other
contrasts, and the T 3 L interaction variance at 18–298gating between the two homozygous parental lines

(Falconer and Mackay 1996). One can gauge the rela- is over twice the T 3 L interactions estimated for 18–258
and 25–298. The T 3 S 3 L variance is highly significanttive importance of the GEI variance, or the environ-

ment-specific among-line variance in bristle number, to for the 18–298 contrast. The ratio VI/VG is consequently
higher (0.52) for 18–298 than for 18–258 (0.27) or 25–the genetic variation common to all environments by

the ratio of the sum of all significant interaction variance 298 (0.22). Although the average among-line variance
of abdominal bristle number is similar for males andcomponents (VI 5 V(T 3 L) 1 V(S 3 L) 1 V(T 3

S 3 L)) to VG. Estimates of VI/VG from the analyses over females, the relative ratio of the T 3 L interaction to
VG is on average greater for females (0.28) than malesthree temperatures are quite high: 0.41 for sternopleu-

ral bristle number and 0.34 for abdominal bristle (0.07). Female abdominal bristle number is far more
variable in response to temperature than is male abdom-number.

Two temperatures: Among-line and GEI variance inal bristle number, for the same genotypes. Further-
more, as expected from the significant T 3 S 3 L vari-components from ANOVAs of bristle number in pairs

of temperatures are given in Table 3. In the analyses ance component, the ratios of the T 3 L interactions
to VG vary between the sexes among the different tem-pooled across sexes, the among line variance of ster-

nopleural bristle number is highly significant at all tem- perature pairs. For males, VI/VG 5 0.09 (188–258), 0.03
(25–298), and 0.11 (18–298); whereas for females, VI/peratures but is greatest for the 25–298 contrast. The

S 3 L interaction is also significant for all temperature VG 5 0.09 (18–258), 0.20 (25–298), and 0.77 (18–298).
One temperature: Among-line and S 3 L variancepairs and is of the same magnitude for each contrast.

The T 3 L interaction is small and only marginally components from ANOVAs of bristle number within
each temperature are given in Table 4. The among-linesignificant between 18–258 but highly significant for the

other temperature pairs. Estimates of VI/VG for stern- variance of sternopleural bristle number increases with
temperature by 20% between 188 and 258 and by 89%opleural bristle number consequently vary among tem-

perature pairs, from 0.14 (18–258), to 0.33 (25–298), to between 258 and 298 (see Figure 1). The S 3 L interac-
tion also increases as temperature increases (by 22%0.88 (18–298). The among-line variance of sternopleural

bristle number from the separate sex analyses is 32% between 188 and 258 and 31% between 258 and 298).
Consequently, the among-line variance of female stern-greater in females than males, but the ratio of T 3 L
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TABLE 3

Summary of among-line (L), T 3 L, and S 3 L interaction variance components from ANOVAs of
ST and AB bristle number of recombinant inbred lines across three temperature environments

Sexes pooled Males Females

Trait Temperature L T 3 L S 3 L T 3 S 3 L L T 3 L L T 3 L

ST 188, 258, 298 1.691 0.536 0.155 0.017 1.591 0.457 2.099 0.650
*** *** *** NS *** *** *** ***

188, 258 1.559 0.087 0.144 0.005 1.561 0.072 1.845 0.112
*** * *** NS *** NS *** *

258, 298 2.067 0.524 0.166 0.024 1.844 0.482 2.622 0.612
*** *** *** NS *** *** *** ***

188, 298 1.446 0.998 0.153 0.022 1.368 0.816 1.830 1.225
*** *** *** NS *** *** *** ***

AB 188, 258, 298 1.116 0.162 0.157 0.056 1.311 0.092 1.235 0.344
*** *** *** * *** * *** ***

188, 258 1.192 0.115 0.212 0.014 1.214 0.109 1.593 0.150
*** * *** NS *** * *** **

258, 298 1.245 0.114 0.165 0.035 1.517 0.040 1.304 0.259
*** ** *** NS *** NS *** ***

188, 298 0.910 0.257 0.094 0.119 1.201 0.127 0.807 0.625
*** *** * ** *** * *** ***

P values are from F ratio tests of significance of mean squares. NS, not significant; P . 0.05; *, 0.01 , P ,
0.05; **, 0.001 , P , 0.01; ***P , 0.001. See legends to Tables 1 and 2 for definitions of abbreviations.

opleural bristle number is 51% greater than that of Averaged over sexes, expressed genetic variance is great-
est in the “home” environment of 258; among-line vari-males at 298 but only 20% greater than the male variance

at 188 and 258. These changes of variance with tempera- ance is reduced by 23% of this value at 298 and by
34% at 188. However, the S 3 L interaction variance isture are not proportional to mean sternopleural bristle

numbers because the changes in mean are in the oppo- greatest at 188 and least at 298, reflecting the different
patterns of response of among-line variance to tempera-site direction.

The pattern of among-line variance of abdominal bris- ture in males and females. For males, variance among
lines is nearly equivalent at 258 and 298 and is reducedtle number across temperatures is more complicated.
by 42% at 188; whereas for females, among-line variance
is greatest at 258 and is reduced from its maximum byTABLE 4
16% at 188 and by 50% at 298. Therefore, the among-

Summary of among-line (L) and S 3 L interaction line variance for female abdominal bristle number is
variance components from ANOVAs of ST and AB 47% greater than males at 188, 21% greater than males

bristle number of recombinant inbred lines at 258, and 25% less than males at 298.
across three temperature environments

Genotype environment correlations: The variance
component genetic correlations of bristle number be-Sexes pooled
tween males and females of the RI lines are given inMales Females

Trait Temperature L S 3 L L L Table 5. Although the correlations are higher for ster-
nopleural bristle number (on average, 0.92) than ab-ST 188 1.499 0.135 1.490 1.778
dominal bristle number (on average, 0.88), they are all*** ** *** ***
significantly different from 1. Averaged over the three258 1.792 0.164 1.776 2.136

*** *** *** *** temperature treatments, 89% of the S 3 L interaction
298 3.390 0.216 2.877 4.333 for sternopleural bristle number was attributable to

*** *** *** *** changes of rank order of bristle number effects in males
AB 188 1.114 0.239 1.094 1.612 and females. For abdominal bristle number, over 99%

*** *** *** ***
of the three temperature S 3 L interaction variance was258 1.500 0.213 1.552 1.874
caused by changes of rank. Thus, for both bristle traits,*** ** *** ***
the significant departure of the genetic correlations be-298 1.219 0.187 1.562 1.252

*** *** *** *** tween the sexes from 1 is primarily caused by crossing
of reaction norms between the sexes, rather than byP values are from F ratio tests of significance of mean
differences in among line variance between males andsquares. **, 0.001 , P , 0.01; ***, P , 0.001. See legends to

Tables 1 and 2 for definitions of abbreviations. females.
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TABLE 5 than for female abdominal bristle number. Thus, the
genetic correlation for males is high, averaged over allVariance component genetic correlations of bristle
three environments (0.93), and only marginally signifi-number between males and females for recombinant
cantly different from 1; in fact, rGE is not significantlyinbred lines in three temperature environments
different from 1 between 258 and 298. However, rGE for

Sternopleural Abdominal female abdominal bristle number is highly significantly
Temperature bristles bristles different from 1 in all temperature pairs, and the pattern

of magnitudes of the correlation follows that for ster-188 0.921** 0.839***
nopleural bristle number: highest between 188 and 258258 0.920*** 0.879**
(0.92) and lowest between 188 and 298 (0.57). In males,298 0.960*** 0.872***
85% of the total three temperature-by-line interaction

P values are for significance of departure of the genetic
variance is caused by changes in rank; in females, rankcorrelation from unit from the S 3 L interaction term of
order change accounts for 95% of the T 3 L interaction.the appropriate analysis of variance. *, 0.01 , P , 0.05; **,

0.001 , P , 0.01; ***, P , 0.001. See legend to Table 2 for Correlations between mean and sensitivity: The vari-
definitions of abbreviations. ance among lines in each environment and covariance

among lines in pairs of environments can be expressed
in terms of variance among lines in mean perform-Variance component genetic correlations of bristle
ance in the two environments (s2

M), variance amongnumber between pairs of temperature environments are
lines in environmental sensitivity (s2

S), and the covari-given in Table 6. The picture for sternopleural bristles
ance (covMS) and correlation (rMS) of mean and sensitiv-is straightforward. The cross-environment genetic corre-
ity (Falconer 1990). Estimates of these parameters arelation of sternopleural bristle number is high between
given in Table 7. For sternopleural bristle number, both188 and 258 (0.95) and only marginally significantly dif-
s2

M and s2
S, averaged over sexes, are least between 188ferent from 1. The genetic correlations of sternopleural

and 258, and maximal between 258 and 298. Betweenbristle number are highly significantly different from
188 and 258, s2

S is over 20 times less than s2
M, whereasunity between 258 and 298 and between 188 and 298,

between 258 and 298, s2
S is 1.9 times greater than s2

M.but the correlation is lowest (0.64) between the two
Between 188 and 258, the correlation between the meanextreme temperatures. Cross-environment correlations
and sensitivity is approximately 20.3, whereas betweenfor this trait are very similar for males and females. 80%
258 and 298 and 188 and 298, rMS increases to 20.5. Theof the total T 3 L interaction variance is attributable
above contrasts follow the same pattern for males andto changes of rank order of line means across tempera-
females considered separately.tures. The pattern of genetic correlations across envi-

The variance of mean abdominal bristle number isronments for abdominal bristle number is more com-
very similar across all temperature pairs, both averagedplex, as the sexes respond differently to changes in
over sexes and for males and females separately. Asenvironment. Recall that the T 3 L interaction variance
for sternopleural bristle number, the maximum s2

S isfor male abdominal bristle number is in general lower
between 258 and 298 (where it is 25% less than the
variance in mean, averaged over sexes), and the mini-

TABLE 6 mum is between 188 and 298. (At this temperature pair,
s2

S is 2.6 times less than s2
M.) However, s2

S for abdomi-Variance component genotype 3 environment
nal bristle number varies across the sexes between 258correlations of bristle number for recombinant inbred
and 298 and 188 and 298, with the variance of sensitivitylines across three temperature environments
of males 400 and 14 times less, respectively, than the

Sternopleural Abdominal variance of sensitivity of females. Overall, correlations
Temperature Sex bristles bristles between the mean and sensitivity are lower for abdomi-

nal (rMS 5 20.03, averaged over sexes and all three18–258 Both 0.951* 0.922*
temperature pairs) than for sternopleural (average rMS 5Males 0.960NS 0.932*

Females 0.947* 0.917** 20.42) bristle number. Furthermore, rMS for abdominal
25–298 Both 0.839*** 0.921* bristle number appears to differ in both sign and magni-

Males 0.816*** 0.975NS
tude between males and females and across temperature

Females 0.862*** 0.851*** pairs. For example, between 188 and 258, the correlation
18–298 Both 0.641*** 0.781***

between means and sensitivities is 20.4 both averagedMales 0.661*** 0.919*
over sexes and in males; whereas between 258 and 298,Females 0.660*** 0.568***
rMS 5 0.3, both averaged over sexes and in females.

P values are for significance of departure of the genetic QTL-marker associations: Insertion sites of the roo
correlation from unity from the T 3 L interaction term of

transposable elements were analyzed for five larvae ofthe appropriate analysis of variance. NS, not significant; P .
each of the 98 RI lines. Because transposable element0.05; *, 0.01 , P , 0.05; **, 0.001 , P , 0.01; ***, P , 0.001.

See legend to Table 2 for definitions of abbreviations. insertion sites are dominant markers, it was necessary to
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TABLE 7

Estimates of the variance of means (s2
M) and sensitivities (s2

S), and the covariance (covMS)
and correlation (rMS) between mean and sensitivity for ST and AB bristle number

in pairs of temperature environments

Trait Temperature Sex s2
M s2

S covMS rMS

ST 18–258 Males 1.597 0.053 20.087 20.300
Females 1.901 0.088 20.113 20.275
Both 1.602 0.066 20.090 20.278

25–298 Males 2.086 6.992 21.482 20.388
Females 2.928 3.306 21.805 20.580
Both 2.329 4.360 21.630 20.512

18–298 Males 1.775 0.399 20.343 20.408
Females 2.443 0.506 20.581 20.522
Both 1.945 0.448 20.448 20.480

AB 18–258 Males 1.269 0.608 20.383 20.436
Females 1.638 0.561 20.180 20.187
Both 1.249 0.523 20.290 20.359

25–298 Males 1.537 0.113 20.006 20.014
Females 1.434 52.979 3.149 0.361
Both 1.302 1.043 0.300 0.257

18–298 Males 1.265 0.123 20.163 20.413
Females 1.120 1.813 0.217 0.152
Both 1.038 0.401 20.046 20.072

See legend to Table 1 for definitions of abbreviations.

genotype multiple individuals from each line to identify with sternopleural bristle number and 13 markers asso-
ciated with abdominal bristle with their F statistics fromheterozygous sites. Each site was scored as homozygous

Oregon, homozygous 2b, or heterozygous. The mean the sequential search are shown in Table 8.
In addition, we compared the significant markershomozygosity averaged over all markers and lines was

0.956, but 60 of the 98 RI lines were heterozygous for from the sequential search procedure to those detected
by a composite interval mapping procedure (Zeng 1993,at least one marker, and only eight markers were fixed

in all lines. For segregating markers, we do not know 1994). The results from the composite interval mapping
analyses were nearly identical to those of the sequentialthe genotype of the individuals for which bristle number

was measured, but we assumed all were heterozygous search, with only minor variations from the inclusion
or exclusion of markers at the border of significantin the analyses below.

We used a sequential search procedure for QTLs and intervals. Since the exact results of composite interval
mapping can depend on the number of backgrounda permutation test to determine the experimentwise

empirical F statistic corresponding to a 5 0.05 (Chur- markers and the window size specified in the model,
the choice of both of which is somewhat arbitrary, wechill and Doerge 1994; Doerge and Churchill

1996). The first step in the analysis was a single-marker have presented for simplicity the results from the se-
quential search procedure.analysis, in which the bristle number phenotypes were

regressed on each marker genotype, separately for each All significant markers from the sequential search
were fitted as cofactors in a multiple regression analysisbristle trait, temperature, and sex combination. The

bristle number phenotypes were randomly permuted of the entire data set (separately for the two bristle
traits), according to the modelacross the marker genotypes 2000 times, and the empiri-

cal critical F corresponding to a 5 0.05 under the null
y 5 m 1 T 1 S 1 S 3 T 1 oMj 1 o(T 3 Mj)hypothesis was determined to be 11.5. Several markers

exceeded this critical value for all the analyses. There- 1 o(S 3 Mj) 1 o(S 3 T 3 Mj) 1 L(Mj)
fore, a second iteration was performed, in which the

1 S 3 L(Mj) 1 T 3 L(Mj) 1 E,effects of the most significant marker from the first
step were removed by calculating the residuals from the where m, T, S, L, and E are as defined above, and Mj is
model y 5 marker (with the highest F statistic) 1 error. the set of j markers found during permutation analy-
We continued to add markers that exceeded the empiri- sis to be associated with bristle number. The reduced
cal threshold F statistic to the model in this stepwise model
fashion until no further significant markers were de-
tected. The 11 markers showing significant association y 5 m 1 oMj 1 L(Mj) 1 E
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1891GEI for Bristle Number QTLs

TABLE 8

Sequential search for markers associated with bristle number

Sternopleural bristles Abdominal bristles

Males Females Males Females

Iteration 188 258 298 188 258 298 188 258 298 188 258 298

1 Marker 96F 96F 35BC 96F 96F 43E 92A 38A 94D 35BC 35BC 57C
F 31.63 30.89 21.8 42.59 32.42 31.79 25.03 34.72 26.97 23.42 35.23 21.28

2 Marker 88E 79E 61D 63A 43E 96F 43A 57D 38A 29F 57C 50D
F 30.79 22.44 11.77 20.10 20.44 22.49 22.92 26.58 25.23 18.01 25.06 15.79

3 Marker 57C 63A End 4F 57F End 57D 92A 57C 67D 21E 35BC
F 11.86 21.34 20.47 23.56 30.23 27.32 24.35 13.39 15.15 11.72

4 Marker End 48D End 61D 21E 21E 50D 57D End 1B
F 12.21 14.63 18.54 15.49 13.16 12.89 17.20

5 Marker 57F End End End 21E 44F End
F 18.01 17.05 13.90

Markers are identified by their cytological location. The F statistics are from regressions of bristle number on marker genotype.

was run on the six temperature-sex categories sepa- sex (e.g., abdominal bristle marker 92A), one or two
temperatures (e.g., sternopleural bristle marker 88E andrately. Sternopleural bristle markers 57C and 63A and

abdominal bristle markers 38A and 57C were not sig- abdominal bristle marker 67D), or are both tempera-
ture- and sex-specific (e.g., sternopleural bristle markernificant in any of these models, most probably because

they were linked to the same QTL as an adjacent marker 43E and abdominal bristle marker 1B). Of the 19 mark-
ers associated with variation in bristle number amongin the model. These markers were removed from the

analyses, and marker effects were reestimated for the the RI lines, 14 exhibit GEI with sex and/or tempera-
ture.remaining significant 9 sternopleural and 11 abdominal

bristle number markers. The markers associated with Homozygous effects: Estimates of homozygous effects
of markers associated with bristle number are given insternopleural bristle number are mostly different from

those associated with abdominal bristle number, as ex- Tables 10 (sternopleural bristles) and 11 (abdominal
bristles). Significant homozygous effects range frompected from the low-correlation among-line means for

these characters (r 5 0.27, averaged over temperatures 0.52 to 1.82 sternopleural bristles (0.39 and 1.24 genetic
standard deviation units, respectively) and 0.32 to 2.13and sexes).

The associations between marker genotypes and bris- abdominal bristles (0.31 and 1.70 genetic standard devi-
ation units, respectively). The proportion of VG contrib-tle number phenotypes were determined by treating the

two homozygous marker classes and the heterozygous uted by each QTL was estimated as p(1 2 p)a 2, where
p is the marker frequency and a is the difference inmarker class separately. We tested whether the mean

bristle numbers of the two homozygous marker classes bristle number between homozygous marker classes.
This estimate assumes additivity, which is true for mostwere significantly different from each other. Further-

more, we tested whether the mean bristle number of markers, and that the markers and QTLs are tightly
linked, so the marker frequency is equal to the QTLlines containing heterozygotes differed from the aver-

age of the two homozygotes for each marker. The results frequency. Significant single-marker contributions to
genetic variance range from 2.9 to 35% VG for sterno-of the tests of significance for each marker associated

with bristle number in the full model and in the reduced pleural bristles (Table 10) and from 2.5 to 27% VG for
abdominal bristles. Collectively, the significant sterno-models are given in Table 9. The significant effects

are mostly for differences between homozygous marker pleural bristle markers explain 66, 70, and 57% of the
variance among RI line means at 188, 258, and 298, re-classes, which is not unexpected since the number of

heterozygous lines for most markers is very small, giving spectively. The significant abdominal bristle markers
explain 70, 73, and 68% of the variance among RI lineslittle power to detect heterozygous effects. However,

there are two significant deviations from additivity: at 188, 258, and 298, respectively. The temperature 3
marker effects are as large as main effects, ranging frommarker 35BC for sternopleural bristle number and

marker 94D for abdominal bristle number. Although 0.33 to 1.84 bristles (data not shown).
Overdominance: Two significant deviations from ad-some markers are associated with bristle number in all

sexes and environments (sternopleural bristle markers ditivity were found: sternopleural bristle marker 35BC
and abdominal bristle marker 94D. The homozygous57F, 61D, and 96F and abdominal bristle markers 21E

and 57D), most have effects that are restricted to one effect of 35BC on sternopleural bristle number is not
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TABLE 10

Effects of sternopleural bristle number QTLs in three temperature environments

Males Females

Marker Temperature a SE sG %VG a SE sG %VG

4F 188 20.91 (0.28) 20.74 6.83 21.37 (0.30) 21.03 13.01
258 20.01 (0.28) 20.01 0.00 20.59 (0.32) 20.40 1.99
298 20.50 (0.44) 20.29 1.08 21.13 (0.49) 20.54 3.64

35BC 188 0.21 (0.33) 0.17 0.45 0.13 (0.35) 0.10 0.14
258 0.32 (0.32) 0.24 0.91 0.53 (0.37) 0.36 2.09
298 0.86 (0.51) 0.50 4.03 0.64 (0.57) 0.31 1.50

43E 188 20.06 (0.45) 20.05 0.02 20.11 (0.48) 20.08 0.06
258 0.49 (0.44) 0.37 1.24 1.05 (0.51) 0.72 4.67
298 0.37 (0.71) 0.22 0.43 1.71 (0.78) 0.82 6.10

48D 188 0.35 (0.43) 0.28 0.83 0.57 (0.46) 0.42 1.85
258 1.17 (0.42) 0.88 7.89 0.83 (0.49) 0.57 3.31
298 2.25 (0.68) 1.33 18.23 2.34 (0.75) 1.13 13.11

57F 188 0.78 (0.23) 0.64 7.71 0.52 (0.25) 0.39 2.86
258 1.14 (0.22) 0.86 13.83 1.28 (0.26) 0.88 14.55
298 1.02 (0.36) 0.60 6.85 1.33 (0.40) 0.64 7.73

61D 188 0.77 (0.20) 0.63 9.96 1.10 (0.22) 0.83 16.82
258 0.83 (0.20) 0.63 9.66 0.98 (0.23) 0.67 11.06
298 0.97 (0.32) 0.57 8.15 1.16 (0.35) 0.56 7.67

79E 188 0.13 (0.25) 0.11 0.28 20.50 (0.27) 20.38 3.28
258 0.97 (0.24) 0.73 12.35 0.11 (0.28) 0.07 0.13
298 20.01 (0.39) 20.01 0.00 20.53 (0.43) 20.25 1.51

88E 188 0.73 (0.26) 0.60 7.87 0.61 (0.28) 0.46 4.56
258 0.09 (0.26) 0.07 0.11 0.14 (0.30) 0.09 0.19
298 0.13 (0.41) 0.08 0.14 20.25 (0.45) 20.12 0.33

96F 188 21.53 (0.23) 21.26 31.26 21.77 (0.24) 21.33 35.00
258 21.70 (0.22) 21.28 32.24 21.82 (0.26) 21.24 30.49
298 21.10 (0.36) 20.65 8.37 21.54 (0.39) 20.74 10.84

Significant effects indicated in boldface type; a, homozygous effects for the 2b marker relative to Oregon;
sG, genetic standard deviation units; %VG, percent genetic variation.

significant overall, or for any sex and temperature com- put and selective elimination (Barton 1990; Cabal-

lero and Keightley 1994; Houle et al. 1996). It isbination (Tables 9, 10). However, at 298, this marker
has a significant (P 5 0.01) effect in heterozygotes of quite likely, therefore, that an additional mechanism or

mechanisms act(s) to preserve genetic variation for1.87 sternopleural bristles (relative to the mean of 2b
and Oregon homozyogtes for this marker) in males. these traits. One possibility is that variation is main-

tained in the face of environmental heterogeneity byAbdominal bristle marker 94D has significant effects of
20.61 bristle in males at 258 and of 21.05 and 20.59 GEI (Felsenstein 1976; Via and Lande 1987; Gilles-

bristle in males and females, respectively, at 298. This pie and Turelli 1989).
marker also has a significant (P 5 0.003) heterozygous Here, we have confirmed that the first criterion for
effect of 1.38 abdominal bristle in males at 188. There- the maintenance of variation by GEI is met: There is
fore, heterozygous effects are temperature- and sex- substantial GEI variance for sensory bristle number
specific (i.e., exhibit GEI). Since the frequency of het- among a panel of RI lines established from two homozy-
erozygotes is very low for most markers in these RI gous laboratory strains. The total genotype 3 tempera-
lines (0.07 for marker 35BC and 0.05 for marker 94D, ture, genotype 3 sex, and genotype 3 temperature 3
for example), our power to detect heterozygous effects sex interaction variance was over 40% (30%) the genetic
in general and overdominant effects in particular is variance of sternopleural (abdominal) bristle number
limited. when all three temperatures were considered. The rela-

tive magnitude of the GEI variance was, however, great-
est between the most extreme temperature pair (88%

DISCUSSION and 52% of the total genetic variance for sternopleu-
ral and abdominal bristles, respectively, averaged overLevels of naturally occurring variation for Drosophila
sexes). There is genetic variation for sex dimorphismabdominal and sternopleural bristle number far exceed

those predicted from a balance between mutational in- of both bristle traits (genotype 3 sex interaction). For
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TABLE 11

Effects of abdominal bristle number QTLs in three temperature environments

Males Females

Marker Temperature a SE sG %VG a SE sG %VG

1B 188 20.20 (0.17) 20.20 0.89 20.09 (0.22) 20.07 0.12
258 0.04 (0.19) 0.03 0.02 0.23 (0.21) 0.17 0.68
298 0.32 (0.20) 0.26 1.51 1.06 (0.20) 0.94 20.58

21E 188 20.56 (0.16) 20.55 7.38 20.47 (0.21) 20.37 3.27
258 20.60 (0.18) 20.48 5.56 20.56 (0.20) 20.41 4.02
298 20.67 (0.20) 20.53 6.89 20.41 (0.19) 20.36 3.21

29F 188 20.33 (0.18) 20.32 2.31 20.88 (0.23) 20.70 10.78
258 20.16 (0.20) 20.13 0.37 20.47 (0.23) 20.35 2.68
298 20.22 (0.22) 20.18 0.70 20.17 (0.21) 20.15 0.53

35BC 188 0.40 (0.26) 0.40 2.52 1.11 (0.34) 0.87 12.12
258 0.80 (0.30) 0.64 6.59 1.34 (0.33) 0.98 15.21
298 1.01 (0.32) 0.81 10.32 0.83 (0.31) 0.74 8.79

43A 188 0.74 (0.54) 0.74 7.39 20.39 (0.69) 20.31 1.31
258 20.47 (0.60) 20.38 1.95 0.88 (0.68) 0.64 5.59
298 20.15 (0.65) 20.12 0.19 20.29 (0.63) 20.26 0.92

44F 188 0.30 (0.61) 0.30 0.82 1.69 (0.79) 1.33 16.20
258 2.13 (0.68) 1.70 26.57 0.85 (0.77) 0.62 3.52
298 1.05 (0.74) 0.84 6.38 1.00 (0.72) 0.89 7.21

50D 188 20.09 (0.27) 20.09 0.07 0.04 (0.36) 0.03 0.01
258 0.32 (0.31) 0.26 0.61 0.88 (0.35) 0.64 3.81
298 0.74 (0.34) 0.60 3.28 0.92 (0.32) 0.82 6.31

57D 188 0.99 (0.16) 0.98 21.51 0.95 (0.21) 0.75 12.48
258 1.17 (0.18) 0.93 19.65 1.13 (0.21) 0.82 15.21
298 0.97 (0.20) 0.78 13.50 1.05 (0.19) 0.94 19.84

67D 188 20.32 (0.16) 20.31 2.47 20.84 (0.20) 20.66 10.83
258 0.15 (0.18) 0.12 0.38 20.26 (0.20) 20.19 0.89
298 0.07 (0.19) 0.05 0.07 0.24 (0.18) 0.22 1.19

92A 188 21.04 (0.20) 21.03 23.32 0.09 (0.26) 0.07 0.11
258 20.75 (0.23) 20.60 8.04 20.36 (0.26) 20.27 1.56
298 20.57 (0.25) 20.45 4.57 20.11 (0.24) 20.10 0.21

94D 188 20.40 (0.21) 20.40 3.09 20.44 (0.27) 20.35 2.35
258 20.61 (0.24) 20.49 4.79 20.40 (0.27) 20.29 1.70
298 21.05 (0.26) 20.84 13.95 20.59 (0.25) 20.53 5.52

Significant effects indicated in boldface type; a, homozygous effects for the 2b marker relative to Oregon;
sG, genetic standard deviation units; %VG, percent genetic variation.

sternopleural bristle number, the magnitude of this in- ported significant genotype 3 temperature interaction
(but not genotype 3 sex interaction) for sternopleuralteraction variance is similar across all pairs of environ-

ments; it is the genotype 3 temperature interaction bristle number in their diallel cross-analysis of chromo-
some substitution lines between two laboratory strains;variance that increases between 188 and 298, in both

sexes. The relative magnitude of the genotype 3 tem- and Gupta and Lewontin (1982) found substantial
variation in temperature reaction norms of abdominalperature interaction variance for abdominal bristle

number not only changes with the pair of temperatures bristle number among homozygous and heterozygous
second chromosomes of D. pseudoobscura, both withinconsidered but with sex; GEI for this trait is greater

for females than males at all temperatures, especially and between sexes. Since only a limited number of geno-
types and environments have been sampled in thesebetween 258 and 298 and 188 and 298.

Similar patterns of GEI variance of sternopleural and studies, and harsher environmental contrasts like those
prevalent in nature are likely to invoke greater GEI thanabdominal bristle number in response to thermal envi-

ronments greater in females than in males, but much the relatively mild conditions tested in the laboratory
(Kondrashov and Houle 1994), the conclusion thatmore pronounced for abdominal bristle number, and of

increased genotype 3 temperature interaction variance sensory bristle numbers exhibit large amounts of GEI
is inescapable. Estimates of genetic and mutational vari-between 188 and 298, have been observed for new spon-

taneous mutations affecting these traits (Mackay and ance obtained under standard laboratory conditions
may thus have little relevance to the true parametersLyman 1998). Caligari and Mather (1975) also re-
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required in models of maintenance of genetic variance sternopleural bristle marker 57F in males and females
across temperatures.and response to natural and artificial selection (Gilles-

pie and Turelli 1989). Future quantitative genetic anal- Genetic correlations between the mean and sensitiv-
ity, averaged over all loci, were generally negative. Val-yses using model organisms should incorporate ecologi-

cally reasonable environmental treatments whenever ues of rMS for sternopleural bristle number in contrasts
involving 298 were approximately 20.5. Averaged overpossible to partly ameliorate this problem. Furthermore,

our observation that GEI may be sex-specific (Mackay all pairs of environments, the correlations between
means and sensitivities of abdominal bristle numberand Lyman 1998; this article) adds an unexpected com-

plexity to the issue of maintenance of quantitative varia- were close to zero, suggesting that the mean and sensi-
tivity are largely under the control of different genes.tion by GEI. However, genotype by sex variation is often

observed for autosomal genes affecting bristle number However, between each pair of environments, rMS is
moderately high in one sex, although the sign of the(Long et al. 1995; Mackay et al. 1995; Lyman et al.

1996) and other quantitative traits (Anholt et al. 1996; correlation and the sex with the highest absolute value
follows no discernable pattern. At the level of individualMackay et al. 1996; Nuzhdin et al. 1997).

Predictions of whether genetic variance can be main- QTLs, the correlation between mean performance
across pairs of environments and sensitivity is poor:tained by GEI depend on the genetic basis of GEI and

the nature and intensity of selection acting on the trait Some markers are associated with a large effect on the
mean but are insensitive to the environment, whereaswithin and between environments, as well as on the

nature and frequencies of relevant environments. Here, others with small effects on the mean are relatively more
sensitive. For each of the markers associated with a sig-we have begun to examine the genetic basis of GEI by

mapping QTLs affecting sternopleural and abdominal nificant effect on bristle number in at least one of a
pair of environments, we computed the mean effect asbristle number in each of the temperature environ-

ments and by linkage to polymorphic insertion sites M 5 0.5(XH 1 X L), and the sensitivity as S 5 (XH 2
XL)/D, where X H and X L are the effects in the environ-of roo transposable element markers. Of the 19 markers

associated with variation in bristle number in at least ment that confer high and low bristle number, respec-
tively, averaged over all loci, and D is the mean differ-one temperature and sex, 6 had significant main effects

only; the remaining 14 markers had significant inter- ence between environments (Falconer 1990). The
correlations between the mean and sensitivity, averagedactions with temperature (5 markers), sex (4 markers)

and/or sex 3 temperature (6 markers). Clearly, there over all markers and pairs of environments in which at
least one significant effect was detected, were 20.25is heterogeneity among QTLs affecting bristle number

in their sensitivity to thermal and sexual environments. and 20.44 for male and female sternopleural bristle
number, respectively, and 20.20 and 0.18 for male andAt the trait level, we observed positive genetic correla-

tions of bristle number across environments. In the female abdominal bristle number, respectively, in good
agreement with the more precise estimates from among-model of Via and Lande (1987), maintenance of a level

of segregating genetic variation beyond that expected line variance components. There are no apparent con-
straints to the independent evolution of the mean andfrom the equilibrium between mutation and selection

by GEI is not assured unless the cross-environment ge- sensitivity of bristle number.
We cannot use our mapping results to discriminatenetic correlation is 21. Therefore, we can ask to what

extent the sign of effects changes across environments, between pleiotropy and epistasis (Scheiner 1993; Via

et al. 1995) as the root cause of GEI because a QTL thatand to what extent the magnitude, but not direction of
significant effects changes among those QTLs exhib- is mapped in a restricted set of environments could

logically be either a conditionally expressed bristle geneiting GEI. There is one example of a change of sign:
abdominal bristle marker 43A. The 2b allele is associ- or a conditionally expressed gene that does not itself

directly affect bristle number but interacts with one orated with increased bristle number in males and de-
creased bristle number in females at 188, relative to the more bristle number loci. In the latter, epistatic case,

the interacting locus will be mapped by virtue of itsOregon allele, but decreased bristle number in males
and increased bristle number in females at 258. At this interaction effect. With only 98 RI lines, we do not have

enough degrees of freedom to test statistically for allmarker, there is a negative association between the phe-
notypes across both temperature and sex environments, pairwise interactions of our mapped factors. Neither

do these data directly address the issue of the relativeand a significant genotype 3 temperature 3 sex interac-
tion. This pattern of GEI is one that could potentially magnitudes of GEI for heterozygotes and homozygotes

for QTLs affecting the trait, as required to evaluate theresult in the maintenance of polymorphism for abdomi-
nal bristle number, depending on the form of selection. model of Gillespie and Turelli (1989) since most

loci are homozygous in the RI lines. However, for oneFor all but one other marker for which GEI was ob-
served, interactions were attributable to detection of the marker, significant marker genotype by temperature

and sex environment effects were found for heterozy-QTL in one sex and/or in one or two environments;
the exception was a change in relative magnitude of gotes but not homozygotes.
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TABLE 12

Cytogenetic markers (map position) and candidate bristle number loci

Marker Intervala Candidate locib Referencec

1B (1-0) 1B-5D (1.0–1.15) ASC (1-0.0); N (1-3.0) 6, 7, 11, 13, 16
4F (1-10) 3E-5D (1.4–1.15) 7, 13, 16, 18
21E (2-1) 21E-22F (2.1–2.4) 18
29F (2-32) 22F-33E (2.4–2.45) Sp (2-22.0); numb (2-35.0); bib (2-34.7) 2, 6, 7
35BC (2-50) 34EF-38E (2.48–2.54)
43A (2-55) 39A-44F (2.54–2.58)
43E (2-57) 33E-49D (2.45–2.67)
44F (2-58) 44C-46C (2.58–2.59)
48D (2-64) 46C-49D (2.64–2.67) sca (2-66.7) 3, 8, 12, 14
50D (2-70) 50B-50F (2.69–2.70)
57D (2-97) 50F-57F (2.70–2.97) sm (91.5) 9, 14
57F (2-97) 50F-60E (2.70–2.107) sm (91.5) 9, 14
61D (3-0) 61A-63A (3.0–3.3) emc (3-0.0) 13, 14, 15, 16
67D (3-33) 65D-68B (3.22–3.35) qm (3-23); abd (3-26.5); h (3-27); Hsp22-Hsp-G3 (3-28); Sod (3-34.6) 5, 10, 13, 14, 15
79E (3-47) 69D-87B (3.39–3.51) mab (3.47); dsx (3-48); atonal (3-48); neu (3-50) 1, 4, 10, 13, 16
88E (3-57) 82D-91D (3.47–3.64) Tft (3-53.6); abdA, abdB (3-58) 10, 13, 16
92A (3-65) 91A-93B (3.63–3.70) Dl (3-66.2); H (3-69.5) 13, 14, 15, 17, 18
94D (3-76) 91D-96A (3.64–3.84) 10, 13, 16, 18
96F (3-89) 94D-98A (3.76–3.100) E(spl) (3-89.1); Pr (3-90) 10, 13, 14, 16, 18

a Approximate bounds on intervals were determined by the position of the first nonsignificant marker flanking the significant
marker.

b Gene names are given in Lindsley and Zimm (1992). Candidate genes affect bristle number development or have bristle
number mutant phenotypes, with the exception of the small heat shock proteins (Hsp22-Hsp-G3) and Superoxide dismutase (Sod),
which are listed because they are sensitive to environmental conditions.

c References are to studies mapping bristle number QTLs in which the same interval was significant: (1) Breese and Mather

1957; (2) Gibson and Thoday 1962; (3) McBride and Robertson 1963; (4) Wolstenholme and Thoday 1963; (5) Thoday

et al. 1964; (6) Spickett and Thoday 1966; (7) Davies 1971; (8) Frankham 1980; (9) Frankham and Nurthen 1981; (10)
Shrimpton and Robertson 1988; (11) Mackay and Langley 1990; (12) Lai et al. 1994; (13) Long et al. 1995; (14) Mackay

and Fry 1996; (15) Long et al. 1996; (16) M. C. Gurganus, S. V. Nuzhdin and T. F. C. Mackay, unpublished results; (17)
Long et al. 1998; and (18) Nuzhdin et al. 1988.

To further resolve outstanding questions regarding markers 4F, 35BC, and 88E and abdominal bristle mark-
ers 1B and 67D were detected only in 188 and/or 298the feasibility that quantitative genetic variation is main-

tained by GEI, we need to go beyond QTL mapping to environments. It is not clear how many additional QTLs
would be found if other environments were considered.the actual loci causing variation in the trait. For a given

locus, we require data on homozygous and heterozygous The issue of genetic sampling is also complex. The ex-
pected difference in QTL maps between a random paireffects of alleles affecting the trait in different environ-

ments to determine empirically whether there are nega- of strains depends on the distribution of allelic effects
at the loci affecting the trait in nature. If there are ative correlations in effects across environments, negative

correlations between mean performance and sensitivity, large number of alleles segregating at each locus, any
pair of strains is likely to contain different alleles, andand/or differences between homozygotes and heterozy-

gotes in sensitivity, all for a realistic sample of alleles all QTLs could in principle be mapped using any two
homozygous lines, provided the experimental designand environments. Discrimination of epistasis or pleiot-

ropy as the cause of GEI requires similar analyses for had sufficient power to detect small allelic differences.
On the other hand, if there are only two alleles at eachall possible two-locus genotypes.

Initial QTL analysis falls far short of this goal. One locus, the probability of capturing alternate alleles in
two random strains depends on the gene frequency.can only detect QTLs if there is a difference between

the parental strains in alleles affecting the trait. Thus Loci at which allele frequencies are intermediate will
be sampled more frequently than loci with one commonQTLs detected between two lines will be a sample of

the total number of loci causing variation in the trait, and one rare allele; intermediate gene frequencies are
more likely to be the result of balancing selection thanin the environments chosen for analysis. If many QTL

alleles are conditionally expressed in nonstandard labo- rare alleles, which might be maintained by mutation-
selection balance. We can extract no information aboutratory environments, QTLs segregating even between

one pair of lines can be missed if the analysis is done gene frequency, and hence what QTLs are a priori candi-
dates for GEI analysis, from a single mapping study.in a single environment. Here, sternopleural bristle
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Neither can we ascertain whether the QTL alleles were problem for continuously varying traits, but in the fu-
ture, analysis of allelic effects across environments atinitially segregating in the natural populations from

which the parental lines were derived, or whether they loci responsible for quantitative variation in Drosophila
bristle number may provide a solid foundation for un-were new mutations that occurred during and after the

parental lines were made homozygous. Finally, QTLs derstanding the genetic basis of environmental sensitiv-
ity in general.are mapped to a large genetic region, even in fine-scale

mapping studies such as the one described here. QTLs We thank Jeff Leips and Marta Wayne for comments on the
are not genetic loci, and progress toward defining a manuscript. This work was supported by National Institutes of Health

grants GM 45344 and GM 45146 toT.F.C.M., National Science Founda-QTL at this level can proceed either by fine-scale recom-
tion Grant DEB 9317754 to J.D.F. and T.F.C.M., and grant 97-04-bination mapping or by searching for candidate genes
48101 from the Russian Foundation of Basic Research to E.G.P.with developmental or biochemical effects on the trait

that have been identified by mutational analysis and
that map to the QTL region. The former approach is
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