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For insects, temperature is a major environmental variable
that can influence an individual’s behavioral activities and
fitness. Drosophila melanogaster is a cosmopolitan species
that has had great success in adapting to and colonizing
diverse thermal niches. This adaptation and colonization has
resulted in complex patterns of genetic variation in thermo-
tolerance phenotypes in nature. Although extensive work has
been conducted documenting patterns of genetic variation,
substantially less is known about the genomic regions or
genes that underlie this ecologically and evolutionarily
important genetic variation. To begin to understand and
identify the genes controlling thermotolerance phenotypes,
we have used a mapping population of recombinant inbred
(RI) lines to map quantitative trait loci (QTL) that affect
variation in both heat- and cold-stress resistance. The
mapping population was derived from a cross between two
lines of D. melanogaster (Oregon-R and 2b) that were not

selected for thermotolerance phenotypes, but exhibit sig-
nificant genetic divergence for both phenotypes. Using a
design in which each RI line was backcrossed to both
parental lines, we mapped seven QTL affecting thermotoler-
ance on the second and third chromosomes. Three of the
QTL influence cold-stress resistance and four affect
heat-stress resistance. Most of the QTL were trait or sex
specific, suggesting that overlapping but generally unique
genetic architectures underlie resistance to low- and
high-temperature extremes. Each QTL explained between
5 and 14% of the genetic variance among lines, and
degrees of dominance ranged from completely additive
to partial dominance. Potential thermotolerance candidate
loci contained within our QTL regions are identified and
discussed.
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Introduction

For insects, variation in temperature is one of the most
important environmental variables that influences the
distribution of species in nature (Coussins and Bowler,
1987; Leather et al, 1993; Clarke, 1996). Temperature can
vary on a daily, seasonal, or spatial scale (Gibbs et al, 2003)
and this variation can have major impacts on an
individual’s fitness (Hoffmann et al, 2003; Rohmer et al,
2004) as well as its daily behavioral activities (Hoffmann
and Parsons, 1991; Gilchrist and Huey, 1999; Gilbert
and Huey, 2001; David et al, 2003). Thus, variation in
environmental temperature will generally impose stress
upon the organism, which may result in the evolution of
adaptive genetic mechanisms to cope with temperature
extremes in nature (Hoffmann and Parsons, 1991).
Drosophila melanogaster is a species that has been very
successful in its ability to adapt to novel thermal
challenges (David and Capy, 1988) and is currently
a widely distributed cosmopolitan species that has
successfully colonized and adapted within numerous
thermal environments in nature (David and Capy, 1988;
Lachaise et al, 1988). Populations of D. melanogaster
currently persist on all of the continents and are a part

of a network of locally adapted populations that exhibit
complex patterns of phenotypic and genetic variation both
within and among populations (Hoffmann et al, 2003).

One very important class of locally adapted pheno-
types in D. melanogaster is the thermotolerance pheno-
types, that is the phenotypes contributing to resistance to
high- and low-temperature extremes (Hoffmann et al,
2003). Abundant naturally segregating genetic variance
for resistance to high- and low-temperature extremes has
been documented in Drosophila by response to artificial
or natural laboratory selection (Morrison and Milkman,
1978; Tucic, 1979; Cavicchi et al, 1995; Loeschcke and
Krebs, 1996; Gilchrist et al, 1997; Bubli et al, 1998;
Gilchrist and Huey, 1999; Norry et al, 2004; Anderson
et al, 2005); quantification of genetic variation along
clines of resistance to heat and cold stress (Gilbert and
Huey 2001; Hoffmann et al, 2002; Ayrinhac et al, 2004;
Kimura, 2004); and association of phenotypic variation
in thermotolerance with molecular polymorphism or
expression of candidate genes affecting thermal-stress
resistance (McColl et al, 1996; Krebs and Feder, 1997;
Dahlgaard et al, 1998; Anderson et al, 2003). Although
these studies have shown that substantial genetic
variation exists for heat- and cold-stress resistance
phenotypes in natural and laboratory Drosophila popula-
tions, it is essential to identify the individual genetic loci
underlying this complex variation in order to understand
the evolutionary genetic mechanisms influencing adap-
tation to thermal environments.
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To date, studies exploring the genetic architecture of
thermotolerance phenotypes have primarily focused on
candidate genes known to be involved in the heat-stress
response (eg Heat shock proteins (Hsps)). For example,
Hsp70 (Feder and Krebs, 1998; Dahlgaard et al, 1998;
Bettencourt et al, 2002), Hsp68 (McColl et al, 1996), Hsr-
omega (McColl et al, 1996; McColl and McKechnie, 1999;
Anderson et al, 2003), and heat-shock factor (Hsf)
(Lerman and Feder, 2001) have all been implicated in
the resistance to heat stress, through the analysis of allele
frequency changes in response to selection on thermo-
tolerance, the analysis of clinal variation in allele
frequencies, the analysis of the change in gene expression
among populations with divergent heat-stress profiles,
or through the analysis of the change in the resistance
phenotypes with increased copy number of the candi-
date locus. In addition, the methusalah (mth) longevity
gene has been implicated in resistance to various
stressors including heat stress (Lin et al, 1998). Substan-
tially less work has been conducted for cold-stress
resistance, possibly because our knowledge of the
relevant candidate genes and pathways is limited. Goto
(2000, 2001) showed that Senescence marker protein-30
(Smp-30) and Frost (Fst) are both upregulated in response
to cold acclimation or cold stress. Anderson et al (2003)
demonstrated an association between clinal molecular
variation in Hsr-omega and cold-stress resistance. Finally,
Greenberg et al (2003) implicated desaturase 2 (desat2) in
cold resistance by identifying significant allelic differ-
ences between Cosmopolitan and Zimbabwe forms of
the gene in a site-directed gene replacement study.

All of the studies highlighted above focused on the
role of a small sample of candidate genes in some aspect
of resistance to thermal stress. However, an alternative to
candidate gene studies is to identify genomic regions
(quantitative trait loci (QTL)) influencing the trait
between lines with divergent thermotolerance pheno-
types. QTL studies have the great advantage of not
imposing any a priori prediction on the classes of genes
identified in a genome scan, but they also have a distinct
disadvantage in that nearly all QTL contain multiple
genes. Although the power of the QTL mapping
approach is great (Mackay, 2001), it has not been used
to genetically dissect any aspect of thermotolerance until
recently. Norry et al (2004) used a QTL mapping
procedure to identify four QTL (one on chromosome 2,
three on chromosome 3) contributing to the variation
between lines selected for increased and decreased high-
temperature knockdown time. Each QTL identified in
this study identified a large genomic region, but each of
the QTL contained plausible candidate loci affecting heat
resistance, including numerous Hsp genes, Hsr-omega,
and Trap1 (Norry et al, 2004).

Here, we present the results of a genome scan for QTL
influencing variation for both heat- and cold-stress
resistance using a backcross design and composite
interval mapping in a panel of recombinant inbred (RI)
lines derived from a cross between two strains of D.
melanogaster, Oregon-R and 2b (Nuzhdin et al, 1997).
Although Oregon-R and 2b were not selected for extreme
thermotolerance phenotypes, they are significantly dif-
ferent for both heat- and cold-stress resistance pheno-
types (Figure 1). Furthermore, we acknowledge that
Oregon-R and 2b represent a limited sample of the
genetic variation that may underlie thermotolerance

phenotypes in nature; however, localizing QTL in these
divergent lines does represent a valuable primary step in
understanding the genetic architecture underlying these
phenotypes. Using this genome scan for QTL we ask the
following questions: (i) What genomic regions influence
these ecologically important phenotypes? (ii) What are
the allelic effects of these QTL (ie additive, dominance,
epistatic effects)? (iii) Are there overlapping or unique
genetic architectures for each thermotolerance phenotype
or sex? (iv) Do our QTL contain likely thermotolerance
candidate loci? (v) To what extent do the locations of
QTL affecting variation in heat stress resistance match
those detected by Norry et al (2004)?

Materials and methods

Drosophila stocks
Two unrelated inbred parental lines, Oregon (Lindsley
and Zimm, 1992) and 2b (Pasyukova and Nuzhdin,
1993), and a population of 81 RI lines derived from these
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Figure 1 Parental line chill-coma recovery (a) and heat-stress
survival (b) profiles. Males are represented by solid lines and
females are represented by dashed lines. The Oregon flies are
represented by black lines and the 2b flies are represented by gray
lines. The horizontal dotted line represents the 50% recovery/
survival time point. Solid arrows represent the average 50%
recovery/survival time point of the two parental lines as deter-
mined by regression (see Materials and methods).
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parental lines were used in this experiment. The
generation of these RI lines has been described pre-
viously (Nuzhdin et al, 1997); so only a brief summary is
provided here. Oregon is a standard inbred lab stock that
has not been selected for any extreme phenotypes,
whereas 2b is an inbred lab stock derived from a
selection experiment for decreased male-mating activity
(Kaidanov, 1990). The RI lines were established from an
initial cross between the Oregon and 2b lines. Offspring
from this cross were backcrossed to 2b, and these
progeny were randomly mated for four generations to
increase the amount of recombination. The backcross to
2b was carried out because the 2b strain is generally less
vigorous than the Oregon strain and the backcross
helped ensure that the proportion of 2b and Oregon
alleles were equally represented within each RI line. The
population of RI lines was subsequently created by
conducting full-sib mating for 25 generations. Following
the 25 generations of inbreeding, the surviving lines were
maintained by mass transfer each generation. These
RI lines have been maintained since 1996 and hence
spontaneous mutations will have occurred. The con-
tribution of new mutations was minimized by maintain-
ing the lines in relatively large population sizes by mass
transfer. Further, the input of new mutational variance
will be random and will reduce our ability to detect QTL
initially segregating between these lines. These RI lines
were chosen for the practical reasons that the genotypes
of the molecular markers had previously been deter-
mined and other life-history QTL have previously been
mapped in this population. Although the genetic varia-
tion between the Ore and 2b parental lines is a highly
restricted sample of naturally occurring variation in
thermotolerance, the QTL analyses presented in this
study represent an important first step in genetic
dissection of heat and cold tolerance.

The experimental individuals used in the current
study were the offspring of crosses of females from each
of the RI lines to males from the two parental lines
(Oregon (O) or 2b (B)). This crossing scheme is a
modified North Carolina design III (Comstock and
Robinson, 1948, 1952), in which the RI lines take the
place of the F2 generation in the original North Carolina
design III. We utilized this backcross design rather than
directly screening the RI lines to avoid the effects of
inbreeding depression on fitness-related traits, and to
produce heterozygous genotypes to estimate degrees of
dominance of QTL. Backcrossing each of the RI lines to
both of the parental lines resulted in progeny with three
genotypes (OO, OB, BB) at cold and heat tolerance QTL.
The OO and OB genotypes occur in the progeny from the
backcross to Oregon, whereas the BB and OB genotypes
occur in the progeny from the backcross to 2b.

Thermotolerance phenotypes
All of the individuals screened were young flies (ie 5–7
days old), as previous studies have found that thermo-
tolerance phenotypes can change as a function of age
(Lamb and McDonald, 1973; David et al, 1998). All
experimental individuals were crossed and maintained
in vials containing standard cornmeal–agar–molasses
medium sprinkled with live yeast to stimulate oviposi-
tion. Individuals were maintained at 25oC and 60%
humidity until they were used in the experimental assay.

To measure cold tolerance in the parental lines, we
utilized a modified version of the assay presented
by David et al (1998). Specifically, 25 same-sex indivi-
duals were transferred without anesthesia into empty
vials and placed in chambers containing melting ice
(01C70.5). After 3 h, individuals were removed from
the cold treatment and returned to room temperature
(231C70.5), and the chill-coma recovery time was
measured by recording the amount of time until an
individual was able to stand on its legs. Two replicate
vials were measured for each line and sex, yielding a
cold tolerance profile for each parental line and sex
(Figure 1a). To measure heat tolerance in the parental
lines, we measured the percent survival after heat stress,
(381C70.5). Two replicate vials for each parental line and
sex were assayed. Each replicate contained 25 same-sex
individuals that were transferred without anesthesia into
empty vials and placed in a water bath at 381C (70.5) for
either 10, 40, 70, 100, 130, or 160 min. After heat stress,
these flies were immediately placed in vials containing
5 ml of standard cornmeal–agar–molasses medium and
returned to 251C and 60% humidity for 24 h. After 24 h,
the percentage of surviving flies per vial was recorded
for each sex, line, and exposure time, generating a heat
tolerance profile for each parental line and sex (Figure 1b).

The heat and cold tolerance profiles (Figure 1) were
then used to determine the average 50% heat survival or
chill-coma recovery time points of the parental lines
(Figure 1, dotted line), which was subsequently used as
the more rapid assay point for the experimental (back-
crossed) RI lines. The average 50% heat survival and
chill-coma recovery time points for the parental lines
were determined by regressing the percentage of flies
that had either survived a heat exposure or recovered
from chill coma on the time at 381C (for heat survival) or
at 231C (for chill-coma recovery). Using this regression,
the average 50% time point for both lines and sexes could
be predicted for chill-coma recovery and heat-stress
survival. The 50% heat survival was 110 min at 381C
(70.5), whereas the average 50% chill-coma recovery
time point for the parental lines was 11 min at room
temperature (231C70.5). Thus, for the backcrossed RI
lines, our assay for heat stress was the percentage of flies
alive 24 h after a treatment of 110 min at 381C. Our assay
for cold stress was the percentage of flies recovered from
chill coma (ie standing on their legs) at 11 min after being
removed from the cold treatment (01C for 3 h).

Quantitative genetic analyses
To determine if significant genetic variation existed for
chill-coma recovery and heat-stress survival between the
parental inbred lines (Oregon and 2b), we used a one-
and two-way analysis of variance (ANOVA), which
modeled the fixed effects of line (Oregon or 2b), sex,
and their interaction (for two-way ANOVA) on chill-
coma recovery or heat-stress survival at the 50% assay
point. To understand the pattern of genetic variation
present within the backcrossed RI lines, a set of analyses
was performed on the chill-coma recovery and survival
after heat stress. Data from the backcrossed RI lines were
analyzed hierarchically in four different ANOVAs, so the
main effects and their interactions could be examined in
the full data as well as subsets. The first analysis was a
random effects model, which identified genetic variance
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among lines (L) within each cross and sex based on the
model y¼mþ Lþ e, where y is the thermotolerance
phenotype of an RI line within sex and cross, m is the
overall mean, L is the random effect of line, and e is the
residual within line variance. Broad-sense heritabilities
(H2) within each cross and sex were computed as
H2 ¼ s2

L=ðs2
L þ s2

EÞ; where sL
2 is the among-line and sE

2

the within-line variance component. In the analyses
within sex and cross, we also estimated the genetic
correlation between percent recovered from chill coma
and percent survival after heat stress, where rG ¼
covCH=ðsC�sHÞ; with covCH being the covariance among
line means between the percent recovered from chill
coma and survival after heat-stress scores within a cross
and sex and sC and sH the square roots of the variance
components for line term from the reduced-random-
effects model within sex and cross for chill coma and
heat stress. The next analysis was a mixed-model
ANOVA separated by cross to identify genotype-by-sex
interactions. In the mixed model separated by cross
(Oregon or 2b), the variance in thermotolerance traits
was partitioned by line, sex (male or female), and their
interaction based on the model y¼mþ LþSþL� Sþ e,
where y is the thermotolerance phenotype of an RI line
within cross, m is the overall mean, L is the random effect
of line, S is the fixed effect of sex, and e is the residual
variance. The line-by-sex interaction term (L�S) from
this analysis was used to evaluate the significance of the
genotype-by-sex interaction (GSI) and to calculate
the cross–sex genetic correlation rGS ¼ covFM=ðsF�sMÞ)
(Robertson, 1959), where covFM is the covariance among
line means between males and females within a
cross and sF and sM are the square roots of the variance
components for line term from the reduced-random-
effects model within sex and cross.

To compare the amount of genetic variance within a
cross and sex and trait, the coefficient of variance was
estimated separately for each trait and sex within each
cross. The coefficient of variance was calculated as
CVG ¼ 100�

ffiffiffiffiffiffi

VL

p
=�x; where x̄ is the average percent

chill-coma recovery or the average survival after heat
stress among lines and VL is the variance component
among lines within crosses and sexes (Vieira et al, 2000).
All analyses were carried out using SAS (SAS Institute,
1988) PROC GLM and VARCOMP procedures.

Molecular map
Cytological insertion sites of 81 polymorphic roo trans-
posable elements were determined from each of the RI
lines (Nuzhdin et al, 1997; Leips and Mackay, 2000; Vieira
et al, 2000). Map positions of the markers were estimated
from the observed recombination frequencies (r) between
pairs of markers based on Kosambi’s map function
d ¼ 1

4 lnðð1 þ 2rÞ=ð1 � 2rÞÞ, where d is the distance
between markers in centimorgans (cM). Chromosome
two was separated into two linkage groups as the
recombination frequency between marker 50F and 57C
was greater than 0.5 (Nuzhdin et al, 1997).

QTL mapping
Composite interval mapping was used to identify QTL
contributing to variation among lines in mean percent
chill-coma recovery and mean percent survival after heat
stress (Zeng, 1994) using Windows QTL Cartographer

version 2.0 (Basten et al, 2003). Composite interval
mapping tests the hypothesis that the interval between
two adjacent markers contains a QTL influencing the
trait, while simultaneously controlling for the effects of
QTL outside the test interval. These analyses were
conducted on line means for both traits and sexes. The
conditioning markers were chosen for each analysis by
forward selection/backward elimination stepwise re-
gression. A conditioning window size of 10 cM was used
such that only markers 10 cM away from the markers
creating the test interval were included in the model. The
likelihood-ratio (LR) test statistic is �2 ln(L0/L1), where
L0/L1 is the ratio of the likelihood under the null
hypothesis (L0, there is no QTL in the test interval) to
the alternative hypothesis (L1, there is a QTL in the test
interval). The LR test statistic at a genome location is
distributed as w2 with 2 d.f. under the null hypothesis
and was evaluated every cM.

The significance level for each analysis to infer the
presence of a QTL was determined by permutation.
Empirical distributions of the LR test statistics under the
null hypothesis of no association between test intervals
and trait values were obtained for each analysis by
randomly permuting the trait data 1000 times and
calculating the maximum LR statistic across all intervals
for each permutation. From this empirical distribution of
the LR statistic under the null hypothesis, a significance
threshold was calculated at an a¼ 0.05 by determining
the LR value demarcating the top 5% of the empirical
distribution. Thus, the LR statistics calculated from the
observed data that exceed this threshold indicates the
presence of a QTL at this genomic location (Churchill
and Doerge, 1994; Doerge and Churchill, 1996).

QTL effects

Estimates of the additive effects (a¼ (BB�OO)/2) and
dominance deviations (d¼OB�(OOþBB)/2) of each
QTL for each sex and trait are provided by the QTL
mapping analysis. The presence of pairwise epistatic
effects was evaluated using a simple linear model of
y¼mxþmyþmxmyþ e, where mx and my are the geno-
types of markers x and y within a cross and sex.

Candidate genes
Positional candidate genes were identified by scanning
the known and computationally predicted genes con-
tained within each QTL region for loci with known
effects on resistance to temperature stress or thermal and
environmental sensation phenotypes, as represented in
the FlyBase gene ontology database (FlyBase Consor-
tium, 2003).

Results

Thermotolerance phenotypes in the parental lines
The chill-coma recovery and heat-stress survival profiles
of the parental lines (Oregon and 2b; Figure 1) were used
to determine the average 50% recovery or survival time
points for each of the parental lines (Figure 1, dashed
line). This average 50% time point was subsequently
used in the high-throughput assay for the backcrossed RI
lines. The average 50% chill-coma recovery time point for
the parental lines was 11 min at room temperature
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(231C70.5), whereas the average 50% heat-survival time
point was 110 min at 381C70.5.

The Oregon and 2b parental lines exhibited signifi-
cantly different phenotypes for both the 50% chill-coma
recovery (F1,4¼ 48.21, P¼ 0.0023; Figure 1) and heat-
stress survival time (F1,4¼ 236.26, Po0.0001; Figure 1).
For chill-coma recovery, Oregon individuals had an
average recovery, percentage of 81.17% (74.2) in females
and 82.95% (74.0) in males, whereas 2b individuals had
an average recovery percentage of 31.58% (74.8) in
females and 35.27% (75.4) in males (Table 1). For
survival after heat stress, Oregon individuals had an
average survival of 30.0% (76.0) in females and 16.0%
(75.2) in males, whereas 2b individuals had an average
survival of 94.0% (73.4) in females and 86.0% (75.0) in
males (Table 1). However, neither the main effect of sex
nor the interaction of sex and line significantly influ-
enced either of the thermotolerance phenotypes in the
parental lines.

Quantitative genetic variation
Among lines: There was significant genetic variation in
both thermotolerance phenotypes among the lines within
both crosses and sexes (VL; Table 2; Figure 2); however,
the magnitude of differences among lines was cross and
sex specific (Table 2; Figure 2). Additionally, the broad-
sense heritabilities (H2; Table 2) varied with each cross
and sex. Estimates of H2 for chill-coma recovery ranged
from 0.175 (RI�Oregon #) to 0.353 (RI� 2b #), whereas
estimates of H2 for heat-stress survival ranged from 0.121
(RI�Oregon and RI� 2b ~) to 0.323 (RI�Oregon #).
This range of genetic variation is also reflected in the
estimates of the coefficients of genetic variation (CVG;
Table 2). The estimated genetic correlations (within sex
and backcross) between percent recovery from chill coma
and percent alive after heat stress (rG; Table 2) ranged
from �0.036 (RI�Oregon #) to 0.189 (RI�Oregon ~).

However, none of these estimates was significantly
different from zero, implying that unique genetic
architectures exist in this population for chill-coma
recovery and survival after heat stress (Table 2).

Genotype-by-sex interactions: Four separate mixed-mod-
el ANOVAs (separated by cross and trait) were used to
test for interactions among the genotypes (lines) and sex.
In these analyses (within each cross; Table 3), significant
effects of line, sex, and line-by-sex interactions were
identified that were cross and trait specific (Table 3). For
chill-coma recovery, there were significant differences
between the sexes in the 2b cross (in which females
exhibit an increase of approximately 13% in the
percentage of flies recovered from chill coma), but
not in the Oregon cross. The main effect of line
was significant within both the Oregon and 2b
crosses (Table 3; Figure 2); however, the interaction
of line and sex was significant in the cross to 2b but
not in the cross to Oregon (Table 3). For survival after
heat stress, there were highly significant differences
between the sexes in both crosses. Females from both
backcrossed populations exhibited an increase in
survival of B42% on average. The main effect of line
was significant within both the Oregon and 2b
backcrossed flies (Table 3; Figure 2), whereas the
interaction of line and sex was significant only within
the 2b cross (Table 3). Additionally, the estimated cross–
sex genetic correlation (rGS; Table 3) within each back-
crossed population was 0.538 (Ore) and 0.576 (2b) for
recovery from chill coma, whereas rGS was 0.145 (Ore)
and 0.375 (2b) for survival after heat stress, suggesting
overlapping but not identical genetic architectures
between the sexes for each thermotolerance phenotype
(Table 3; Figure 3).

QTL mapping
Genome scan for thermotolerance QTL: We used
composite interval mapping to localize the QTL
influencing the variation in the percentage of flies
recovered from chill coma and the percentage of flies
surviving after heat stress among the backcrossed RI
lines. Three QTL influencing chill-coma recovery were
identified in females. Two of these QTL were on the
second chromosome at cytological locations 34E–35B and
38E–46C, whereas the other one was on the third
chromosome between cytological locations 76B and 87B
(Table 4; Figure 4). In males, a single chill-coma QTL was
detected on the second chromosome at the cytological
location 35B–48D (Table 4; Figure 4). Two QTL affecting
survival after heat stress were identified in females. The

Table 1 Summary of the mean (71 SE) chill-coma recovery
percentages (after 3 h at 01C and 11 min at 231C) and heat-stress
survival percentages (after 110 min at 381C and 24 h at 251C) of
Oregon and 2b parental lines

Trait Sex Oregon 2b

Chill coma ~ 81.1774.2 31.5874.8
# 82.9574.0 35.2775.4

Heat stress ~ 30.076.5 94.073.4
# 16.075.2 86.075.0

Table 2 Summary statistics for chill-coma recovery and heat-stress survival percentages of RI backcrosses to Oregon and 2b lines separated
by sex and cross

Cross Trait Sex x̄ (71 SE) VL VR H2 CVG rG

RI�Oregon Chill coma ~ 64.56 (71.2) 155.66**** 321.11 0.327 19.33 0.189
Heat stress ~ 83.90 (71.1) 45.82** 331.73 0.121 8.07
Chill coma # 63.94 (71.2) 84.71**** 400.11 0.175 14.39 �0.036
Heat stress # 25.41 (71.4) 202.67**** 424.25 0.323 56.02

RI� 2b Chill coma ~ 65.90 (71.1) 105.20**** 342.80 0.235 15.56 0.218
Heat stress ~ 86.76 (70.9) 28.68** 208.05 0.121 6.17
Chill coma # 52.78 (71.2) 181.94**** 332.98 0.353 25.56 0.097
Heat stress # 60.01 (71.7) 181.62**** 764.98 0.192 22.46

NS, not significant. P40.05; *0.054P40.01; **0.014P40.001; ***0.0014P40.0001; ****P40.0001.
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first was on the second chromosome between cytological
locations 50B and 50F, whereas the second was at the left
arm of the third chromosome at 63A–65A (Table 4;
Figure 4). Three heat-stress QTL were identified in males:
one on the second chromosome at 38A–48D and two on
the third chromosome at cytological locations 61A–65A
and 85E–88E (Table 4; Figure 4).

Two QTL have significant overlap between the sexes
for the same trait, whereas one QTL overlaps across the
traits. The QTL common to both sexes within a trait are at
the cytological location 63A–65A (QTL H2; Table 4;
Figure 4) for survival after heat stress and at 34E–48D for
recovery from chill coma (QTL C1/2; Table 4; Figure 4).
The single QTL that overlaps across the traits is located
at the cytological location 35B–48D and is detected in
both sexes for recovery from chill coma (QTL C1/2;
Table 4; Figure 4), but only in males for survival after
heat stress (QTL H3: Table 4; Figure 4). These common
QTL suggest overlapping but not identical genetic
architectures influencing each thermotolerance pheno-
type within each sex.
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Figure 2 Distribution of phenotypes among the backcross RI lines for chill-coma recovery in females (a) and males (b) and for survival after
heat stress in females (c) and males (d). Gray bars represent lines backcrossed to the 2b parental line, and the cross-hatched bars represent
lines backcrossed to the Oregon parental line. Gray arrows represent the mean of the 2b parental line, and black arrows represent the mean of
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Table 3 ANOVA of chill-coma recovery and survival after heat
stress of the RI lines separated by cross

Chill coma
(Ore)

Chill coma
(2b)

Heat stress
(Ore)

Heat stress
(2b)

Mean 64.25 59.33 54.51 73.39
Sex (S) NS **** **** ****
VL 120.65**** 122.81**** 83.76*** 37.09*
VLS 2.31NS 24.51* 42.21NS 66.98**
Ve 357.94 335.70 376.84 487.21
rGS 0.538 0.576 0.145 0.375

Sex (S) is a fixed effect with the variance components for
the random effects from the ANOVA of chill-coma recovery
time and survival after heat stress. P-values are from F-ratio
test for significance of each term, in the mixed model analysis.
NS, not significant. P40.05; *0.054P40.01; **0.014P40.001;
***0.0014P40.0001; ****P40.0001.
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QTL effects: We tested for epistatic effects between all
pairwise combinations of markers used in our composite
interval mapping, and did not detect any significant
epistasis (after correction for multiple tests) among any

pair of markers or QTL. We also estimated the additive
effect (a) and dominance deviation (d) at the LR peak
(Figure 4) for each identified QTL. The additive effect
(a¼ (BB�OO)/2) estimates the magnitude and direction

Table 4 Thermotolerance QTL in each sex and cross and their additive effects, dominance deviations, and candidate genes

Sex Trait QTL positiona ab dc d/ad % Var.e Candidate genes (position)

~ Cold 34E–35B (C1) �12.20 3.53 �0.29 8.07 ppk(35B)
~ Cold 38E–46C (C2) 9.22 6.37 0.69 7.96 trap1(42C)
~ Cold 76B–87B (C3) 9.16 3.30 0.36 9.64 Fst(85E), Sas(87B), desat2(87B)
# Cold 35B–48D (C1/2) �13.72 4.90 �0.36 14.04 ppk(35B), Catsup(37B), Ddc(37C), trap1(42C), nompA(47F)
~ Heat 50B–50F (H1) �8.90 2.58 �0.29 11.46 Hsc70-5(50E)
~ Heat 63A–65A (H2) 6.13 4.70 0.77 13.90 Hsp83(63B), DnaJ-1(64E)
# Heat 38E–48D (H3) 14.63 12.52 0.86 11.75 trap1(42C)
# Heat 61A–65A (H2) 12.21 0.29 0.02 5.48 mth(61C), Hsp83(63B), DnaJ-1(64E)
# Heat 85E–88E (H4) 17.84 �0.77 –0.04 10.59 Hsp70(87A), Hsc70-2&4(87D&88E), foxo(88A)

aQTL positions represent the peak intervals (based on the closest markers) in cytological positions surrounding the QTL peak. Numbers in
parentheses denote the unique and shared QTL among traits and sexes.
bAdditive effect (a) is half the difference between the mean trait value of each of the homozygous classes (OO or BB) at that QTL.
a¼ (BB�OO)/2.
cDominance deviation (d) is the difference between the mean trait value of heterozygotes (OB) and the average trait value of the homozygous
classes (OO and BB) at that QTL. d¼OB�(BB+OO)/2.
dRatio of the dominance deviations to the additive effect (d/a): QTL is additive when d/a¼ 0; QTL is completely dominant when d/a¼ 1 or �1;
QTL is partially dominant when d/ao|1|; QTL is overdominant when d/a4|1|.
ePercentage of total phenotypic variance explained by the QTL.
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of the QTL effect, whereas the dominance deviation
(d¼OB�(OOþBB)/2) estimates the allelic effects on the
Oregon and 2b alleles in the heterozygous (OB)
genotypic class relative to the mean of the homozygous
classes (BB and OO). Almost all of the QTL are either
trait or sex specific. The estimated additive effects and
percentage of the phenotypic variance explained were
generally larger in males than females (Table 4). On
average, each of the QTL identified in this genome screen
explained approximately 10% of the phenotypic variance
for a particular trait.

For percent recovery from chill coma, half of the
identified QTL in both males and females exhibit
additive effects that are consistent with the variation
measured among the Oregon and 2b parental lines
(Figure 1; Table 1). Two of four identified QTL decrease
resistance to chill coma (QTL C1 (females), C1/2
(males)); Table 4) in 2b relative to Oregon, whereas two
female-specific QTL (QTL C2 and C3; Table 4) act in the
opposite direction, increasing the resistance to chill coma
in 2b relative to Oregon. The chill-coma QTL in both
sexes all exhibit some degree of partial dominance
(Table 4). For percent survival after heat stress, most of
the identified QTL in both males and females exhibit
additive effects that are also consistent with the observed
parental line divergence in heat-stress resistance (Table 1;
Figure 1). Three of four QTL increase resistance to heat
stress (QTL H2, H3, H4; Table 4) in 2b relative to Oregon,
whereas one female-specific QTL (QTL H1; Table 4)
exhibits a slight decrease in resistance to heat stress in 2b
relative to Oregon. The heat-stress QTL exhibit a range of
dominance deviations including essentially additively
acting QTL (QTL H2 (in males) and H4; Table 4), to
partially dominant QTL (QTL H1, H2 (in females), and
H3; Table 4).

Discussion

Although thermotolerance phenotypes are known to be
of great ecological and evolutionary significance in
natural populations (Cohet et al, 1980; Krebs and Feder,
1997; Gilbert et al, 2001; Gilbert and Huey, 2001;
Hoffmann et al, 2002, 2003; Ayrinhac et al, 2004; Kimura,
2004), substantially less is known about the genetic
architecture underlying this important and complex
quantitative genetic variation (Hoffmann et al, 2003).
We have examined the genetic architecture of two
ecologically important thermotolerance phenotypes,
survival after heat stress and recovery from chill coma,
in D. melanogaster. In this study, we have estimated the
quantitative genetic parameters and localized QTL
influencing variation in heat- and cold-stress resistance
in a mapping population of RI lines, each of which was
backcrossed to both of their parental lines (Oregon-R and
2b). We found significant genetic variation for both
thermotolerance phenotypes among lines in our map-
ping population and we were able to detect seven QTL.
Each of these QTL mapped to regions on the second and
third chromosomes, and they exhibit relatively little
colocalization between the two traits or sexes, suggesting
that overlapping but generally unique genetic architectures
underlie resistance to high- and low-temperature ex-
tremes within each sex. The detected QTL accounted
for a modest portion (14–28%) of the total quantitative
genetic variance among lines for each of these pheno-

types, and the estimated additive effects of the QTL are
consistent with direction of the divergence between the
parental line phenotypes. That is, the cold tolerance QTL
generally tend to decrease resistance to chill coma in 2b
relative to Oregon, whereas the heat-stress QTL tend to
increase resistance to heat stress in 2b relative to Oregon.
Finally, all of the identified QTL exhibit either additive or
partially dominant allelic effects.

One other study has used QTL analyses to identify
genomic regions influencing heat-stress resistance phe-
notypes (Norry et al, 2004), and no previous work has
attempted to localize QTL influencing cold-stress resis-
tance in D. melanogaster. The data presented in this study
confirm and complement previous QTL and candidate
gene studies investigating the genetic control of
temperature-stress resistance phenotypes (reviewed by
Hoffmann et al, 2003). We detected QTL that encompass
reasonable candidate loci that also exhibit colocalization
with other heat-stress QTL (Norry et al, 2004), and we
also localized new QTL to genomic regions where
thermotolerance candidate loci have not been extensively
investigated. Two of the four QTL identified in the study
of Norry et al (2004) colocalize with our survival-after-
heat-stress QTL: our QTL H3 (38E–48D; in males only)
and QTL H4 (85E–88E; in males only). Additionally, a
third QTL from Norry et al (2004) localized in a region of
poor marker coverage in their study (66E–67D10) was
very close to QTL H2 (61A–65A; in both sexes) detected
in this study. This colocalization of QTL between two
studies with mapping populations that have very
different genetic histories implies that the QTL common
to both studies represent genomic regions with a general
role in heat-stress resistance.

One striking result from our data is the overall lack of
colocalization between cold and heat tolerance QTL.
Although the high- and low-temperature extremes are
simply components of a spectrum of possible tempera-
tures that an individual may encounter during its
lifespan, our results suggest that the underlying genetic
mechanisms for dealing with diverse temperature
extremes are generally unique. In this study, only a
single QTL exhibits colocalization for both cold- and heat-
stress resistance. This QTL (cold QTL C1/2 and heat QTL
H3; Table 4; Figure 4) was localized to the middle of
chromosome 2. In males, this QTL has a large effect
(Table 4; Figure 4), accounting for 14 and 12% of the
genetic variance in cold- and heat-stress resistance,
respectively. However, the additive effects of this QTL
are antagonistic between cold and heat resistance; that is,
homozygous 2b individuals exhibit a decreased resis-
tance to cold and an increased resistance to heat, whereas
the homozygous Oregon individuals exhibit the opposite
pattern. Additionally, this region was also identified in
an independent mapping population and was shown
to influence high-temperature knockdown resistance
(Norry et al, 2004). Thus, this region is a general
thermotolerance QTL that exhibits a tradeoff in ther-
mal-stress resistance in one sex. Although we do detect
colocalization of both heat and cold QTL in this region,
the actual genetic causal effect of this colocalization (ie
close linkage or pleiotropy) can only be determined by
further high-resolution mapping. Thus, with our current
data, it is impossible to determine if this general
thermotolerance QTL represents a single or multiple
linked loci influencing heat and cold tolerance. Similar
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genetic tradeoffs between heat- and cold-stress resistance
have been identified on the right arm of chromosome 3 at
the locus Hsr-omega (Anderson et al, 2003). However,
given the general lack of colocalization between heat and
cold resistance QTL in this study and the small number
of studies that have detected and/or localized tradeoffs
in thermotolerance phenotypes (Hoffmann et al, 2002;
Anderson et al, 2003; Kimura, 2004), it seems that
individual loci affecting tradeoffs between heat- and
cold-stress resistance may be the exception rather than
the rule for thermotolerance loci. Future evaluation of the
presence or absence of general thermotolerance QTL and
their effects under diverse temperature stresses will
ultimately rely on the dissection of the QTL and the
identification of the individual thermotolerance candi-
date genes (Mackay, 2001).

In this study, we have not genetically dissected each of
our QTL to the level of the individual gene using
deficiency complementation or high-resolution recombi-
nation mapping (Pasyukova et al, 2000), but we have
identified several candidate genes based on their mutant
phenotypic effects on various components of thermo-
tolerance and thermal sensation (FlyBase Consortium,
2003). For example, Trap1 (42C) maps within the general
thermotolerance QTL (QTL C1/2 and H3). Trap1 is a
heat-shock protein-related gene that has similar proper-
ties to Hsp90 (Felts et al, 2000; Pflanz and Hoch, 2000),
and has thus been proposed to be involved in general
defense response and response to various stressors
(FlyBase Consortium, 2003). Our colocalization of both
heat and cold QTL to this region of chromosome 2
further supports these roles for Trap1. Furthermore,
screens of co-isogenic single P-element insertion lines
(Bellen et al, 2004) for heat- and cold-stress resistance
have implicated Trap1 in the response to thermal stress
(TJ Morgan, ED Ozoy, LH Duncan, and TFC Mackay,
unpublished data).

In addition to the regions of complete overlap between
cold QTL C1/2 and heat QTL H3, there are also unique
candidate genes within each QTL. For example, pickpock-
et (ppk; 35B) maps within the cold QTL C1 in females and
QTL C1/2 in males. ppk encodes a gene product that
directly influences sodium channel activity (Adams et al,
1998), and has also been implicated in larval thermal and
mechano-sensation (Adams et al, 1998; Kim et al, 2002b).
Another candidate gene involved in mechano-sensation,
no-mechanoreceptor potential A (nompA; 47F), also maps
within the cold QTL C1/2 in males. nompA encodes a
large transmembrane protein thought to be involved in
the formation of mechanical linkage required to transmit
mechanical stimuli (eg tactile or auditory environmental
stimuli; Chung et al, 2001). Finally, two genes involved in
the catecholamine biosynthesis pathway, Catecholamines
up (Catsup; 37B) and Dopa decarboxylase (Ddc; 37C), are
contained within the cold QTL C1/2 in males. The
catecholamine pathway is responsible for neurotrans-
mitter production and melanization and sclerotization of
the cuticle (Wright, 1987), and has also been implicated
in the response to various stressors including tempera-
ture stress (Baden et al, 1996; Sabban and Kvetnansky,
2001). Furthermore, genes in this pathway have been
implicated as positional candidate genes affecting varia-
tion in lifespan (De Luca et al, 2003).

Sex-specific QTL effects appear to be a common
feature of the genetic architecture of complex traits.

QTL with sex-specific effects have been found in
Drosophila for sensory bristle number (Dilda and Mackay,
2002), lifespan (Nuzhdin et al, 1997; Leips and Mackay,
2000; Vieira et al, 2000), and olfactory behavior (Fanara
et al, 2002). In this study, five of the seven QTL detected
were sex specific. The two QTL common to both sexes
were the cold QTL C1/2 (34E–48D) discussed above and
the heat QTL H2 (61A–65A). The heat QTL H2 embraces
a genomic region containing numerous positional candi-
date genes involved in stress resistance and response to
heat. These include methuselah (mth; 61C), which has
been shown to extend lifespan and increase stress
resistance in mutant lines (Lin et al, 1998), and Hsp83
(63B) and DnaJ-1 (64E), both of which are upregulated in
response to heat stress (Leemans et al, 2000). Thus, the tip
of the left arm of chromosome 3 represents a genomic
region with important effects on general heat-stress
resistance.

We also localized three QTL that were identified for a
single trait and sex combination. These include the cold
QTL C3 (76B–87B) and the heat QTL H1 (50B–50F) in
females, and the heat QTL H4 (85E–88E) in males. Three
genes that have previously been implicated in various
responses to cold map within cold QTL C3 (79B–87B):
Frost (Fst; 85E), Sialic acid phosphate synthase (Sas; 87B),
and desat2 (87B). Fst is upregulated during cold stress
(Goto, 2001). Sas has been implicated in ice binding and
response to freezing (Kim et al, 2002a). desat2 is involved
in cuticular hydrocarbon biosynthesis (Coyne et al, 1999),
and Cosmopolitan and Zimbabwe alleles of this locus
vary in their cold tolerance (Greenberg et al, 2003). Heat
shock protein cognate 5 (Hsc70-5; 50E) colocalizes with the
heat QTL H1 (50B–50F) in females and four heat-stress
genes colocalize with heat QTL H4 (85E–88E) in males
(Hsp70 (87A), heat shock protein cognate 2 (87D), heat shock
protein cognate 4 (88E), and the lifespan gene foxo (88A;
Giannakou et al, 2004)).

In the current study, we have conducted the first
genome scan for QTL influencing the ecologically
important phenotypes of heat- and cold-stress resistance
in D. melanogaster. Our results have localized three cold-
stress QTL and four heat-stress QTL to the second and
third chromosomes. Most of the identified QTL exhibited
either trait- or sex-specific effects, suggesting that
although resistances to cold and heat stress represent
physiological responses to extremes of a continuous
thermal spectrum, the genetic architectures underlying
each of the phenotypes are generally unique. Although
we identified seven QTL in this study, we must
acknowledge that QTL identified from this mapping
population almost certainly represent only a subset of all
of the thermotolerance loci. Furthermore, the RI lines
utilized in this current study were chosen for practical
reasons; the genotypes of the molecular markers had
previously been determined in these lines and other life-
history QTL have previously been mapped in this
population. Thus, these QTL may not represent the
genomic regions influencing potential adaptive evolution
in nature. However, this study is the first step in
beginning the process of genetically dissecting two
ecologically important phenotypes in D. melanogaster.
Future analyses will build on this genome scan through
the use of genome-wide screens of single P-element
insertion lines, genome-wide expression profiling,
and further QTL analyses of populations with highly
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divergent naturally derived thermotolerance pheno-
types.
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