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Estimating heritability in a threshold trait:
heat-shock tolerance in Drosophila buzzatii

ROBERT A. KREBS* & VOLKER LOESCHCKE
Department of Ecology and Genetics, University of Aarhus, Ny Munkegade, 8000 A arhus C, Denmark

Stress tolerance is often measured as a threshold trait, the proportion of a group that survives
a defined stress regime. Requirements of large offspring numbers coupled with fitness variation
in the surviving cohort limit the use of some standard genetic analyses for estimating heritabil-
ity. Therefore, we present an isofemale line analysis, which is a modified full-sib design, to
estimate heritability of tolerance to heat shock in pretreated Drosophila buzzatii adults. Highly
significant levels of genetic variation were found in males and females at the third generation
of laboratory rearing, and the intraclass correlations were estimated to be about 0.2 for four
independent sets of 25 isofemale lines. The proportion of the variance explained within lines
among same-sex replicates, however, was larger than that between replicates of males and
females. Because genetic variation was estimated from groups, the error variation required
factoring by the group size to estimate heritability, which averaged 0.03. The four most
tolerant, four least tolerant and four lines of average tolerance to heat stress in each set were
reanalysed after 10—11 generations of rearing at 25°C. Survival in the l3th—l4th generations
was positively and significantly associated with survival at generation 3. These comparisons
indicate the high repeatability of measurements of heat-shock tolerance.
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Introduction

Tolerance to environmental extremes may affect
species distribution and abundances. For sexually
reproducing species, high levels of genetic variation
for environmental tolerance may be associated with
colonizing ability (Parsons, 1983) or the ability of a
population to adapt to changing conditions (Parsons,
1973; Huey & Bennett, 1990; Hoffmann & Parsons,
1991, pp. 58—75). Similarly, for parthenogenetic
clones, genetic differences may influence which indi-
viduals survive to colonize novel habitats (Weider,
1993; Niklasson & Parker, 1994). The genetics of
high temperature (or heat shock) tolerance is not
easily studied, because survival following a stress is a
threshold trait with an underlying variable that is
usually assumed to be normally distributed
(Falconer, 1981). Furthermore, even within popula-
tions of one species, Drosophila melanogaster, the
amount of genetic variation reported (Parsons, 1989;
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Huey et at., 1992; Jenkins & Hoffmann, 1994; Krebs
& Loeschcke, 1994a) may vary considerably.

Knowledge of the genetic basis of threshold traits
lags behind that for meristic traits. The threshold
trait, survival after heat stress, is estimated on the
basis of group data, and is sensitive to small differ-
ences in temperature (Krebs & Loeschcke, 1994b).
Selection on survival can produce divergent lines in
stress tolerance (e.g. Morrison & Milkman 1978;
Kilias & Alahiotis 1985; Quintana & Prevosti 1990),
but technical problems have often obscured the esti-
mation of heritability (Krebs & Loeschcke, 1996).

We examined tolerance to heat shock (as the
proportion surviving) among defined sets of isofe-
male lines. These are lines derived from singly
inseminated females, and they provide useful infor-
mation about variance components of quantitative
traits (Parsons, 1980; I-Ioffmann & Parsons, 1988;
David et at., 1994). Genetic variation within isofe-
male lines is 3/4 the additive genetic variance (VA),
or that for full-sibs after one generation of brother—
sister mating, provided that lines are reared in large
numbers and that lines are analysed within a few
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generations in the laboratory (Hoffmann & Parsons,
1988). Genetic variation in stress tolerance within
populations is predominantly additive (Hoffmann &
Parsons, 1991; McColl et al., 1996), although domi-
nance or epistatic effects may explain some differ-
ences in stress tolerance between populations of
both D. melanogaster and D. buzzatii (Krebs et a!.,
1996). If present in an isofemale line analysis, these
effects will cause an underestimation of heritability
in the broad sense and an overestimation in the
narrow sense (Hoffmann & Parsons, 1988). There-
fore, although isofemale line techniques make tract-
able the analysis of some traits that are otherwise
difficult to measure, a loss of precision may result.

Here, we ask, for heat-shock tolerance, how large
is the genetic component of variation among isofe-
male lines, and are differences consistent after a
further 10—11 generations of rearing at 25°C? To
strengthen the estimates of genetic variation,
analyses were derived from four independent sets of
lines drawn from one base population. Technical
difficulties in replicating stress levels were compen-
sated statistically by measuring thermotolerance as
the residual survival after analysis of day-to-day vari-
ation in the stress treatment. Results compared
repeatability of thermotolerance among replicates of
the same line within a single generation, and the
mean thermotolerance of lines separated by 10—11
generations' rearing at 25°C. Individual heritability
was estimated following Hoffmann & Parsons
(1988), but included a slight modification of the
method to estimate density dependence in the group
error term more precisely.

Materials and methods

Drosophila buzzatii were collected from south-
western Tenerife, Canary Islands (Lat. 28°10'N), in
December 1993. More than 80 wild-caught D. buzza-
tii were collected and pooled in one chamber for 5
days to permit intermating, and were afterwards
distributed among four 200-mL flasks containing
instant Drosophila medium (Carolina Biological
Supply). Virgin males and females were collected
from these flasks under CO2 anaesthesia. One male
and one female were placed in each of 110 vials
(also on instant medium) to establish isofemale
lines. Those lines were maintained where more than
40 offspring emerged, a condition satisfied by more
than the 100 lines needed for the experiments.
Therefore, selection on fitness in the laboratory
environment, which would have affected between-
line variance, was minimized. The offspring from
these 100 lines were transferred to four vials per
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line, with a minimum of five males and five females
per vial as a procedure for maintenance. Lines were
assigned to four independent sets of 25 lines each,
which were separated in development by 3—5 days to
facilitate maintenance and experimental handling.
Second-generation adults were collected similarly,
distributed among four vials and transferred to new
vials every 2 days over a 6-day period. Thereby, 12
vials per line were available for collecting experi-
mental flies for heat shock, and the last transfer was
used to continue lines. All maintenance and growth
occurred in a 25°C, 70 per cent relative humidity
environmental room.

To analyse heat-shock tolerance of adult D. buzza-
tii, virgin males and females were pretreated to
condition individuals to heat by exposure to 38°C
(incubator temperature) for 75 mm. After 24 h,
these flies were exposed to a severe temperature
stress of 41.5°C (incubator temperature) for
100 mm. Actual temperatures for pretreatment and
heat shock were a little lower than incubator
temperatures and were described in more detail
previously, along with the detailed description of the
methods for inducing heat stress (Krebs &
Loeschcke, 1994a,b). To perform these stress experi-
ments, flies of each line were separated by sex and
placed in groups of 20 per vial, which contained a
sucrose—agar—yeast medium with live yeast added to
the surface. Fresh vials were provided after 3 days,
which was immediately before the pretreatment.
After both treatments, all flies recovered in a 25°C
environmental room.

Heat-shock tolerance in the four sets of 25 lines
was analysed separately. For each set, flies were
collected and treated in six blocks of replicates, with
each block containing one vial of males and one vial
of females per line, with all flies of the same age.
These 50 vials were randomized within a large rack
during pretreatment and heat shock. Data were the
proportion of individuals able to walk 24 h after
exposure to stress, which initially immobilizes adults.

Heat-shock tolerance was retested after 6 months'
rearing at 25°C. This time period was 10 generations
for two sets of lines and 11 generations for the other
two sets. Half the 12 lines from each set were retes-
ted, and these were chosen based on the tolerance
to heat stress in the first experiment. Retested were
the four most tolerant, the four least tolerant and
four that were of average tolerance. Equal weight
was given to tolerance of males and females when
choosing lines. Heat-shock tolerance was measured
identically to that in the first analyses, and each set
of lines was again analysed separately from all the
other sets. With the reduced number of lines, two
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vials of males and two vials of females were used in
each of four replicate blocks of experiments.

Genetic analysis and statistics

Thermotolerance was scored as the proportion of
surviving adults in each vial, and this value was
arcsine—square root transformed. Using these trans-
formed survival values, we analysed additive genetic
variance components (S3) for each set of lines, and
for males and females separately. Thermotolerance
of males typically exceeds that of females in D.
buzzatii (Loeschcke et al., 1994). S is obtained from
a two-way ANOVA of the block and line effects
without interaction (as this interaction is the error
component) for each set of lines. Starting with the
mean square of the line effect, the MSE is
subtracted, and this difference is divided by the
number of replicates (six vials per line at generation
3 and eight vials in the retest of lines). The intraclass
correlation (t) is subsequently estimated by

+ MSE).
As t was estimated from groups of 20 individuals

per vial, estimates of the isofemale line heritability
(H), which is the same as the intraclass correlation,
t, when each individual is measured, required
correction for group size (x). Hoffmann & Parsons
(1988, p. 93) proposed S2AJ(S+xs2) for this
correction, where s2, the variance component within
lines, is MSE in the present analyses. This correction
is sufficient if there is no nongenetic correlation
among the different individuals within groups, of
which common environment effects is one possibility
(discussed in Mather & Jinks, 1977, p. 53). If a
correlation is present but not detected, within-line
variance and the intraclass correlation coefficient
will be overestimated. However, our estimate of
heritability may be either overestimated because of
an inflated S, or underestimated because too large
a fraction of the MSE will be multiplied by the
group correction factor. Underestimation of herita-
bility is more likely where common environment
effects are small.

Therefore, we estimate heritability from group
means after replacing the between-line and within-
line variances, Eh and E, for total variance, using
terminology from Mather & Jinks (1977). Only
within-line variance, which is equivalent to
MSE—Eh, is subject to group size effects. Substitut-
ing Eb+xE in the equation estimating isofemale
heritability, H = S/(S +xMSE) of Hoffmann &
Parsons (1988, p. 93), for their xMSE gives, with
rearrangement, H= S/[S3.+Eh+x(MSE—Eh)]. The
two components of error can easily be estimated by

plotting the mean square error from independent
analyses of variance against the inverse of group
size. A simple linear equation [y =a +b(1/x)j is
obtained, where the intercept estimates Eb, the slope
estimates E, and the intragroup correlation,
r=a/(a+b). To estimate r, we took data (from
Malmberg, 1994) on four group sizes for each sex: 5,
10, 15 or 20 males or females to compare the
contributions of Eb and E to the error variance.

As a second test of genetic differences within and
among lines, we compared genetic differences in
variation in thermotolerance of males and females
within the same generation and across 6 months of
rearing lines at 25°C. Block variation is inherent in
the heat-shock methodology owing to day-to-day
variation in either the stress temperature or the rate
of temperature increase within the incubator, and
this variation can obscure genetic differences among
lines. To homogenize means across sets of lines and
blocks of replicates, all data were used in an analysis
of variance, whereby set effects and block-nested
within-set effects were defined, with separate
analyses for males and females. The magnitude of
residuals from this initial analysis provides a thermo-
tolerance score for each line, which is easily inter-
preted as positive scores indicating higher survival
than the population mean, and negative scores indi-
cating lower survival. The proportion of variance
explained by line effects across generations and by
similarities between different-sex offspring was esti-
mated by correlation analysis of these mean line
scores. Thereby, each set of lines contributes equal
weight when examining genetic relationships among
males and females for thermotolerance and for
comparisons of thermotolerance after 10—11 genera-
tions of laboratory rearing.

Results

Genetic variation

The significance of the line effect in seven of eight
analyses of line variation, which apply to the vari-
ance component between strains, S, indicated that
heat-shock tolerance is genetically variable in this D.
buzzatii population (Table 1). The intraclass correla-
tions were estimated for each sex and set using the
mean square errors indicated. Because the four sets
of lines were drawn as random samples from the
same mass population, means for the population,
and standard errors of these means, were computed
from each individual estimate. The line component
of genetic variance, which is the intraclass correla-
tion, t, gave a mean for t of 0.22 among brothers and
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Table 1 The proportion of additive genetic variation, S, for heat-stress
tolerance of Drosophila buzzatii males and females, the mean square error
(MSE) of the analyses of variance from which genetic variation was estimated
and the intraclass correlation,

Sets Males Females Sets Males Females

I S 0.0008 0.0050* 3 0.0219*** 0.0043*
MSE 0.0656 0.0496 0.0431 0.0378
t 0.012 0.092 0.337 0.102
H 0.0006 0.0051 0.0248 0.0056
h2 0.0012 0.0101 0.0502 0.01 13

2 S 0.0158*** 0.01275*** 4 0.0211*** 0.0187***
MSE 0.0416 0.0447 0.0596 0.0384

t 0.275 0.222 0.262 0.328

H 0.0186 0.0141 0.0174 0.0238

h2 0.0376 0.0283 0.035 1 0.0482

Mean
t 0.222±0.072 0.186±0.028
H 0.015±0.005 0.012±0.004
h2 0.031±0.010 0.024±0.009

Significance was tested by the line component from analyses of variance. The
isofemale heritability (H) and narrow-sense heritability (h2) were estimated
from the intraclass correlation.
Significance from zero: *<0.05; ** * <0.001.

of 0.19 among sisters (Table 1), meaning that
genetic differences among lines account for about 20
per cent of the variation in survival after removing
block effects. This difference in t between males and
females was not significant. However, the correlation
between the survival of males and females was only
0.34 (Fig. 1). Although this correlation was signifi-
cantly different from zero (P<0.001), r2 for this esti-
mate of between-sex variation caused by genetic
differences among lines was only 0.11, which was
half that for within-sex variation.

Estimating heritability from groups

The first step in estimating an individual's contribu-
tion to isofemale heritability was to determine the
influence of group size (x) on the error variance in
ANOVAS. Neither slopes nor intercepts differed for
males and females, and the regression line of lIx
against MSE for pooled data provided estimates of
the intercept, Eb, of 0.008±0.010 and of the slope,
E, of 0.61±0.08. Because only the effects on E,
the within-line variation, were significantly different
from zero, and not those on Eb, or that between
lines, the intragroup correlation was also not signifi-
cantly different from zero. The assumption of no
nongenetic effects on between-line variance was
therefore satisfied, which enables use of the simple
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correction factor of Hoffmann & Parsons (1988) of
20 for all group means (Table 1). However, we note
that, as the proportion of the variation resulting
from Eb is much smaller than that resulting from E
(to which each individual contributes), misapplying
variance to or from Eb can have larger effects on
isofemale heritability than will error in E, especially
with larger group sizes.

Estimates of isofemale heritability and the
narrow-sense heritability (assuming no dominance
effects) from the intraclass correlations were small
(Table 1), despite being measured from significant
components of variance (except set 1 males, in
which variation was not significant). Males and
females were not significantly different in heritability
of heat-shock tolerance (Table 1).

Cross-generation correlations

Differences among lines for survival after heat stress
of males and females persisted through a retest of a
proportion of the original lines from each set, the
four most resistant, the four least resistant and the
four of average tolerance, after maintenance at 25°C
for 10—11 additional generations (Table 2). Intra-
class correlations were higher than those presented
in Table 1, and results fluctuated within sets,
increasing or decreasing between analyses, but no
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significant differences occurred for the means of
intraclass correlations either of males or of females
measured 10—11 generations apart (Table 2). The
higher correlations were expected, as many inter-
mediate lines were omitted from the reanalysis.

I

Fig. 1 The relationship between Drosophila buzzatii males
and females for survival after heat shock, shown as a plot
of mean female tolerance of each line against mean male
tolerance of each line. Because 100 isofemale lines were
analysed in four sets of 25 lines each, with six replicate
blocks per set, general linear models were used first to
partition set and block-within-set effects. The mean resid-
uals for each line from these separate ANOVAS on male
and female survival are plotted (r = 0.34, P<0.001).

Higher survival in generation 3 was associated
with higher survival in generations 13 and 14
(Fig. 2). This association was greater in females
(explaining 41.6 per cent of the variance between
experiments) than in males (18.0 per cent of the
variance explained). In contrast to results within a
generation, these correlations between generations
are far more likely to be reduced than increased by
non-genetic effects that may have affected between-
line variation. Actual survival rates to the stress
treatment differed between the original analysis and
the retest. For only those lines that were retested,
mean survival to stress was similar between the
original analysis (± 1 SE, with standard errors esti-
mated from block means), in which 36±3 per cent
survived, and the retest, in which 43±3 per cent.
However, male and female differences for survival
after stress were greater in the retest, with that of
males rising from 42 per cent to 60 per cent with
maintenance in the constant environment, and toler-
ance of females decreasing from 30 per cent to 26
per cent under these treatment conditions.

Discussion

Genetic variation among isofemale lines of D. buzza-
tii explains a large proportion of the variance in
mean heat-shock tolerance of pretreated adults.
Furthermore, same-sex siblings may be genetically
more similar than opposite-sex siblings for heat-
shock tolerance, suggesting that male and female
Drosophila differ in the mechanistic basis for ther-
motolerance. Some loci that contribute to genetic
variation in heat-shock tolerance may be either-sex
specific or their effects may predominate in one sex
or the other (Krebs et al., 1996). This possibility is

Table 2 Estimates of the intraclass correlation, t, from a retest of male and
female tolerance to heat shock in 48 Drosophila buzzatii lines, 12 from each of
four sets

Experiment Sets Males Females Sets Males Females

Retest I 0.492*** 0.393*** 3 0,313*** 0.329***
Original 0.127 0.317** 0.540*** 0.214*

Retest 2 0.136* 0.294*** 4 0.386*** 0.408***
Original 0.333** 0.489*** 0.316** 0.510
Retest means 0.332±0.075 0.356±0.027
Original means 0.329±0.084 0.382±0.071

Intraclass correlations for the original results on the 12 lines used in the retest
are also presented. Significance was tested by the line component from analyses
of variance.
Significance from zero: *P<005; **p<001; ***p<OOffl
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supported by differences in tolerance between male
and female Drosophila in many species (Maynard
Smith, 1957; Milkman, 1963; Jenkins & Hoffmann,
1994; Loeschcke et al., 1994), by sex differences in
cross-environment interactions with sex (Dahlgaard

flA
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0 00

000 0 0

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
original male survival (residuals)
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original female survival (residuals)
Fig. 2 The relationship for Drosophila buzzatii between
male and female tolerance of heat shock at generation 3
and, following rearing at constant 25°C, thermotolerance
at generations 13—14. Because 100 isofemale lines were
originally analysed in four sets of 25 lines each, and 12
lines from each set were retested, general linear models
were used to partition set and block-within-set effects.
The mean residuals for each line that were generated
from these separate AN0vAS on male and female survival
at each time point are plotted. The original results
explained 18.0 per cent of the variance in survival of
males and 41.6 per cent of the variance in survival of
females between analyses.
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et al., 1995) and by differential response to selection
for increased tolerance between males and females
(Krebs & Loeschcke, 1996).

Despite a high proportion of the variance that is
explained by the line effect and a corresponding
high group heritability, as defined by the intraclass
correlation, each individual contributes little to the
probability of its offspring surviving thermal stress.
Similarly, low heritability was suggested from slow
selection responses for increased heat-shock toler-
ance in D. buzzatii (Krebs & Loeschcke, 1996) and
in D. melanogaster (McColl et al., 1996), under
conditions where all adults are pretreated before0 selection. Heritability estimates where adult Droso-
phila are not pretreated to induce high thermotoler-
ance provide a mixture of results, some of low
estimates (Morrison & Milkman, 1978; Quintana &
Prevosti, 1990) and others high (Huey et a!., 1992;
Jenkins & Hoffmann, 1994).

Low estimates of heritability for a trait with high
group repeatability over time result from the greater
precision in estimating group means than is possible

0.4 for any particular measurement on an individual.
Hence, the probability of surviving heat shock may
be accurately estimated for lines of Drosophila even
though an individual's phenotype is alive or dead.
Chance plays a larger role in predictions of an indi-
vidual's survival than the mean of a group. However,
an individual's contribution to the error variance can
be factored back into results for group heritabilities
(Hoffmann & Parsons, 1988), provided that the rela-
tive contribution of group size-dependent and -inde-
pendent effects must first be estimated by deter-
mining the intragroup correlation (as described here
in Methods). The requirement of first estimating
group size effects, or particularly the density-inde-
pendent variation within groups, is only a minor
addition to the isofemale line technique and is like-
wise necessary for conventional full-sib or half-sib
designs (Mather & Jinks, 1977). The experimental
factors most likely to contribute to the intragroup
correlation, for example common rearing environ-
ment or spatial variation in the stress chamber, can
be estimated in a preliminary experiment, as carried
out here.

The isofemale line design provides the unique
benefit that, after estimating the heritability of heat-
shock tolerance, lines of known tolerance levels
remain available for subsequent analyses of corre-
lated traits. To compare relationships among experi-
ments in different generations, however, variation
must be repeatable. Here, we found that, even for
freshly collected lines, relatively high or low toler-
ance to heat stress persists over many generations.

0

0
0000

00

0.4

0.3.

0.2

0.1.

0.0.

-0.1.

-0.2.

-0.3

0
0 cP

0000
0 0

0.4.

0.3.

0.2.

0.1

0.0.

0

.
-0.1

0

LI DD
0

DO

ipDD
a

0



258 R. A. KREBS & V. LOESCHCKE

Repeatability of heat-shock tolerance will be
affected by drift and inbreeding (Maynard Smith,
1956; Dahlgaard et al., 1995), but within each line
only alleles at polymorphic loci change frequency.
Specific traits may change little in a large proportion
of lines, because homozygous loci that either posi-
tively or negatively influence heat-shock tolerance
maintain this influence over many generations, and
may dominate changes at variable loci. Empirical
evidence for repeatability is limited, however, with
Da Lage et al. (1990) finding repeatability to be low
for desiccation tolerance, Hosgood & Parsons (1968)
observing significant changes in tolerance to heat in
a small number of lines, whereas Barker (1992)
observed high repeatability for oviposition prefer-
ence. Here, we found that, even for freshly collected
lines, relatively high or low tolerance to heat stress
persists over many generations.
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