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Abstract Spatial or temporal differences in environ-
mental variables, such as temperature, are ubiquitous in
nature and impose stress on organisms. This is especially
true for organisms that are isothermal with the environ-
ment, such as insects. Understanding the means by which
insects respond to temperature and how they will react to
novel changes in environmental temperature is important
for understanding the adaptive capacity of populations and
to predict future trajectories of evolutionary change. The
organismal response to heat has been identified as an
important environmental variable for insects that can dra-
matically influence life history characters and geographic
range. In the current study we surveyed the amount of
variation in heat tolerance among Drosophila melanogaster
populations collected at diverse sites along a latitudinal
gradient in Argentina (24°-38°S). This is the first study to
quantify heat tolerance in South American populations and
our work demonstrates that most of the populations sur-
veyed have abundant within-population phenotypic varia-
tion, while still exhibiting significant variation among
populations. The one exception was the most heat tolerant
population that comes from a climate exhibiting the
warmest annual mean temperature. All together our results
suggest there is abundant genetic variation for heat-toler-
ance phenotypes within and among natural populations of
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Introduction

Nearly all organisms live in heterogeneous environments,
which vary in biotic and abiotic factors on both spatial and
temporal scales. One environmental factor that dramatically
influences phenotypic evolution is the whole-organism
response to temperature (Umina et al. 2005; Rashkovetsky
etal. 2006; Reusch and Wood 2007; Zhen and Ungerer 2008).
Temperature is a critical environmental parameter and ther-
mal variation has significant effects on local adaptation
(Anderson et al. 2003) and can limit species distributions
(Clarke 1996) in nature. This is especially true for organisms
that are isothermal with their environment, such as insects.
Variation in temperature (Cossins and Bowler 1987; Leather
et al. 1993; Clarke 1996) imposes stress and directly influ-
ences physiology, behavior, and fitness (Hoffmann and Par-
sons 1991; Gilchrist and Huey 1999; Gibert et al. 2001; David
et al. 2003; Hoffmann et al. 2003a, b; Rohmer et al. 2004).
Thus, for species to thrive across a range of thermal envi-
ronments populations must contain either sufficient genetic
variation to allow phenotypic adaptation across generations,
the capacity to respond plastically to environmental variation,
or some combination of both genetic and plastic responses
(Hoffmann and Parsons 1991; Ayrinhac et al. 2004; Hoffmann
et al. 2005; Hoffmann and Willi 2008).

A comprehensive understanding of genetic variation that
underlies differences in thermotolerance phenotypes is
critically important in light of a rapidly changing global
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climate. The future climate is projected to have higher
global average temperatures, but also an uneven distribu-
tion of temperature changes and a greater frequency of
extreme thermal events (IPCC 2007). Thus, organisms will
have to cope with an increased probability of extreme
weather events including novel high temperatures across
seasons (Jentsch et al. 2007). The ability of animal popu-
lations to survive these thermal shifts in the long term rests
on how much genetic variation they currently harbor
(Potvin and Tousignant 1996; Hoffmann and Willi 2008).
Quantifying how genetic variation partitioned itself within
and among populations in response to natural temperature
gradients will help predict the evolutionary responses to a
changing global climate.

Drosophila melanogaster is a cosmopolitan species that
has been extremely successful in adapting to a wide range of
thermal environments in nature (David and Capy 1988;
Ayrinhac et al. 2004). Drosophila has been widely used in
studies of thermotolerance (Hoffmann et al. 2003a,
b)revealing in some cases patterns of thermal variation
consistent with clinal variation (Davidson 1990; Karan and
David 2000; Gibert and Huey 2001; Gibert et al. 2001;
Hoffmann et al. 2002; Ayrinhac et al. 2004; Rashkovetsky
et al. 2006) and in other cases simply population differenti-
ation (Parsons 1977; Stanley and Parsons 1981; Hoffmann
and Watson 1993; Bubliy et al. 2002; Hoffmann et al. 2005;
Rako et al. 2007). Each of these studies has documented
clinal and/or population variation and attempted to link this
variation with changes in environmental parameters, which
co-vary with latitude. Together these studies demonstrate
how natural variation has been shaped by adaptation to local
environments. Although these studies provide a compelling
description of thermal variation, all of these studies have
been performed on North American, European, Australian or
African populations. To date no study has quantified thermal
variation among populations in South America.

In this study we quantified phenotypic variation in heat-
tolerance phenotypes within and among six natural popula-
tions of D. melanogaster sampled from an environmental
gradient in Argentina (24°-38°S). We used an isofemale line
approach that allows us to accurately estimate the standing
variation within and among populations (David et al. 2005).
We find that most of the populations surveyed have abundant
within-population phenotypic variation, while still exhibit-
ing significant variation among populations.

Materials and methods
Drosophila stocks

Gravid females were collected from six populations in
central Argentina described previously (Lavagnino et al.
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2008; Folguera et al. 2008). Flies were collected by net
sweeping over fermented banana baits at six locations
along a north to south latitudinal gradient ranging from
approximately 24°-38° south latitude in Argentina (Fig. 1).
Populations were named for the nearby city or the provi-
dence where the sampling location was positioned (i.e.,
Guemes, Jachal, Chilecito, Lavalle, Uspallata, and Neu-
quén). Geographical locations, latitude, longitude, altitude
and climatological data (http://www.smn.gov.ar/) for each
population are presented in Table 1. Ten isofemale lines
were created from single wild-caught females from each
population and inbred via full-sib mating for 10 genera-
tions. All lines have been maintained in the laboratory
since February 2004 on standard cornmeal-agar-molasses
medium sprinkled with live yeast to stimulate oviposition.
Flies were maintained from egg to adult at 25°C and on a
light/dark cycle of 12 h.

Heat survivorship profiles

Heat tolerance profiles were measured for each line within
each population using a percent survival after heat-stress
assay (Morgan and Mackay 2006). Heat tolerance was
measured on mated, adult flies (5-7 day old). Flies were
anesthetized using light CO, and were sorted in single-sex
groups of 20 individuals in standard vials containing 5 ml
of cornmeal-agar-molasses medium. The experimental
assay was performed at least 24 h later to allow flies to
recover from the effect of CO,. On the day of the heat
stress exposure, flies from each replicate vial were trans-
ferred without anesthesia into vials without food and

A Guemes

B Chilecito

C Jachal

D Uspallata
E Lavalle

F Neuquen

Fig. 1 Geographic locations of the Argentinean populations used in
this study: A Guemes, B Chilecito, C Jachal, D Uspallata, E Lavalle,
and F Neuquén
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Table 1 Collection sites and selected climatological data for the six populations of Drosophila melanogaster in Argentina (http://www.

smn.gov.ar/)

Population Latitude Altitude (m) Temperature (°C) Mean Mean Isofemale
- rainfall (mm) humidity (%) lines (n)
Mean Max. monthly Min. monthly
annual high mean low mean
Guemes 24°41'S 695 16.58 27.5 34 69.73 73.83 10
Chilecito 29°10'S 1,043 17.25 31.6 2.1 15.75 59.66 10
Jachal 30°12'S 1,238 16.45 31.6 0.9 11.84 54.25 9
Uspallata 32°35'S 1,915 11.61 27.9 37 12.75 51.45 10
Lavalle 32°50'S 647 15.93 30.2 32 22.53 58.75 10
Neuquén 38°57'S 260 14.74 31.7 —0.1 15.23 52.08 10

‘Maximum/minimum monthly high/low mean’ refers to an average highest/lowest temperature across all months

placed at 38°C (£0.5°C) for 60, 90, 120, 150, 180, and
210 min. After heat-stress exposure, flies were immedi-
ately transferred to fresh vials containing 5 ml of standard
cornmeal-agar-molasses medium and returned to 25°C 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
line and sex (Fig. 2). A fly was considered a survivor if it
could move when the vial was gently tapped. Four replicate
assays were performed per line, sex, and exposure time
resulting in a slightly unbalanced design consisting of
48,000 flies in total.

% Survival after Heat Stress

=®= Chilecito —®—Guemes

=& Jachal Lavalle

—®—Neugquén =@ Uspallata

0 T L) Ll T T L] T
0 30 60 90 120 150 180 210

Minutes at 38°C

Fig. 2 Population-specific heat survival curves for the six natural
populations. The x-axis denotes the length of the heat exposure
(0-210) in minutes, while the y-axis is the mean percent survival of
each population averaged across lines and sexes. Error bars denote
plus or minus one standard error

Statistical analysis
Analysis of phenotypic variation

We used a series of mixed model analyses of variance
(ANOVA) to determine the sources of variation in heat
tolerance within and among populations. The initial full
model was:

Yy=u+P+LP)+S+T+SXxP+SxLP)+TxP
+TXLP)+SXTXP+SxTxL(P)+e.

where y is exposure-time-, population-, line-, and sex-spe-
cific heat survivorship percentages, u is the overall mean,
while P, S, and T are the fixed effects of population, sex and
heat exposure time, respectively. L(P) is the random effects
of line nested within population and vial nested within the
population, line, sex and exposure time, and ¢ is error. In this
study, the terms of primary interest are population, line
nested within population, and the interaction of these terms
with sex and exposure time as these terms test for local
phenotypic differentiation among populations, significant
genetic variation within populations, and sex or treatment
specific effects of populations or lines nested within popu-
lations. To further dissect the population and line-nested-
within-population terms, reduced models were used, which
separated the data by population and/or exposure time. The
reduced analyses separated by population tested for signif-
icant genetic differences among lines within each popula-
tion (i.e. significant within population genetic variation).
While the reduced analyses separated by exposure time
simplified the analyses, the significant differences among
populations were generally consistent across exposure times
(Fig. 2; Table 2). For the reduced analyses at a single
exposure, we used the survival data from the 180-min
exposure time. We used this time point because the mean
survival across all six populations is closest to 50%, thus
giving us maximum power to detect variation on the percent
survivorship scale. ANOVAs and variance component
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Table 2 Percentage of the total phenotypic variance within populations explained by among line differences, sex-specific line differences, and

residual error

Population

Guemes Chilecito Jachal Lavalle Uspallata Neuquén
Line 8.92% 14,9778 27.38%%%* 56.72%*%* 49.28% % 24.28%***
Line x sex 10.80™° 0.00™° 11.277 0.00™° 0.34"° 25.42°
Error 80.28 85.03 61.36 43.28 50.38 50.30
H* 0.197 0.150 0.386 0.567 0.496 0.497

Broad-sense heritablities (H2) were calculated as H? = ”f;/gg, where o
NS P> 0.05; * P <0.05; #** P < 0.001; **#* P < 0.0001

calculations were performed using the PROC GLM imple-
mented in SAS 9.2 (SAS Institute 2009). Population specific
broad-sense heritabilities (H2) were calculated as in Morgan
and Mackay (2006) where H* = 9/,2, where 67 = 07 +
Uixs and 012; = 0% + Gixs + o‘?.

Associations between environmental and heat survival
variation

To test if variation in environmental or geographic factors
is associated with variation in survival after heat stress, we
used a stepwise forward—backward selection model
implemented in PROC REG in SAS 9.2 (SAS Institute
2009). This approach tests for associations between the
line-specific mean survivorships and the geographic and/or
climatological data, by evaluating the significance of each
geographic or climatological factor (Table 1) on survival
after heat stress.

Results
Phenotypic variation within and among populations

We observed significant variation among populations
(Fig. 2; Fs556 = 2.99, P = 0.0184) and among lines within
populations (Fig. 3; Fs377 = 3.74, P < 0.0001) across all
exposure times. The largest amount of variation in survival
after heat stress among populations was observed at the
180-min exposure time. At this time point populations were
the most divergent in their ability to survive heat exposure,
with highly significant differences among populations
(Fs54 = 3.70, P = 0.0060) and differences among lines
within populations (Fs3 53 = 4.01, P < 0.0001). This sig-
nificant population effect was driven primarily by the
Chilecito population which had an elevated mean survival
after heat stress score (68.67 £ 2.98%) relative to the five
other populations that were not significantly different from
one another (Fig. 2).
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In addition to significant phenotypic differentiation in
heat survival among populations, there was also significant
genetic variation among replicate lines within each popula-
tion (Fig. 3) for five of the six populations assayed in the
study (Table 2). Population specific broad-sense heritabili-
ties ranged from 0.150 for Chilecito to 0.567 for Lavalle
(Table 2). The single population that did not have significant
variation among lines (Fg 75 = 1.79, P = 0.0838) and had
the smallest broad sense heritability was Chilecito. Chilecito
was also responsible for the significant population effect in
the global analysis across all populations (Figs. 2, 4).

Associations between environmental and heat survival
variation

A single environmental factor, the maximum monthly
average high temperature in each population, was positively
associated with variation in survival after heat stress among
the six populations (Fig. 4; f = 4.064; P = 0.0046). This
significant association was driven primarily by the Chilecito
population, which had both an extreme monthly average
high temperature (31.6°C) and high average survival after
heat stress (68.69 + 2.98%).

Discussion

In this paper we quantified genetic variation in heat toler-
ance within and among six populations of D. melanogaster
collected along a latitudinal transect in Argentina. The goal
of this study was to quantify the standing levels of genetic
variation and thus the general ability of populations to
adaptively respond to changes in their climate. We found
highly significant variation in mean heat tolerance levels
within population and significant variation among popula-
tions. The majority of populations exhibited significant
variation among lines within each population, suggesting
that although five of the six populations are not signifi-
cantly different at the level of the mean survival after heat
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Fig. 3 Line-specific heat 100 A
survival curves for the six
natural populations. Each
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stress, each population still contains significant genetic
variation for heat tolerance. We identified a predicted
association between maximum monthly average high
temperature and the level of heat tolerance, where popu-
lations that encounter the warmest temperatures have the
greatest amount of heat tolerance (Fig. 4). That said the
Chilecito population drives this association. The combi-
nation of reduced variation within Chilecito and significant
variation between Chilecito and the other populations

Minutes at 38°C

provided a compelling pattern that may suggest a response
to the extreme monthly average high temperature at this
site.

Most surveyed populations of Drosophila have variation
both within and between them for many traits. Documen-
tation of clinal variation has previously been shown in
body size (Gilchrist and Partridge 1999), egg size (Azev-
edo et al. 1996), cold tolerance (Karan and David 2000;
Gibert and Huey 2001; Gibert et al. 2001; Hoffmann et al.
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Fig. 4 Association between maximum monthly average high tem-
perature and mean percent survival after heat stress. The x-axis is the
maximum monthly average high temperature for each of the six
populations in degrees Centigrade. While the y-axis is the percent
survival after 180-min exposure to 38°C (£0.5°C). The small open
circles are line means and the large closed circles are population
means

2002; Ayrinhac et al. 2004), and heat tolerance (Rashko-
vetsky et al. 2006). Populations from many different
locations and from several Drosophila species have been
surveyed and in general, populations often harbor high
levels of phenotypic and genetic variation in heat tolerance
phenotypes with heritabilities ranging from 0.03 to 0.5
(Jenkins and Hoffmann 1994; Loeschcke and Krebs 1996;
Loeschcke et al. 1997). In this study, our heritability esti-
mates (Table 2) were all at the high end of this range
(0.150 in Chilecito to 0.567 in Lavalle). These estimates
should be treated with some caution because each popu-
lation contains a maximum of ten lines, which is a small
sample size for precise estimates of quantitative genetic
parameters. As expected the broad-sense heritability esti-
mates are high in five of the six populations due to the large
amounts of within population (among line) phenotypic
variation (Table 2).

The lack of phenotypic variation in population Chilecito
is curious and can be explained by several possibilities.
These include, a recent bottleneck event has reduced var-
iation, the effective population size of Chilecito is small,
thus allowing drift to eliminate allelic variation, or genetic
variation could have been reduced during adaptation to the
environment. The latter explanation may be most reason-
able because Drosophila populations are continuous over
the gradient sampled. In addition, a recent study has found
reduced measures of narrow-sense heritability for heat
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shock in tropical Australian Drosophila species (Mitchell
and Hoffmann 2010), most likely due to previous local
adaptation to constant, high thermal environments. Low
narrow-sense heritability is often used as a measure of
potential evolvability or potential future local adaptation.
Our data suggest, a similar occurrence in the Chilecito
population where local adaptation may have reduced
genetic variation within this particular population and may
limit response to future thermal changes.
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