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ABSTRACT

On the Indian subcontinent, geographical populations (8.0� to 33.0�) of Drosophila melano-
gaster demonstrate opposite latitudinal clines for desiccation (r = 0.83) and starvation (r = −0.88).
Desiccation tolerance is significantly and positively correlated with body size and abdominal
pigmentation, whereas starvation is negatively correlated with body size and life-history charac-
teristics. Analysis of variance and analysis of covariance show a substantial direct effect
of body size for both traits. For the Indian geographical populations, both latitudinal and
altitudinal variations can explain the observed divergence of these two traits of ecological
significance. Regression analysis of climatic variables (i.e. Tmax, Tmin and Taverage), which are not
significantly correlated with latitude, are positively and significantly associated with starvation
and can explain trait variability (R2 = 0.78–0.88). In contrast, TCV (R2 = 0.65), rainfall and
precipitation (R2 = 0.32) are significantly but positively associated with desiccation tolerance.
The observed negative correlation between climatically selected starvation and desiccation in
Indian geographical populations is not in line with the correlated selection response of these
traits on the basis of laboratory selection experiments. For south Indian tropical populations,
higher starvation tolerance might be selected because of temperature variables (Tmax, Tmin and
Taverage), higher metabolic stress in relation to smaller body size, greater competition and involve
a trade-off for life-history traits. In contrast, significantly higher desiccation tolerance in sub-
tropical (northern) populations might be selected because of TCV, rainfall and precipitation,
which reflect seasonal variations. Desiccation and starvation tolerance are independent traits
that reveal rapid evolutionary trends in tropical and subtropical climates.

Keywords: climatic selection, Drosophila melanogaster, opposite latitudinal clines, starvation
and desiccation tolerance, tropical populations.

INTRODUCTION

Most living organisms cope with an array of environmental stresses in their natural habi-
tats (Hoffmann and Parsons, 1991). For environmental stress response traits, there is
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considerable genetic variability on which climatic selection might act directly. Much attention
has been paid to stress resistance in different taxa of plants (Levitt, 1980), in aquatic and
terrestrial organisms, and other ectothermic and endothermic organisms (Sibley and Calow,
1986). For Drosophila melanogaster, laboratory studies have demonstrated genetic variation
for resistance to a range of environmental stresses, but there is limited information about
the level of genetic variation in field conditions (Coyne et al., 1983). Hoffmann and Parsons
(1989a,b, 1993) hypothesized that laboratory selection for desiccation tolerance is correlated
with starvation tolerance and with a trade-off of early fecundity, but not with changes in
body size. At present, it is generally believed that there is a common genetic basis for both
traits, which demonstrate high heritability (>0.60), and adaptation to stress involves a
reduction of metabolic rate and activity under stressful conditions. Laboratory selection
experiments on starvation tolerance and on postponed senescence are characterized by
a correlated selection response of other stress response traits (Service et al., 1985;
Chippindale et al., 1996). Such laboratory experiments have used extreme stress conditions
for desiccation or starvation, resulting in more than 80% mortality during selection
protocols.

Analysis of environmental stress response traits in populations of diverse Drosophila
species can help to explain the climatic adaptations that are essential for a species’ colon-
izing potential and its distribution and abundance patterns on different continents, which
vary widely in their abiotic and biotic conditions. For geographical populations, data on
starvation tolerance are limited. However, desiccation tolerance and cold resistance were
analysed in three Australian populations of D. melanogaster and in some other Australian
Drosophila species (Stanley and Parsons, 1981) and the results often matched climatic
adaptations. In contrast, in an endemic species from Australia, D. serrata, no geo-
graphical divergence was observed for desiccation or starvation resistance (Blows and
Hoffmann, 1993).

D. melanogaster, a cosmopolitan species, is tropical in origin but has colonized both
tropical and temperate parts of the world. In the past, this species was considered
genetically less diverse because of greater gene flow between populations; this species
is now considered highly variable genetically (Lemeunier et al., 1986). Investigations of
Indian tropical and subtropical populations of D. melanogaster are important because of
their ancient evolutionary history and much broader latitudinal (8� to 33�) and altitudinal
(38 to 2050 m) ranges. In corresponding locations on the African continent, there is the
Sahara Desert between northern and equatorial Africa. Our observations match climatic
selection trends under wild conditions for stress response traits in Indian populations of
D. melanogaster.

MATERIALS AND METHODS

D. melanogaster populations were bait-trapped as well as collected by net-sweeping from
fruit markets at various sites, which varied latitudinally (from 10.0�N at Ernakulam to
32.74�N at Jammu) and altitudinally (from 38 to 2050 m; Table 1). Pairs of isogroups were
established for each geographical population with 30 wild-collected individuals and were
analysed for starvation and desiccation for two generations in the laboratory. All experi-
ments were performed at 17�C and 25�C within 2 months of collection. After emergence,
adults were lightly etherized and distributed into groups of 10, placed in food vials with
corn meal sugar seeded with live yeast and aged for 3 days. Preliminary experiments failed
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to show any consistent differences between the sexes; we chose to use males. For the desic-
cation experiments, adults were introduced in air-tight plastic vials containing silica gel, so
that the relative humidity was close to zero. For starvation tolerance, similar vials were used
but water on absorbent paper was provided at the bottom of each vial. For each trait, five
replicates of 10 flies of each generation were used per population. The vials were inspected
for dead flies every 3 h until all flies were dead. Survival was plotted against time and the
time to 50% survival was estimated graphically. We tried to show that any variations had a
genetic basis by studying two successive generations for each population.

The body weight of males did not vary with age and was measured in five replicates of 10
individuals and the results expressed in mg × 102 per fly. Various life-history traits, including
number of ovarioles, fecundity per day, percent hatchability and mean duration of devel-
opment (in hours), were also recorded. The climatic data for the geographical sites were
taken from climatological tables. There are significant differences in the range of the co-
efficient of variation (CV) for mean monthly temperature (TCV), which varies from 3.1% in
Ernakulam to 28.1% in Jammu. Some temperature variables do not differ significantly
across the Indian subcontinent (Tmax = 28.8–30.0�C, Tmin = 18.4–18.7�C, Taverage = 23.6–
24.3�C).

RESULTS

Data for starvation and desiccation tolerance for two successive generations at 17�C
and 25�C in 13 Indian geographical populations of D. melanogaster are given in Table 1.
For two successive generations, the mean (± standard error) value of a trait on the basis
of five replicates of 10 individuals for a given population did not differ (Student’s t-test;
data not shown). For each trait (desiccation or starvation tolerance at 25�C), the mean
values of generation 1 and generation 2 were significantly correlated (r = 0.60 for star-
vation and 0.72 for desiccation; Fig. 1). A significant correlation between generations
suggests stability and repeatability of trait values, thus supporting the genetic basis of
both traits.

The relationship between desiccation and starvation tolerance was considered on the
basis of correlations within populations as well as for the sample as a whole covering all
geographical populations (Table 1). Within each population, the traits were negatively
correlated (mean r = −0.33). For the complete data set, there was a significant negative
correlation (r = −0.95) at both temperatures. Correlations between traits at the two
temperatures are shown in Fig. 2a. The coefficient of variation, which represents within-
population genetic variability, was in the range 5–18%. However, the overall coefficient of
variation was higher for desiccation than for starvation tolerance. For starvation and
desiccation tolerance at 17�C and 25�C, the mean values demonstrated significant differ-
ences between geographical populations. North Indian populations (at a higher altitude
and latitude) showed significantly more desiccation tolerance but less starvation tolerance,
whereas the reverse was noted for south Indian populations.

The complete data set for both traits was subjected to analysis of variance (ANOVA) and
analysis of covariance (ANCOVA), with body size as the covariate. On the basis of
ANOVA, there was significant variability between populations (F = 22.63, P < 0.001 for
desiccation; F = 6.12, P < 0.001 for starvation). There was a significant main effect of
temperature (F = 405.8, P < 0.001 for desiccation; F = 212.3, P < 0.001 for starvation), but
no such effect of generation or of the resulting interactions. Because there were significant
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variations in body size between D. melanogaster populations, ANCOVA was used to
demonstrate any geographical variability in both traits (Table 2). The F-values were lower
but still significant for desiccation and starvation.

The mean values for starvation, desiccation and body weight for the different geo-
graphical populations were investigated further on the basis of latitudinal correlations

Fig. 1. Correlation between two successive generations (G1 and G2) for starvation and desiccation
tolerance in five replicates for each of 13 populations of D. melanogaster. There are highly significant
correlations between generations based on standardized data. Ellipses = 85% probability.
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Table 2. Results of ANCOVA, with body size as a covariate, applied to the complete data set for each
trait (desiccation tolerance and starvation resistance) to test the variability due to populations,
temperatures, generations and their interactions in 13 Indian populations of D. melanogaster

Desiccation Starvation

Source of variation MS F MS F

Population
Temperature
Generation
Population × temperature
Population × generation
Generation × temperature
Population × generation × temperature

94.53
5976.01

41.20
35.10
8.95

32.20
3.98

7.30***
405.76***

3.12
2.38
0.96
4.94*
0.61

688.88
59252.40

707.85
173.45
229.77
47.39

171.56

2.18*
212.30***

2.27
0.62
0.74
0.73
0.67

*** Significant at P < 0.001. * Significant at P < 0.05.

and linear regressions (Table 3 and Fig. 2b). Desiccation tolerance was significantly and
positively correlated with latitude (r = 0.83 at 25�C) and demonstrated a steady increase
with a slope of 0.32 h per degree of latitude at 25�C; there was a significantly steeper slope
of 0.57 h per degree of latitude at 17�C. Starvation tolerance, on the other hand, exhibited
the opposite trend – that is, a decrease of 1.10 h per degree of latitude (Fig. 3a). The slopes
were similar at 17�C and 25�C for starvation tolerance. Variation in body weight was
positively correlated with desiccation (r = 0.86) and negatively correlated with starvation
tolerance (r = −0.88). The slopes for body weight versus desiccation tolerance were lower
compared with those versus starvation resistance. The latitudinal slopes for desiccation were
two times higher than those for body size and differed significantly at 17�C and 25�C. Thus,
variations in body size have a significant effect on both desiccation and starvation tolerance
(Fig. 2b).

Besides latitudinal variations, the sites also differ in terms of altitude (from 38 to 2050 m).
Thus, multiple-regression, as a simultaneous function of latitude and altitude, was used
to analyse the complete data set at 17�C and 25�C for both traits (Table 4). When both
geographical parameters are considered, 89–92% and 85–92% of trait variability can be
explained at 17�C and 25�C respectively. The slopes do not differ significantly between the
two temperatures (17�C vs 25�C) for either trait. However, the slopes do differ significantly
between traits (desiccation vs starvation tolerance) at both temperatures. The y-intercept (a)
shows predicted trait values at the equator. Starvation decreases with slope (0.69 and 0.58 h
per degree of latitude at 17�C and 25�C respectively), whereas desiccation increases (0.18
and 0.32 h per degree of latitude at 17�C and 25�C respectively). However, variability in trait
values owing to altitude exhibited a decrease of 7 h per 1000 m at 17�C and 9 h per 1000 m at
25�C for starvation. The altitudinal slope values for desiccation tolerance were 2.5 h and
3.6 h per 1000 m at 17�C and 25�C respectively. Such an analysis offers predictive values for
desiccation and starvation tolerance if the geographical location of a population in terms of
altitude and latitude is known.

Because desiccation and starvation tolerance are significantly correlated with latitude and
altitude, although in opposite directions, regression analysis based on the climatic variables
of temperature, rainfall, relative humidity and precipitation was used to help explain
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climatic selection of trait variability (Table 5). There were no effects of longitude (75.0–
77.9�E), since the populations did not vary significantly on this geographical parameter.
Furthermore, latitude was not significantly correlated with Tmax, Tmin or Taverage. Whereas
these three temperature variables demonstrated significant and positive regression co-
efficients with starvation (R2 = 0.78–0.88 at 25�C), we recorded significant but negative
regression coefficients with TCV, rainfall and precipitation. Rainfall and precipitation were
able to account for starvation variability to a limited extent, whereas relative humidity had
no effect. For desiccation tolerance, TCV, rainfall and precipitation demonstrated significant

Table 4. Multiple regression analysis of starvation and desiccation tolerance at 17�C and 25�C
as a simultaneous function of latitude and altitude (y = a + b1 lat + b2 alt) and R2 values in Indian
geographical populations of D. melanogaster (mean ± standard error)

Resource Temperature a b1 lat b2 alt R2

Starvation (a) 17�C
25�C

131.37 ± 3.07
161.06 ± 5.34

−0.69 ± 0.14*
−0.58 ± 0.24*

−0.007 ± 0.001*
−0.009 ± 0.002*

0.92
0.82

Desiccation (b) 17�C
25�C

16.15 ± 1.11
20.48 ± 2.32

0.18 ± 0.05*
0.32 ± 0.09*

0.0025 ± 0.0006*
0.0036 ± 0.0012*

0.89
0.85

Comparisons of
slopes (a vs b)

17�C
25�C

—
—

3.90*
2.91*

5.63*
3.37*

—
—

* Significant at P < 0.05.

Table 5. Regression analysis of starvation and desiccation with different variables of temperature and
rainfall for 13 Indian populations of D. melanogaster (values are partial regression coefficients and R2

in parentheses)

Starvation Desiccation

25�C (R2) 17�C (R2) 25�C (R2) 17�C (R2)

Latitude
Altitude
Longitude
Tmax

Tmin

Taverage

TCV

Relative humidity
Rainfall
Precipitation
TCV &
Precipitation

−0.88* (0.76)
−0.86* (0.74)
−0.18 (−0.03)

0.88* (0.78)
0.94* (0.88)
0.92* (0.86)

−0.91* (0.88)
−0.03 (−0.001)
−0.75* (0.57)
−0.56* (0.31)
−0.71* 
−0.36* (0.92)

−0.78* (0.61)
−0.84* (0.71)
−0.15 (−0.02)

0.89* (0.81)
0.86* (0.74)
0.91* (0.82)

−0.85* (0.72)
−0.34 (0.12)
−0.77* (0.59)
−0.60* (0.36)
−0.61* 
−0.44* (0.86)

0.83* (0.69)
0.84* (0.76)
0.08 (−0.06)

−0.88* (0.78)
−0.91* (0.62)
−0.90* (0.81)

0.81* (0.65)
0.15 (−0.02)
0.75* (0.54)
0.56* (0.32)
0.58*
0.42* (0.77)

0.85* (0.71)
0.82* (0.67)
0.39 (0.08)

−0.89* (0.78)
−0.88* (0.78)
−0.88* (0.77)

0.84* (0.69)
0.12 (−0.01)
0.65* (0.42)
0.49 (0.24)
0.68* 
0.27 (0.75)

* Significant at P < 0.05.
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and positive regression coefficients. The geographical variability in desiccation tolerance
can be explained in the main by TCV (R2 = 0.65 at 25�C) and precipitation (R2 = 0.32). The
relationship between TCV and starvation is shown in Fig. 3b.

Since body size has a considerable impact on the observed variability in starvation and
desiccation tolerance, other related life-history traits were considered for six geographical

Fig. 2. (a) Correlation between starvation and desiccation (hours of survival) at 17�C and 25�C for 13
populations of D. melanogaster. (b) Relationship between body weight and starvation, and between
body weight and desiccation tolerance, at 17�C and 25�C for 13 populations of D. melanogaster.
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populations of D. melanogaster (Table 6). There was similar latitudinal variation for
desiccation tolerance, life-history variables and abdominal pigmentation, but such highly
significant correlations might not reflect a true inter-relationship. For starvation tolerance,
the results appear more convincing, because body size and related life-history traits

Fig. 3. (a) Latitudinal relationship of starvation and desiccation (hours of survival at 17�C) for 13
populations of D. melanogaster. (b) Relationship between starvation and the coefficient of variation
of mean monthly temperatures (TCV), and between desiccation tolerance and TCV, at the sites of origin
of each population.
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(fecundity, hatchability and duration of development) demonstrated significant negative
correlations. Such relationships can be attributed to a possible trade-off between starvation
tolerance and other fitness-related life-history traits.

DISCUSSION

Geographical variations in the two ecological traits are ordered into opposite clines – that is,
for Indian populations of D. melanogaster, desiccation is positively correlated with latitude,
whereas starvation tolerance is negatively correlated with latitude. Such trends should
be adaptive and reflect independent climatic selection. The ecological, physiological and
climatological conditions of tropical and subtropical Drosophila species and populations
are significantly different from those of temperate Drosophila. The present results demon-
strate that desiccation and starvation tolerance are fast evolving traits based on variable
climatic conditions on the Indian subcontinent. In the north Indian subtropics, the con-
ditions for desiccation are optimal in the summer months of April, May and June, when the
temperature often exceeds 35�C and Drosophila individuals are more likely to die from
desiccation. In contrast, in the humid tropics of south India, selection for desiccation is
minimal and starvation stress might result because of a larger population size and competi-
tion under favourable climatic conditions. Such arguments are in line with the r–K selection
continuum of MacArthur and Wilson (1967). This continuum represents selection in relation
to density-dependent resource availability, where K represents a population near its equi-
librium density in which competition is potentially important under environmental stability,
as is the case with south Indian tropical populations of D. melanogaster. In contrast, r
represents a population in a disturbed habitat (seasonally variable environmental stresses)
and not at equilibrium, in which a high reproductive rate is generally favoured, as is the case
with north Indian subtropical populations of D. melanogaster. The present results on
environmental stress response traits (desiccation and starvation tolerance) in north versus
south Indian populations of D. melanogaster match the expectations of such a hypothesis.

On the Indian subcontinent, seasonal variations in temperature are characterized by a
coefficient of variation of monthly averages (TCV) that ranges from 3.1% in Ernakulam in
the south to 28.1% in Jammu in the north. Thus, seasonal variations increase progressively
and significantly from south to north. Such a diversity of climates provides spatial
opportunities for environmental stress-related traits. It is well known that most Drosophila
species and populations face some degree of starvation stress in the wild and are charac-
terized by a shorter life-span in their natural habitat (Rosewell and Shorrocks, 1987).
Starvation stress implies limited food resources under extreme unfavourable climatic con-
ditions in the temperate zone, or considerable competition exerted by large population size
under more favourable conditions in the tropics. The extent of starvation stress in the
tropics could increase as a result of a higher metabolic rate (under higher ambient tem-
perature) per unit of body weight. Since rate of metabolism is negatively correlated with body
size, smaller body size in southern (tropical) populations might result in higher starvation
stress. Regression analysis of the climatic data showed that Tmax, Tmin and Taverage are
positively and significantly associated with starvation tolerance, whereas seasonal thermal
amplitude (TCV), rainfall and precipitation contribute to selection for desiccation tolerance.
Note that the climatic variables Tmax, Tmin and Taverage did not correlate significantly with
latitude and account in part for starvation variability (R2 = 0.78–0.88). There was a negative
correlation between starvation tolerance and body size, and the observed trade-off (negative
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correlation) with life-history traits concurs with the results of laboratory selection
experiments. Thus, the present results do not favour a reduction in metabolic rate for the
evolution of starvation tolerance in tropical populations of D. melanogaster from India. For
desiccation tolerance, there was a positive correlation with latitude, and one might expect
significant correlations with other traits exhibiting positive latitudinal trends. Body size,
life-history characteristics and abdominal pigmentation were significantly correlated with
latitude as well as desiccation tolerance. However, based on ANCOVA, there is evidence for
a direct effect of body size variations on between-population variability in desiccation and
starvation tolerance.

Regression analysis of the climatic data demonstrated that TCV (the coefficient of
variation of mean monthly temperature), rainfall and precipitation are significantly and
positively associated with variability in desiccation. Furthermore, climatic parameters that
are positively correlated with either desiccation or starvation tolerance are mutually
exclusive (Table 5). Thus, there is independent climatic selection of desiccation and
starvation tolerance under wild conditions. Our results provide further support for the
argument that desiccation and starvation tolerance are independent traits.
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