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Abstract In D. melanogaster, resistance to starvation and desiccation vary in opposite
directions across a geographical gradient in India but there is lack of such clinal variation
on other continents. However, it is not clear whether these resistance traits or other cor-
related traits are the target of natural selection. For resistance to starvation or desiccation in
D. melanogaster, we tested the hypothesis whether body color phenotypes and energy
metabolites show correlated selection response. Our results are interesting in several
respects. First, based on within population analysis, assorted darker and lighter flies from a
given population showed that darker flies store higher amount of trehalose and confer
greater desiccation resistance as compared with lighter flies. By contrast, lighter flies store
higher lipids content and confer increased starvation tolerance. Thus, there is a trade-off for
energy metabolites as well as body color phenotypes for starvation and desiccation stress.
Further, trait associations within populations reflect similar patterns in geographical pop-
ulations. Second, we found opposite clines for trehalose and body lipids. Third, coadapated
phenotypes have evolved under contrasting climatic conditions i.e. drier and colder
northern localities select darker flies with higher trehalose as well as desiccation resistance
while hot and humid localities favor lighter flies with higher lipids level and greater
starvation tolerance. Thus, the evolution of coadapated phenotypes associated with star-
vation and desiccation resistance might have resulted due to specific ecological conditions
i.e. humidity changes on the Indian subcontinent.

Keywords Opposite clines - Starvation and desiccation - Trade-off - Energy metabolites -
Darker and lighter flies - D. melanogaster
Introduction

Quantitative traits vary geographically and show rapid response to selection under labo-
ratory or field conditions (Endler 1986; Mousseau et al. 2000). There are parallel latitudinal
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clines for body size in Drosophila melanogaster on different continents; and thermal
changes are considered as the major selective agent (James et al. 1997; Hoffmann and
Weeks 2007). Laboratory selection experiments have also resulted in larger flies of
D. melanogaster at lower temperatures (Atkinson 1994). Thus, evolutionary responses for
body size are similar under laboratory as well as wild conditions. By contrast, there are no
consistent patterns for clinal variation in desiccation and starvation resistance along lati-
tude on different continents (Hoffmann and Harshman 1999; Rion and Kawecki 2007).
Starvation resistance in D. melanogaster has shown no cline in South American popula-
tions (Robinson et al. 2000) as well as in Australian populations (Hoffmann et al. 2001;
Hoffmann and Weeks 2007) but there is a positive cline with latitude in eastern North
America (Schmidt et al. 2005). For desiccation resistance also, either there are no clines or
limited geographical variations in different Drosophila species from the Australian con-
tinent (Hoffmann and Harshman 1999; Hoffmann and Weeks 2007). However, there are
opposite clines for desiccation and starvation resistance in D. melanogaster as well as
several other Drosophila species on the India subcontinent (Parkash and Munjal 1999;
Parkash and Munjal 2000). Such contrasting differences in clinal variations for starvation
or desiccation resistance may be due to significant differences in the ecological conditions
prevailing on the Indian subcontinent as compared with other continents. Further, selection
responses differ under laboratory versus field conditions e.g. laboratory selection studies
have shown parallel changes in starvation or desiccation resistance (Chippindale et al.
1996; Gibbs et al. 1997; Chippindale et al. 1998; Telonis-Scott et al. 2006). Thus, it is not
clear whether between population differences in desiccation and starvation resistance are
due to direct or indirect selection response.

For laboratory analysis of quantitative traits in geographical populations, it is generally
assumed that natural selection shapes each trait independently. However, for wild popu-
lations, ecophysiological and morphological traits might coevolve according to their
combined influence on fitness (Angilletta 2009). For example, tropical habitats on the
Indian subcontinent select lighter body color phenotype as well as starvation tolerance
(Parkash and Munjal 2000) but it is not clear whether these traits are under independent
selection or coevolve. Further, there are evidences in favor of coadaption hypothesis
(Angilletta 2009) e.g. behavioral thermoregulation and body coloration are coadapted traits
in pygmy grasshopper (Tetrix subulata; Forsman 2000). Coadapted traits are also repre-
sented by associations between body melanisation and thermo-resistance traits in
D. melanogaster (Parkash et al. 2010). If ecophysiological traits and body melanisation
coevolve, we may expect within-population associations between body color phenotypes
and stress-related traits in Drosophila melanogaster but such traits associations have not
been analyzed so far.

On the Indian subcontinent, if natural selection has resulted in opposite clines for
desiccation and starvation resistance, we may expect differences in the storage as well as
utilization of energy metabolites (carbohydrates and/or lipids) in latitudinal populations of
D. melanogaster. Most of the previous studies on clinal variations on desiccation and
starvation resistance in D. melanogaster from different continents have not considered
changes in the storage of energy metabolites as well as their utilization under stressful
conditions (Parkash and Munjal 1999; Hallas et al. 2002; Griffiths et al. 2005; Collinge
et al. 2006). Further, a single study on the geographical populations of D. melanogaster
from Australia showed lack of correlation between lipid content and starvation resistance
but this study did not consider actual utilization of lipids and/or carbohydrates as a function
of stress duration (Hoffmann et al. 2001). However, storage and utilization of energy
metabolites may differ under desiccation or starvation stress in D. melanogaster.
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In a previous study, we analysed clinal variation in desiccation and starvation resistance
in mass cultures of latitudinal populations of D. melanogaster from India (Parkash and
Munjal 1999) but this study did not consider within population variation, correlated
selection responses and changes in the utilization of energy metabolites. In the present
study, we have analyzed associations between body color changes, stress-related traits and
their energy metabolites in latitudinal populations of D. melanogaster. For this, we con-
sidered laboratory populations of D. melanogaster grown at 21°C under common garden
conditions. We addressed the following questions (a) Do contrasting patterns of darker and
lighter body color phenotypes correlate with opposite clines for desiccation and starvation
resistance along a latitudinal gradient in India (b) Whether there are associations between
body color phenotypes and desiccation or starvation resistance. (c) Whether resistance to
desiccation and starvation in D. melanogaster involve a trade-off for energy metabolites.

We investigated changes in desiccation and starvation resistance in twenty isofemale
lines from each of eight geographical populations of D. melanogaster. Stress resistance
traits and energy metabolites were analyzed in assorted darker and lighter isofemale lines
from a given population (i.e. within population analysis). We tested whether two energy
metabolites (trehalose and lipids) covary or show a trade-off for desiccation versus star-
vation resistance in geographical populations. We compared utilization of energy metab-
olites (trehalose or lipids) as a function of different stress durations (desiccation or
starvation) in assorted body color phenotypes of D. melanogaster. Finally, we examined
whether body color phenotypes, energy metabolites and stress resistance represent
coadapted traits at within and between population levels in D. melanogaster.

Materials and methods
Collections and cultures

Wild individuals of D. melanogaster (n = 600-650 flies from each site) were collected
in October, 2009 by net-sweeping method in a single trip from eight latitudinal sites
(8°05’-32°40' N). Wild-caught females were used to initiate isofemale lines (20 lines per
population). All cultures were maintained at low density (60-70 eggs per vial of
40 x 100 mm size) on cornmeal-yeast-agar medium at 21°C. All experiments were per-
formed with G; and G4 generations on 8 days old virgin female flies. Climatic data for
thermal variables of origin of populations were obtained from Indian Institute of Tropical
Meteorology (IITM; www.tropmet.res.in). However, data on relative humidity were
obtained from ‘Climatological Tables’ published by the Indian Meteorological Depart-
ment, Govt. of India, New Delhi.

Analysis of body melanisation

We measured percent body melanisation of wild-caught female individuals (400-450) as
well as 200 virgin female flies from each isofemale line (n = 20 If lines) per population.
Melanisation was estimated with visual scoring with Olympus stereo-zoom microscope
SZ-61 (www.olympus.com). Body melanisation was estimated from dorsal as well as
lateral views of the female abdomen giving values ranging from 0 (no melanisation) to 10
(complete melanisation) for each of the six abdominal segments (2nd—7th). Since the
abdominal segments differ in size (i.e. 0.86, 0.94, 1.0, 0.88, 0.67 and 0.38 for 2nd-7th
segments respectively), these relative sizes were multiplied with segment-wise
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melanisation scores. Data on percent melanisation were calculated as (X observed
weighted melanisation scores of abdominal segments per fly/X relative size of each
abdominal segment x 10 per fly) X 100 (Parkash et al. 2008).

Percent distribution of darker and lighter flies

For each population, all the wild-caught females (n = 400-450) were assorted as darker
versus lighter flies on the basis of pigmentation score of all the abdominal segments i.e.
darker flies (>45% melanisation) and lighter flies (<30% melanisation). Percent distri-
bution was calculated as the number of darker or lighter flies out of total female flies of
D. melanogaster collected from a given locality.

Analysis of body size (wing length)

Wing length was measured from the thorax articulation to the tip of third longitudinal vein
under Olympus stereo-zoom microscope SZ-61, Japan (www.olympus.com) fitted with a
micrometer. We measured wing length in ten flies from each laboratory reared isofemale
line (n =20 If x 10 flies) of eight latitudinal populations. These flies were used for
measurement of different stress-related traits.

Within population analysis

For within population analysis, we assorted isofemale lines (n = 70-80 per population)
into darker (>45% melanisation) and lighter (<30% melanisation) body color phenotypes
from one northern and one southern population of D. melanogaster. Twenty isofemale
lines each of dark or light phenotype were used for analyzing within population trait
variability. We isolated isofemale lines for larger or smaller body size from northern
(Udhampur) population. For each isofemale line, we checked repeatability of trait values
(wing size) across six generations and lines with stable trait values were used for analysis
of desiccation and starvation resistance.

Measurement of stress resistance

For starvation and desiccation resistance (a) we analyzed ten individuals from each of the
20 isofemale lines per population; (b) Sixty wild-caught individuals of each population;
(c) assorted darker or lighter isofemale lines from one northern and one southern popu-
lation of D. melanogaster. For each assay, we used 200 virgin flies (n = 20 isofemale lines
x 10 replicates) of each population.

Starvation resistance

Ten female flies were placed in a dry plastic vial which contained foam sponge impreg-
nated with 2 ml of water + 2 mg sodium benzoate (to prevent any bacterial growth). Such
vials with muslin wraps were placed in a humidity chamber (www.metrexinstruments.com;
MEC-30) which maintained 80-85% relative humidity at 21 + 0.5°C. The mortality was
scored daily at 8 am and 8 pm (i.e. 12 h interval) for the first 4 days followed by six hourly
observations until all flies had died from starvation.
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Desiccation resistance

To measure desiccation resistance (time to lethal desiccation in dry air), 10 virgin female
individuals were isolated in a dry plastic vial, which contained 2 g of silica gel at the
bottom and was covered with a disc of foam piece. Such vials with foam plugs were placed
in a desiccator chamber (Secador electronic desiccator cabinet; www.tarson.com) which
maintains 6-8% relative humidity. The time period to lethal desiccation time in dry air was
recorded.

Measurements of energy metabolites

For all the eight geographical populations, we analyzed ten individuals from each of the 20
isofemale lines per population of D. melanogaster. We also analyzed assorted darker or
lighter isofemale lines from one northern and one southern population of D. melanogaster.
All assays for estimation of total extractable lipids or trehalose or protein content were
done on ten replicates.

Lipid assay

The method for determining the total lipid content was adapted from Marron et al. (2003).
Individual virgin flies were placed in 2 ml eppendorf tubes (www.tarson.in) and dried at
60°C for 48 h. Dried flies were weighed on Sartorius microbalance (Model-CPA26P; with
precision 0.001 mg; www.sartorious.com). Further, 1.5 ml di-ethyl ether was added in
each eppendorf tube and kept for 24 h under continuous shaking (200 rpm) at 37°C.
Thereafter, the flies were removed from the solvent and again dried at 60°C for 24 h and
finally reweighed. Lipid content was calculated per individual by subtracting the lipid free
dry mass from initial dry mass per fly. Relative lipid content to dry mass as well as for wet
mass were calculated as the percent of lipid mass to initial dry mass and wet mass
respectively.

Trehalose assay

Trehalose content was estimated with Megazyme trehalose assay kit (K-Treh 10/10;
www.megazyme.com). For trehalose estimation, 10 flies per isofemale line were homog-
enized with a hand electric mortar and pestle and boiled in a water bath at 95°C for 20 min.
After centrifugation at 12,000 rpm for 15 min, aliquots of the supernatant were placed into
two tubes (200 pl each); one was taken as blank while other was digested with trehalase at
37°C (Megazyme trehalose assay kit). In this assay, released p-glucose was phosphorylated
by hexokinase and ATP to glucose-6-phosphate and ADP which was further coupled with
glucose-6-phosphate dehydrogenase and resulted in the reduction of nicotinamide adenine
dinucleotide (NADH). The absorbance by NADH was measured at 340 nm. Pre-existing
glucose level in the sample was determined in a control reaction lacking trehalase and
substracted from total glucose concentration.

Protein assay
Protein content was estimated in groups of 10 virgin female flies per isofemale line

(n = 20) from one northern and one southern population of D. melanogaster. Flies were
homogenized in 3 ml of distilled water and centrifuged at 10,000 rpm for 5 min. 50 pl of
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aliquot was taken from supernatant and treated with 2 ml of Sigma BCA reagent and
incubated at 25°C for 12 h. Absorbance was recorded at 562 nm and protein concentration
was determined by comparing with standard curve.

Statistical analyses

For all the traits (body melanisation, starvation resistance, desiccation resistance, total lipid
content and trehalose content), populations mean along with SE were used for illustrations
and tabular data. Within as well as between population trait variability were analyzed
through ANCOVA (body size as a covariate); and percent of total variance explained by
each variable was calculated. Variance (%) due to populations, phenotypes and their
interactions were calculated as proportion of Means square x degree of freedom out of the
total sum of such values. Correlations between different traits were based on data from
isofemale lines as well as for wild-caught flies. ANOVA was used to check differences in
ecophysiological traits between darker and lighter body color isofemale lines and the
results were shown as F values. Correlation coefficients (r = SE) between traits were also
calculated for within population trait variability. For evaluating differences in the utili-
zation of energy metabolites (lipids or trehalose or proteins) under starvation or desiccation
stress in darker and lighter isofemale lines, the data were subjected to ANOVA. In order to
find associations between ecophysiological traits and climatic variables, we used multiple
regression analysis of trait variability as a simultaneous function of T, and relative
humidity of the sites of origin of populations. Statistical calculations and illustrations were
made with the help of Statistica™ 5.0.

Results
Climatic variables

Figure 1 illustrates eight collection sites of Drosophila melanogaster along a large lati-
tudinal transect (8° 29'-32° 40/N) but a narrow longitudinal range (75°33'-77°49'E).
Southern and northern localities fall under tropical and subtropical climatic conditions and
differ significantly in relative humidity (47.52 vs. 77.35%) and seasonal thermal amplitude
(Tcv: coefficient of variation of mean monthly temperatures; Fig. 1b, ¢ and Table 1). In
contrast, the average yearly temperature (T,,.) along the north—south transect is not much
variable (22.21-28.42°C) and poorly correlated with latitude (r = —0.23 ns). Thus,
D. melanogaster populations face climatic conditions which vary significantly along
latitude on the Indian subcontinent.

Clinal variation

Data on between-population differences for ecophysiological traits in eight latitudinal
populations of D. melanogaster are shown in Table 1. Twenty isofemale lines each of the
eight geographical populations were grown at 21°C (under common garden conditions) so
as to find genetic differences and to minimize the effects due to environmental differences
between collection sites of D. melanogaster. All the traits showed clinal variation with
about twofold increase or decrease in trait values along the latitudinal transect (Table 1).
Three traits (body melanisation, desiccation resistance and trehalose level) were positively
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Fig. 1 a Map of India showing geographical locations of collection sites of D. melanogaster. b Change in
mean monthly temperature of one northern (Udhampur), central (Wardha) and southern (Trivandrum)
locality. ¢ Changes in relative humidity (RH) as a function of latitude of origin of populations. Data on
geographical and climatic variables are given in Table 1

correlated with latitude. However, both starvation resistance and lipid content decreased
along latitude. Northern population (Udhampur) showed higher levels of body melanisation
(54.25 + 2.19 percent), desiccation resistance (28.47 & 1.67 h) and trehalose content
(105.24 4 3.24 pg fly™'; Table 1). In contrast, such traits values are about two times
lower (melanisation = 25.18 4 0.12; desiccation = 15.47 £ 0.73 h; trehalose = 51.27 +
1.69 pg fly~'; Table 1) in southern population (Trivendrum) of D. melanogaster. However,
negative clines were observed for starvation resistance and lipid content i.e. higher trait
values for southern population (starvation = 189.21 &+ 3.34 h; lipids = 107.04 & 2.01 pg
ﬂy’l) as compared with northern population (starvation = 102.25 &+ 4.19 h; lipids =
59.26 + 2.98 pg fly~'; Table 1). For all the traits, latitudinal slope values (b) are highly
significant (but vary in sign) and show changes in trait values per degree latitude (Table 1).

In order to compare trait variability at within and between population levels, the
data were subjected to ANCOVA (with body size as a covariate) and the results are
shown in Table 2. For all traits, there is significant within population variance (~30%)
while between population variance is quite high (~60%; Table 2). Further, percent
variance is quite similar for all the traits at both the within and between population
levels.
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Table 2 Result of ANCOVA for partioning trait variability due to populations, isofemale lines and their
interactions in D. melanogaster

Traits df Populations (P) IF lines (L) P*L Error
7 19 133 1,440
1. Melanisation (%) MS 24,331.67 4,880.15 81.04 3.26
F 7,463.70 1,496.97 24.85
% Var 61.15%#%* 33.29%#* 3.87#%* 1.69
2. Starvation hours MS 33,345.67 5,534.69 126.69 2.66
F 12,535.96 2,080.71 47.62
% Var 64.97%#%* 29.27%#%% 4.69%%* 1.07
3. Desiccation hours MS 19,401.99 4,298.90 88.82 1.96
F 9,898.94 2,193.31 45.31
% Var 58.5 sk 35,19k 5.09%:* 1.22
4. Lipids (pg fly™" MS 23,979.01 3,997.52 108.05 3.13
F 7,661.02 1,277.16 34.52
% Var 63.897#:#* 28.91 k% 5.47%#* 1.72
5. Trehalose (g fly™") MS 27,474.71 5,847.61 128.89 291
F 9,441.48 2,009.48 44.29
% Var 59.01%#:#* 34.09#:#* 5.62%%* 1.29

For each trait, mean square (MS), F' value and % Variance are shown
# P < 0.01; #* P <0.001

Trait associations with climatic variables

In order to find possible relationships between phenotypes (darker and lighter flies) and
climatic variables of origin of wild populations of D. melanogaster, the results of linear
regression analyses are shown in Fig. 2a and b. Percent distribution of lighter flies sig-
nificantly correlated with relative humidity and both showed a significant negative cline
along latitude (Fig. 2a). Thus, a decrease of humidity along latitude covaries with lower
percent distribution of lighter flies. In contrast, darker flies are abundant in the north
where there are higher seasonal variations in temperature and lower relative humidity
(Fig. 2b). Such trait associations suggest climatic selection of body color phenotypes
along latitude.

Trait correlations (between population level)

Data on stress resistance traits (desiccation or starvation) as a function of changes in
body melanisation of wild-caught flies (n = 60 flies each) from eight latitudinal popu-
lations of D. melanogaster are shown in Fig. 2c and d. Based on between population
differences, there is significant negative correlation (r = —0.89 4+ 0.09; P < 0.001)
between body melanisation and starvation resistance (Fig. 2c). In contrast, there is a
significant positive correlation (r = 0.94 £ 0.08; P < 0.001; Fig. 2d) between melani-
sation and desiccation resistance. Thus, data on wild-caught flies of D. melanogaster
showed contrasting relationships of body melanisation with desiccation or starvation
resistance.
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Fig. 2 Parallel changes in a relative humidity and percent distribution of lighter flies; b Tcv and darker flies
as a function of latitude of origin of D. melanogaster. Regression equations (y = a + bx) are also shown.
c—d correlations of melanisation with starvation resistance (¢) and with desiccation resistance (d) based on
population mean values of D. melanogaster. Tcv = coefficient of variation of mean monthly temperatures

Trait correlations (within population level)

Further, correlations between body melanisation (of assorted darker and lighter isofemale
lines from north Indian population) and desiccation or starvation resistance; and also with
energy metabolites (trehalose or lipid content) are shown in Fig. 3. Both starvation and
lipid content have shown negative correlation with body melanisation (r > —0.85;
P < 0.001; Fig. 3a, b). However, desiccation resistance and trehalose level are positively
correlated with body melanisation (r > 0.87; P < 0.001; Fig. 3c, d). Further, there is a
positive correlation between starvation resistance and lipid content (r > 0.85; P < 0.001;
Fig. 4a); and also between desiccation resistance and trehalose content (r > 0.83;
P < 0.001; Fig. 4c). By contrast, assorted flies with smaller or larger body size showed a
negative correlation with starvation resistance (r > —0.79; P < 0.001; Fig. 4b) but no
correlation with desiccation resistance (r < 0.14 ns; Fig. 3d).

Trait analysis of darker and lighter flies
Data on differences in trait values between assorted darker and lighter flies from two
geographical (one northern and one southern) populations of D. melanogaster are shown in

Table 3. Results of ANOVA (F values) have shown significant differences for each trait
between darker and lighter body color isofemale lines (Table 3). Darker flies have shown
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Fig. 3 Negative correlation between body melanisation and starvation tolerance (a); and with lipid content
per fly (b); and positive correlation between melanisation with desiccation tolerance (c¢); and with trehalose
content per fly (d) in assorted darker (> 45% melanisation) and lighter body color phenotypes (<30%
melanisation) isofemale lines from northern population (Udhampur) of D. melanogaster

higher values of body melanisation, desiccation hours and trehalose content. However,
lighter flies are characterized by high level of lipid content as well as starvation tolerance
(Table 3). The trait values for both darker and lighter flies of northern versus southern
populations differ significantly but the magnitude of differences between darker and lighter
flies is about twofold (Table 3). Thus, there are significant differences in trait values
(energy metabolites and stress traits) between body color phenotypes.

Storage of energy metabolites

Data on quantitative differences for energy metabolites in darker versus lighter flies from
two geographical populations (one northern and one southern) of D. melanogaster are
shown in Table 4. For each population, the level of metabolites is shown as percent content
per dry mass as well as per wet mass. For both populations, darker and lighter flies did not
vary in protein content (Table 4). However, lipid content was (~ 2-fold) higher in lighter
flies as compared with darker flies while trehalose level was significantly higher in darker
flies (Table 4). For lipid or trehalose, results of ANOVA have shown significant differ-
ences between darker and lighter body color isofemale lines (Table 4).
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Fig. 4 Correlations between traits based on 10 isofemale lines each of darker and lighter phenotypes of a
north Indian (Udhampur) population of D. melanogaster. Positive correlations are shown: a between
starvation resistance and lipids content; ¢ between desiccation resistance and trehalose content. There is a
negative relationship between body size (wing length) and starvation resistance (b); and no correlation of
body size with desiccation resistance (d) in seven isofemale lines

Utilization of energy metabolites

Figure 5 illustrates changes in energy metabolite level (lipids or trehalose) when darker or
lighter isofemale lines of northern population (Udhampur) were exposed to different
duration of desiccation or starvation stress. For starvation stress experiment, there were
significant differences (~2-fold) in lipid content between lighter versus darker flies. In
lighter flies, higher lipid content (99.14 + 0.54 ug fly~") sustained longer starvation hours
(up to 180 h) while darker flies showed about fifty percent lesser starvation tolerance
(starvation 88.61 =+ 0.98 h; lipids = 48.31 # 0.77 pg fly'; Table 3; Fig. 5a). However,
there were no changes in trehalose level when darker or lighter flies were exposed to
starvation stress (Table 5). In contrast, when darker and lighter flies were exposed to
different durations of desiccation stress, darker flies with higher trehalose level
(119.57 + 1.38 ug fly") showed longer survival up to 30 h as compared with 15 h in case
of lighter flies (trehalose = 54.17 4 0.92 g fly~'). However, there was no utilization of
lipids by darker or lighter flies under desiccation stress (Table 5). Thus, we found a clear
trade-off in the utilization of either trehalose during desiccation stress or lipids under
starvation stress. Further, experiments on protein utilization with lighter and darker flies
exposed to desiccation or starvation stress showed no utilization of proteins. Lack of
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Table 3 Data (mean £ SE) on five quantitative traits showing significant differences (on the basis of
F values, ANOVA) between assorted darker and lighter flies from one northern and one southern population
of D. melanogaster

Traits Nothern population (Udhampur) Southern population (Trivandrum)

Darker flies Lighter flies F 308 Darker flies Lighter flies F 1308

1. Melanisation  62.34 & 1.03 2747 4+ 0.82 5,679.35%**% 4487 + 0.86  19.42 £+ 0.53  4,978.47%*%**
(%)

2. Starvation 88.66 £ 0.98 180.47 + 0.63 4,349.62*** 111.48 £ 0.74 209.17 &+ 0.48 34,448.21%%**
(hour)

3. Desiccation 30.29 £ 0.83 1447 £ 0.53 3,646.17**%* 2444 £ 0.61 12.39 £ 0.34  3,204.58%%*:*
(hour)

4. Lipids 4831 £ 0.77  99.14 £ 0.54 3,214.56*** 6738 £ 0.59 128.67 & 043  4,017.28%**
(ng fly™")

5. Trehalose 119.57 £ 1.38 5417 £ 0.92 4,127.65***% 8514 £ 0.95 4427 + 0.61  3,165.89***
(ng fly™")

Darker flies show higher values for desiccation resistance and trehalose while lighter flies depict higher lipids
content and starvation resistance

*** P <0.001

Table 4 Data on percent energy metabolite content (lipids, trehalose and proteins) on the basis of dry mass
and wet mass per fly in darker (D) and lighter (L) flies of isofemale lines from one northern and one southern
population of D. melanogaster

Substrate Northern population Southern population

Darker Lighter F 3905 Fold Darker Lighter F |30 Fold

1. Dry mass
Lipids (%) 9.23 1899  2,568.89**%* 205 (L>D) 11.37 2297 2,341.29*%%* 2.02 (L > D)

Trehalose 23.79 10.24 3,217.21%** 232 (D >L) 1886 9.29 2,688.25%** 2.03 (D >L)
(%)

Proteins 1171 11.49 239ns 1.02(MD=L) 11.52 1108 1.83ns 1.03 (D =L)
(%)

2. Wet mass
Lipids (%) 2.84 586 2,236.27*%* 202 (L>D) 4.12 8.33  2,349.12%%* 201 (L > D)

Trehalose 725 311 3,027.84¥** 233 (D>L) 564 277 2,647.89%** 2.04 (D >L)
(%)

Proteins 3.58 3.54 301ns 101 (D=L) 3.34 3.40 298 ns 1.02(D=1L)
(%)

For each metabolite, quantitative differences between darker and lighter flies are shown on the basis of
F values (ANOVA) and as fold ratio

ns nonsignificant
% P < 0.001

protein utilization is evident from non-significant F' values for both the color phenotypes
when exposed to desiccation or starvation stress (Table 5). For lipids utilization, F values
are highly significant for starvation stress but not under desiccation stress. In contrast,
trehalose utilization is highly significant under desiccation stress but not with starvation
stress (Table 5).
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Fig. 5 Changes (mean £ SE) in the lipid content as a function of starvation stress durations (0—180 h with
30 hintervals (a); and changes in trehalose content under desiccation stress (0-30 h with 5 h intervals (b) in
darker and lighter body color isofemale lines of D.melanogaster. Bars represent metabolite content before
and after utilization under a given stress duration

Relationships with climatic variables

In order to test whether trait variability reflects adaptive changes due to climatic condi-
tions, we considered multiple regression analysis of trait variability as a simultaneous
function of T,,.. and relative humidity of sites of origin of D. melanogaster populations
(Table 6). For each trait, correlation (r) and slope (b) values are highly significant with
relative humidity but nonsignificant for Tave. The R values (genetic determination of trait
variability) are highly significant for all the traits. Thus, Clinal variations for energy
metabolites and stress-related traits are better explained by geographical changes in rela-
tive humidity on the Indian subcontinent.

Discussion

Indian populations of D. melanogaster harbour significant levels of within population
variation for desiccation as well as starvation tolerance. Between population differences in
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Table 5 Results of nested ANOVA for trait variability due to metabolite utilization (in control vs. treat-
ment), and isofemale lines (IF) of darker and lighter flies of D. melanogaster subjected to either desiccation
or starvation stress

Metabolite Source df Starvation (hours) Desiccation (hours)
MS F MS F
1. Lipids
Darker flies Treatment 1 560,421.13 6,806.94%#* 1,456.65 13.12 ns
IF lines 38 7,219.51 216.67%** 75.38 0.67 ns
Error 360 8.23 110.98
Lighter flies Treatment 1 524,027.90 55,452.60%*%* 2,354.54 27.32 ns
IF lines 38 6,079.21 643%%* 108.23 1.25 ns
Error 360 9.45 86.17
2. Trehalose
Darker flies Treatment 1 1,023.99 17.43 ns 858,516.66 11,148.11%*%*
IF lines 38 239.24 4.07 ns 3,207.41 41.64%%*
Error 360 58.73 77.01
Lighter flies Exp. 1 1,740.15 25.24 ns 80,431.03 7,358.74%#%
IF lines 38 72.89 1.05 ns 7,358.74 234.4]1%%*
Error 360 72.89 21.44
3. Proteins
Darker flies Treatment 1 2,676.58 27.11 ns 3,004.48 28.75 ns
IF lines 38 123.26 1.24 ns 149.35 1.42 ns
Error 360 98.70 104.48
Lighter flies Treatment 1 2,750.60 30.35 ns 1,794.43 18.17 ns
IF lines 38 106.19 1.17 ns 47.22 2.09 ns
Error 360 90.61 98.74

ns nonsignificant
*** P < 0.001

desiccation and starvation resistance as well as energy metabolites (trehalose and lipids
content) are ordered into opposite clines along latitude in India. Trait divergence at within
population level may have led to adaptive differences between geographical populations of
D. melanogaster. This is evident from coadapted changes for body color phenotypes (dark or
light) and energy metabolites (trehalose or lipids content) for desiccation or starvation
resistance at the level of within as well as between populations. We found a trade-off in the
storage as well as utilization of energy metabolites i.e. higher trehalose content in darker flies
confers longer survival under desiccation stress. In contrast, lighter flies store more lipids and
sustain longer starvation tolerance. Within population analysis has shown that body size
changes are associated with starvation resistance but not with desiccation resistance. Finally,
adaptive differences for starvation and desiccation resistance in D. melanogaster are linked
with regular but significant changes in relative humidity along latitude in India.

Contrasting patterns of humidity variation

In the present study, we have considered between populations differences in starvation as
well as desiccation in D. melanogaster in relation to regional differences in ecological
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conditions on the Indian subcontinent. Southern and northern localities fall under tropical
and subtropical climatic conditions because tropic of cancer passes almost midway through
the subcontinent. Average temperature does not vary significantly along latitude in India
(r = 0.22 4+ 0.29 ns). Thus, temperature variation may not be solely responsible for
geographical variation in starvation and desiccation resistance in D. melanogaster from
India. In contrast, T,y vary significantly along latitude on other continents but are not
correlated with desiccation or starvation resistance (Robinson et al. 2000; Hoffman et al.
2001). Interestingly, there are significant changes in relative humidity along latitude in
India (r = 0.91 £ 0.08). However, humidity changes along latitude are far less on the
Australian as well as on the South American continents which also lack clinal variations in
desiccation and starvation resistance (Robinson et al. 2000; Hallas et al. 2002). Thus, there
are specific climatic conditions (a steeper humidity gradient) on the Indian subcontinent
which contrast with those occurring on South American and Australian continents. On the
Indian subcontinent, significant changes in humidity can act as selection agent for
starvation and desiccation resistance in D. melanogaster.

Selection of coadapted phenotypes

In the present study, we found evolution of coadapted phenotypes for starvation and
desiccation resistance. The distribution of lighter flies and their starvation resistance level
have shown negative clines along latitude in India. Interestingly, lighter flies have shown
higher level of stored lipid content. Thus, there are significant associations between lighter
body color phenotype, higher lipid content and starvation resistance. For desiccation
resistance, our results agree with an earlier study on association between darker body color
phenotypes and desiccation resistance in D. melanogaster (Parkash et al. 2008). However,
no previous study has reported a positive cline for trehalose in latitudinal populations of
D. melanogaster. Further, there are associations between trehalose level and body mel-
anisation of darker flies. Selection responses due to dry versus wet climatic conditions
match opposite clines for desiccation and starvation resistance in D. melanogaster on the
Indian subcontinent. In the subtropics, drier conditions select darker flies with higher
trehalose level for sustaining desiccation resistance. By contrast, wet conditions, favor
coadapated changes i.e. lighter body color phenotypes with higher lipid level to support
starvation resistance.

Storage of energy metabolites

In order to cope with physiological stresses (starvation or desiccation), adaptive responses
in insects involve storage of energy rich metabolites (Edney 1977; Lim and Lee 1981;
Satake et al. 2000). Storage of energy metabolites (carbohydrates and lipids) have been
analysed in laboratory selection studies (Graves et al. 1992; Hoffmann and Parsons 1993;
Chippindale et al. 1996). However, energetic basis of desiccation and starvation resistance
in geographical populations has received lesser attention so far (Hoffmann et al. 2001;
Rion and Kawecki 2007). For desiccation resistance, most of the earlier studies analyzed
glycogen level in laboratory selected strains (Clark et al. 1990; Djawdan et al. 1998;
Chippindale et al. 1998; Bradley et al. 1999; Gefen et al. 2006). However, we analysed
trehalose content because it is the most abundant sugar in insect hemolymph and helps to
cope with desiccation stress (Ring and Danks 1998). One study on laboratory selection in
D. melanogaster has also provided an indirect evidence for increased trehalose level in
desiccation-resistant flies (Folk et al. 2001). In the present study, we found a positive
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latitudinal cline for trehalose content and a negative cline for lipids in D. melanogaster. To
the best of our knowledge, this is the first report which has shown a trade-off of energy
metabolites for resistance to starvation and desiccation in D. melanogaster.

Utilization of energy metabolites

Most of the previous studies on laboratory selection as well as comparative studies did not
consider the utilization of energy metabolites under stressful conditions (Hoffmann and
Parsons 1993; Chippindale et al. 1998; Gibbs and Matzkin 2001). A single study has
analyzed utilization of energy metabolites under desiccation or starvation stress (Marron
et al. 2003). The rates of lipid and protein metabolism did not vary for starvation or
desiccation stress but carbohydrates metabolism was sevenfold higher under desiccation
stress in five Drosophila species (Marron et al. 2003). However, in the present study, we
found utilization of trehalose under desiccation stress; and of lipids under starvation stress
in D. melanogaster (Fig. 5).

Impact of body size on stress resistance

Few studies have examined the relationship between body size and stress resistance in
D. melanogaster (Hoffmann and Parsons 1993). Comparative studies of desiccation
resistance and body mass changes across 29 desert and mesic Drosophila species have
shown positive correlation (Gibbs and Matzkin 2001). In contrast, no correlated changes in
body size were found in laboratory selected desiccation resistance strains in D. melano-
gaster (Hoffmann and Parsons 1993). However, in the present study, there is lack of body
size-desiccation resistance relationship (Fig. 4d). Further, within population differences in
body size are negatively correlated with starvation resistance (Fig. 4b).

Laboratory selected starvation resistance strains of D. melanogaster have shown
increase in dry as well as wet weight (Chippindale et al. 1996). In contrast, for starvation
resistance, laboratory selection on lipid storage in D. melanogaster has shown a negative
relationship between body size and lipid content i.e. body size of D. melanogaster
decreased when lipid mass increased (Clark et al. 1990). Thus, for starvation resistance,
body size changes differ in laboratory versus natural selection in D. melanogaster.

Climatic selection of starvation tolerance

The ecological aspects of starvation resistance in wild populations of D. melanogaster have
received lesser attention so far. On the Indian subcontinent, there is no gradient in food
availability (decaying fruits) which could indicate strong selection for starvation tolerance
in D. melanogaster. In fact, D. melanogaster flies are unlikely to face food shortage
throughout the year due to extensive banana plantations in the southern localities. Further,
some studies on Drosophila population ecology have suggested that larval food rarely
becomes a limiting factor under wild conditions and competition is unlikely to be a strong
limiting factor under field conditions (Shorrocks et al. 1984; Atkinson and Shorrocks
1984). Alternatively, wild populations of D. melanogaster may be limited by abiotic
stresses such as humidity and temperature. Low humidity habitats select desiccation
resistance but it is not clear whether high humidity and warm conditions affect starvation
resistance.
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Laboratory selection experiments have shown correlated changes in both desiccation
and starvation resistance (Chippindale et al. 1996; 1998). These studies have suggested
reduction in metabolic rate under laboratory conditions and such changes may induce a
positive correlation between desiccation and starvation resistance. By contrast, in nature,
ecological conditions which promote starvation resistance may differ from those respon-
sible for desiccation resistance. There are two possible ways which may cause starvation
stress to D. melanogaster. First, larger population size of tropical insect species result in
species interaction, competition and higher dispersal rates which can cause starvation stress
(Barrera 1996). Another study has shown higher starvation resistance associated with
dispersal behaviour in spider mites (Li and Margolies 1994). On the India subcontinent,
wind velocity in the peninsular southern localities are quite high (~ 10 to 12 km/h) and this
may cause higher dispersal rate of D. melanogaster leading to longer duration of starvation
stress. Second, temperature and water availability affect metabolic rate in some insects taxa
(Davis et al. 2000). At higher ambient temperature in the tropics, smaller flies (1,200 pg/
fly) may face starvation stress due to higher rate of metabolism per unit body weight. Thus,
warm and humid climatic conditions in the southern peninsular Indian localities may
promote starvation tolerance in D. melanogaster.

Conclusions

A steeper humidity gradient along latitude in India has selected coadapted phenotypes
(body color phenotype and energy metabolites) for greater starvation resistance in the
tropics as compared with higher desiccation resistance in the subtropics. The evidence for
coadapted phenotypes is based on within population analysis i.e. darker flies store higher
trehalose level which confers greater desiccation resistance. In contrast, higher lipid
content in lighter flies sustains higher starvation tolerance. Based on between population
differences in trait values, we found opposite clines for body color phenotypes (darker vs.
lighter flies); energy metabolites (trehalose vs. lipid content) and desiccation versus star-
vation resistance. We have shown that flies actually metabolize trehalose under desiccation
stress; and lipids under starvation stress. Thus, there is a trade-off for storage and utili-
zation of energy metabolites for desiccation versus starvation resistance. We found neg-
ative correlation between body size and starvation resistance. However, there is lack of
relationship between body size and desiccation resistance. We may suggest that desiccation
and starvation resistance have evolved due to selection of coadapted phenotypes.
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