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Effect of diet quality and associated metabolic
changes in adult stress response and life-history
traits in Drosophila ananassae
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While investigating the role of larval nutrition in adult
stress tolerance in Drosophila ananassae during the
course of the previous study, we have assumed certain
hypothesis behind the mechanisms underlying ecologi-
cal adaptation of this species. Keeping this in view, the
aim of the present study was to evaluate the mechanis-
tic role of diets during stress response at cellular and
metabolic level in D. ananassae. To gain insight into
the molecular and physiological basis of variation in
stress tolerance in flies developed on different nutri-
tional regimes, we identified a novel factor that depo-
sitions of uric acid crystals in Malpighian tubules of
flies has a regulatory role in tolerance to desiccation.
To assess the role of diet in variation in the physiolo-
gical process by immunostaining method, we checked
(Na"/K") ion-pump in Malpighian tubules. Results
suggest that physiological activities of flies fed on car-
bohydrate food are higher as indicated by the elevated
level of (Na"/K")-ATPase ion transport. We also found
significant dietary effects on egg production and egg-
to-adult viability, suggesting a possible trade-off
between the traits investigated. Expression of Hsp60
was also modulated by diet. Hsp60 was highly expressed
in carbohydrate and protein-enriched medium com-
pared to normal food.

Keywords: Drosophila ananassae, environmental stress,
Malpighian tubules, nutritional regimes, physiology.

STARVATION, desiccation and exposure to extreme heat or
cold are most stressful to insects among environmental
challenges. There is a strong impact on the amount and
quality of nutrients consumed by organisms on life-history
traits and stress response' . The balance can be main-
tained by interplay between matter intake, digestion and the
allocation of acquired energy to various functions such as
maintenance, growth and reproduction®. For Drosophila,
the ability to survive in dry habitats presents an especially
formidable ecological and physiological challenge’.
Desiccation resistance of an organism depends on both
water content and rate of water loss. Mechanisms behind
desiccation resistance are complex and species-specific.
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Uric acid has long been recognized as the major
nitrogenous excretory product of insects. Two properties
make it suitable for this purpose: it contains 33% nitro-
gen, and under the acid conditions which prevail in the
terminal section of the excretory system®, its solubility is
quite low (11 mM at pH 5.5). Its elimination thus leads to
the excretion of large amounts of nitrogen without incur-
ring much loss of water. There are limits to the amount of
uric acid or urate that can be accommodated within the
body, and insects with a protein-rich diet have mecha-
nisms for uric acid elimination’. Uricotelism is more en-
ergy-consuming than ammonotelism, but the advantage
of uric acid is that, being highly insoluble in water, it can
be precipitated in the excretory organ and then voided
with minimal loss of water®.

A population exposed to new and stressful environ-
ment, may acclimatize itself either by developing pheno-
typic compensation through increased competency in
acclimation, or by evolving macromolecules that are
either more tolerant to functional disturbance or better
able to retain functional efficiency in the unfavourable
environment"* ', In this respect, unsuitability or insuffi-
cient food resources are frequently encountered in nature
and starvation is recognized as a major stress in natural
populations of Drosophila species. Thermal and envi-
ronmental stress induces the expression of HSP genes
which assist in the maintenance, viability, prevention of
protein unfolding and enhancement of cell survival. It has
been reported that a variety of stresses, especially thermal
stress, influence the process of spermatogenesis and
oogenesis, and Hsp60C plays an essential role in sper-
matogenesis'” as well as oogenesis'® in D. melanogaster.
The increase in the expression of Hsp60C in protein- and
carbohydrate-rich diet would also be related to the change
in egg production of females developed on protein and
carbohydrate-rich medium.

D. ananassae, a cosmopolitan and domestic species
belonging to the ananassae subgroup of the melanogaster
species group is stenothermic and circumtropical in dis-
tribution'*'®. India is a large tropical and subtropical
subcontinent covering a large range of latitude and
altitude. From south to north, the seasonal thermal ampli-
tude shows a regular increase with progressively more
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marked cold and warm seasons. Sisodia and Singh'™'®
found a high degree of variation in stress resistance at the
population level in D. ananassae. In India, feeding habit
and composition of food vary with latitude and the ratio
of protein : carbohydrate also varies accordingly.

To understand the mechanisms behind diet-regulated
stress tolerance in D. ananassae, we have selected Mal-
pighian tubules (MTs) which are a good model to study
the physiology of insects. We have selected another strain
of D. ananassae and tested the effect of larval nutrition
on resistance to desiccation, starvation, heat and cold
tolerance, and life-history traits and then attempted to
answer the following questions by selecting Malpighian
tubules as a marker: (i) Is uric acid crystal deposition in
Malpighian tubules an indicator of tolerance to desiccation
resistance? (ii) Are the expressions of (Na'/K')-ATPase
ion transport altered in two different nutritional regimes?
(iii) Is the expression of Hsp60 modulated by diet?

Keeping this in view, the aim of the present study was
to evaluate the mechanistic role of diet during stress
response at cellular and metabolic levels in D. ananassae.

Materials and methods

Stock investigated

The Gwalior (GL) stock of D. ananassae used in the pre-
sent experiment was established from flies collected from
fruit and vegetable baits in Gwalior, Madhya Pradesh (lat.
26.22°, long. 78.18°), India in October 2010. Prior to the
experiment, the flies were kept in simple culture medium.
For maintaining the stock, simple culture medium con-
taining agar-agar, dried yeast, maize powder, crude sugar,
nipagin, propionic acid and plain water was used. In our
laboratory, we maintain different species of Drosophila
in simple culture medium. For making one-fourth unit of
simple culture medium, 600 ml water and 71 g of the
above-mentioned food ingredients in different propor-
tions were used. The carbohydrate-enriched medium was
prepared by mixing sucrose and culture medium in the ra-
tio 1:4 (14.2:56.8 g) before adding water. The protein-
enriched medium was prepared by mixing casein and
simple culture medium in the ratio 3:2 (42.6:28.4 g)
before adding water. Eggs were collected and trans-
planted to two types of food media: a carbohydrate-
enriched medium and a protein-enriched medium. All
vials contained approximately 7 ml of medium were
pasted with dried yeast solution. Twenty eggs were kept
in each vial. The eggs hatched and larvae developed at
25°C and 12 h L/D cycles. Virgin flies were collected and
aged for 67 days before starting the experiments. To
measure desiccation, starvation, chill-coma, heat shock,
egg-to-adult viability, egg production and counting of
ovariole number, we have followed the procedure of
Sisodia and Singh'®. Fifteen pairs of flies were trans-
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ferred to fresh culture bottle in each generation to main-
tain stocks for each nutritional regime. All experiments
were performed carefully. Flies used for experiments
were of the same age and maintained under the same
laboratory conditions with different nutritional regimes.

Body weight and lipid content

The method of Hoffmann and Parsons®® was used to
measure lipid content. Females and males were treated in
groups of 20 separately, and two groups were tested per
sex per nutritional group.

Immunostaining

Tissues were dissected out in 1x PBS and fixed in freshly
prepared 4% paraformaldehyde for 20 min followed by
washing thrice in 1x PBST (PBS, 0.1% Triton X-100)
and processed for immunostaining as described ear-
lier’'*%. The primary antibodies used were: a-subunit of
anti-mouse (Na'/K')-ATPase and anti-rabbit Hsp60C
(1:50, 1:100, a kind gift from Madhu G. Tapadia). Sec-
ondary antibodies used were anti-mouse and anti-rabbit
Alexafluor 488). Chromatin was counterstained with DAPI
(1 ug/ml in 1x PBS). All tissues were mounted in anti-
fadent, DABCO (Sigma Aldrich) and analysed under
Zeiss LSM 510 Meta Confocal microscope. The images
were processed with Adobe Photoshop.

Determining uric acid deposition

For imaging of uric acid deposited in the MTs, larvae
from control, protein and carbohydrate food were seen
under polarized microscope. Images were taken with 10x
objective and a digital zoom of 6x using a Nikon digital
camera fitted on the microscope.

Statistical analysis

The Kaplan—Meir method was used to estimate this curve
from the observed survival time without the assumption
of an underlying probability distribution®*. Comparison of
two survival curves was done using a statistical hypothe-
sis test called the log rank test. Two-way ANOVA
was used to test the variation in stress response of flies
developing on different nutritional regimes for different
traits like desiccation, starvation, chill-coma recovery,
heat shock survival, egg-to-adult viability and lipid
content. Homogeneity of variance was also tested for
different traits. Comparisons of egg production and
difference in ovariole number in females developed from
two different nutritional regimes were analysed using
Student’s #-test.
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after heat shock

Figure 1. a, b, Survival curves for desiccation resistance in (a) males and (b) females derived from either protein (—) or
carbohydrate (- - -)-enriched medium. ¢, d, Survival curves for starvation resistance in (¢) males and (d) females derived
from either protein (—) or carbohydrate (- - -)-enriched medium. e, f, Survival curves for chill-coma recovery in (e) males
and (f) females derived from either protein (—) or carbohydrate (- - -)-enriched medium. g, A, Survival curves for heat-
shock in (g) males and (/) females derived from either protein (—) or carbohydrate (- - -)-enriched medium.

Results
Stress tolerance

Desiccation resistance was affected by nutritional regimes.
Male and female flies developing on the protein-enriched
medium have higher desiccation resistance than flies
developed on carbohydrate-enriched medium. There is
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highly significant variation in survival time of flies
developed on two nutritional regimes in both the sexes
(Figure 1a and b). We observed higher starvation resis-
tance in flies developed on carbohydrate-enriched
medium than those developed on protein-enriched medium.
There is highly significant variation in survival time of
two types of flies in both the sexes (Figure 1c¢ and d).
Chill-coma recovery time of the flies was significantly
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Table 1. Two-way ANOVA for different traits in either protein or carbohydrate-enriched medium in
D. ananassae

Trait Source df F P

Desiccation Fly nutrition 1 119.09 <0.001
Fly sex 1 2.86 >0.05
Fly nutrition x fly sex 1 1.57 >0.05
Error 116

Starvation Fly nutrition 1 81.38 <0.001
Fly sex 1 12.74 <0.001
Fly nutrition x fly sex 1 13.63 <0.001
Error 116

Heat shock Fly nutrition 1 42.32 <0.001
Fly sex 1 0.170 >0.05
Fly nutrition x fly sex 1 0.095 >0.05
Error 116

Chill-coma recovery Fly nutrition 1 21.51 <0.001
Fly sex 1 20.24 <0.001
Fly nutrition x fly sex 1 19.92 <0.001
Error 116

Lipid content Fly nutrition 1 19.28 <0.001
Fly sex 1 13.57 <0.001
Fly nutrition x fly sex 1 7.25 <0.01
Error 126

Egg-to-adult viability Fly nutrition 1 12.47 <0.001
Fly sex 1 10.12 <0.01
Fly nutrition x fly sex 1 9.67 <0.01
Error 126

affected by nutritional regimes. Flies developed on pro-
tein-enriched medium recovered more slowly than those
developed on carbohydrate-enriched medium (Figure 1e
and /). We found a significant influence of nutritional
regimes on heat shock survival. Flies developed on pro-
tein-enriched medium have fast recovery from heat shock
than those developed on carbohydrate-enriched medium
(Figure 1 g and /). Table 1 shows highly significant effect
of nutrition on stress resistance. Except desiccation and
heat tolerance, there are significant variations between
the two sexes and significant interaction is also observed
between nutritional regimes and sexes.

Expression of heat shock protein

To know whether the thermal tolerance of flies is due to
change in heat shock protein, Hsp60C expression was
examined in Malpighian tubules of flies fed on normal,
carbohydrate-rich and protein-rich food. Hsp60C was
expressed only in the stellate cells of Malpighian tubules
(Figure 2 a). The nuclei were counterstained with DAPI
showing presence of Hsp60C only in the cytoplasm and
not in nucleus of Malpighian tubules (Figure 2 a'—¢") and
clearly distinguishing the smaller nuclei of stellate cells
and larger nuclei of principal cells. After feeding on pro-
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tein-rich medium (Figure 2b) and carbohydrate-rich
medium (Figure 2 ¢), the level of Hsp60C increased signi-
ficantly in comparison to flies fed on normal standard
diet (Figure 2 @). The increase in fluorescence intensity
was measured by line profile display of LSM 510 Meta
software of confocal microscope (see graph in Figure 2).
The level of Hsp60C is greater in carbohydrate-rich
medium compared to protein-rich medium. This result
shows that Hsp expression increases in protein- and car-
bohydrate-rich diet to cope with stress.

Body weight and lipid content

We found a significant variation in lipid content in flies
developed on two different nutritional regimes. Lipid
content was higher in flies developed on carbohydrate-
enriched medium than those developed on protein-
enriched medium (Table 1). Body weight was higher in
flies developed on carbohydrate-enriched medium than
those developed on protein-enriched medium. Mean body
weight for females and males developed on protein-rich
diet was 0.029 + 0.0008 and 0.019 £ 0.0005 mg respec-
tively, whereas body weight for females and males devel-
oped on carbohydrate-rich diet was 0.035 = 0.0021 mg
and 0.026 £ 0.0024 mg respectively. Mean lipid content
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Enhanced level of Hsp60C in Malpighian tubules (MTs) of flies fed on protein and carbohydrate. Flies feeding

Figure 2.

MoaN

on high protein and carbohydrate food cause upregulation of Hsp60C in MTs (b, ¢) in comparison to control (a). The level
of Hsp60C protein is more in MTs of flies fed on carbohydrate food (¢) compared to those fed on protein-rich food (b).
The nuclei were counterstained with DAPI (pseudocolour red — a’—¢') and merged images are an overlay of Hsp60C and
DAPI (a"—c"). The graph below shows the difference in the mean intensities of fluorescence quantified by line profile dis-

play of confocal microscope (scale bar 20 pm).

for females and males developed on protein-rich diet was
0.004 + 0.0008 and 0.002 = 0.0005 mg respectively, whe-
reas lipid content for females and males developed on
carbohydrate-rich diet was 0.008 + 0.0021 and 0.005 *
0.0024 mg respectively.

Egg production, ovariole number and egg-to-adult
viability

We found significant difference in egg production of
females developed on different nutritional regimes when
tested on simple culture medium (z-test: 7.42, P <0.001).

CURRENT SCIENCE, VOL. 109, NO. 9, 10 NOVEMBER 2015

Average female egg production/day was 54 in case of
females developed on carbohydrate-enriched medium,
while for protein-fed females the average egg production
was 82. There was significant difference in ovariole
number between females developed on two types of food
(t-test: 6.51, P<0.001). Females developed on protein-
rich food had higher ovariole number than those devel-
oped on carbohydrate-rich food. So there is positive
correlation between number of eggs laid and ovariole
number. We also found trade-offs between egg produc-
tion, ovariole number and egg-to-adult viability (Figure
3 aand b).
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Assuming that the sex ratio of the eggs collected is
50:50, Table 1 shows that there is a significant effect of
nutritional regimes and sex on egg-to-adult viability. We
also found significant interaction between sex and nutri-
tional regime on egg-to-adult viability. On an average
35% more females developed on protein-enriched food,
while on average 40% more males developed on carbo-
hydrate-enriched medium. Viability is greater in carbo-
hydrate-rich diet (Figure 3 ¢).

Expression of ion channel protein (Na /K" )-ATPase

(Na'/K")-ATPase is critical to a variety of physiological
processes like osmoregulation, cell-volume regulation,
transport of certain amino acids and sugar, and mainte-
nance of membrane excitability. (Na'/K')-ATPase is a
membrane-bound protein which translocates the ions
using energy released by ATP hydrolysis. When the ani-
mals undergo different stress conditions, their Malpighian
tubules are exposed to different osmolalities depending
on the feeding state®. To assess the physiological
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Figure 3. Ovariole number, egg production and egg-to-adult viability
of flies developing on protein-rich and carbohydrate-rich diet. Bar
represents mean + SE.

1692

effect, we checked (Na'/K")-ATPase pump in Malpighian
tubules of flies fed on different foods. Malpighian tubules
are the excretory organ of Drosophila enriched in ion
channels for osmoregulation and detoxification and main-
tain homeostasis of the body. (Na'/K')-ATPase is
expressed on the basolateral surface of the Malpighian
tubules®™. We observed that expression of (Na'/K')-
ATPase was strongly increased when flies were fed on
carbohydrate food (Figure 4 c¢) in comparison to control
fed on normal food (Figure 4a). The (Na'/K")-ATPase
expression was also modestly increased in flies fed on
protein medium (Figure 4 b) in comparison to control
(Figure 4 a). Chromatin was counterstained with DAPI
(pseudocolour red —a'—c') and merged images were an

Na+/K+-ATPase
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Mean intensity

10 1

Control Carbohydrate Protein

Figure 4. Enhanced level of (Na"/K")-ATPase in MTs of flies fed on
protein and carbohydrate food. Flies feeding on high protein and car-
bohydrate food causes upregulation of (Na'/K")-ATPase in MTs (b, ¢)
compared to control (a). The level of (Na'/K")-ATPase increases more
in MTs of flies fed on carbohydrate food (¢) compared to those fed on
protein-rich food (b). The MTs were counterstained with DAPI (pseu-
docolour red — a'—¢’) and merged images are an overlay of (Na'/K')-
ATPase and DAPI (a"—c") (scale bar 20 um). Difference in the mean
intensities of fluorescence quantified and represented as a bar diagram.
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overlay of DAPI and (Na'/K")-ATPase (a"—c"). These
results suggest that flies fed on carbohydrate food
becomes more active in their physiological activity of ion
transport as indicated by the elevated level of (Na'/K")-
ATPase.

Deposition of uric acid

In the light of elevated level of (Na'/K")-ATPase pump in
carbohydrate- and protein-enriched medium, we wanted
to study the physiology of the Malpighian tubules. Fluid
secretion is the main physiological action of the Malpighian
tubules, which can be directly judged by the deposition of
uric acid crystals’” . These are the major nitrogenous
excretory product of insects, clearly visible in birefrin-
gence light. We observed more deposition of uric acid
crystals in protein-fed larvae (Figure 5c¢) in comparison
to control (Figure 5 a) and carbohydrate-fed larvae (Fig-
ure 5b). This result suggests that metabolism of flies is
affected when fed on protein-rich medium.

Discussion

Although in this study we have selected another strain of
D. ananassae, which was collected from a different geo-
graphic locality, we found similar results to our previous
findings'’. On the basis of our results for stress response
as well as life-history traits in two types of medium, we
cannot rule out that not only plastic response but also
selection may be involved in explaining our results.

Crystals of uric acid deposition and
(Na'/K")-ATPase activity

Flies developed on protein-rich diet show higher desicca-
tion resistance compared to those developed on carbohy-
drate-rich diet. Our findings are similar to those of
Andersen et al.”’, where D. melanogaster flies developed
on protein diet showed higher survival in desiccation
stress. Our results strongly support our previous study'’
in which North Indian populations where protein-rich
diets is available for the flies have higher desiccation tol-
erance compared to South Indian populations where
carbohydrate-rich diet is available for the flies. In the
Indian subcontinent, it is an interesting fact that the com-
position of food varies with latitude and altitude for not
only Drosophila, but human as well.

In this study we have examined the mechanisms behind
the higher desiccation resistance of flies developed on
protein-enriched medium. We observed that deposition of
crystals of uric acid in the Malpighian tubules was higher
in flies developed on protein-enriched medium than those
developed on carbohydrate and standard food medium. In
our study, expression of ion channel protein (Na'/K')-
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ATPase has been modulated in flies fed on carbohydrate-
and protein-rich medium. Flies developed on carbohy-
drate-rich medium have higher expression of (Na'/K")-
ATPase activity and due to higher ion channel proteins
water loss is also higher during desiccation in these flies.
However, the condition is just the reverse in case of flies
developed on protein-enriched medium, where expression
of ion channel proteins is less than carbohydrate-enriched
medium and due to uric acid deposition water loss is
minimum, which increases the tolerance of desiccation
resistance. The possible explanation behind this is that
uric acid minimizes water loss during desiccation and
increases the tolerance of desiccation stress. As a result,
survival is higher in flies developed on protein-enriched
medium. Previous reports on desiccation resistance have
shown the possibility that the end-product of protein
metabolism is uric acid, which had a protecting effect on
the increasing osmotic pressure during desiccation by re-
ducing water loss from the cells®.

Starvation resistance and lipid content

The present study provides evidence for higher starvation
resistance for flies developed on carbohydrate-rich diet
compared to those developed on protein-rich diet. Greater
starvation resistance requires physiological changes
which are likely to trade-off with other fitness-related
traits. Starvation resistance is governed by several fac-
tors, but their general importance is uncertain. There is
also evidence for an association between starvation resis-
tance and carbohydrate metabolic reserves, particularly as
the association between starvation and energy reserves is
strongest when both carbohydrate and lipid components
of these reserves are considered®®. Our previous results
suggest that flies collected from different geographic
localities differ in their resistance to starvation because of
differences in their tendency to store body lipid'’. In the
present study, we have quantified the lipid content of
flies developed on two types of food medium and we
found that flies developed on carbohydrate-rich medium
have higher lipid reserves compared to those developed
on protein-enriched medium. So there is positive correla-
tion between lipid content and starvation tolerance in
D. ananassae'’. In D. melanogaster, flies feed on a diet
supplemented with coconut oil showed significantly in-
creased triglyceride and glucose levels and shorter life-
span. Under starvation condition the flies on the high fat
diet showed increased resistance, due to their increased
triglyceride and energy stores®'. Shreve et al.** reported
that in D. melanogaster raising larvae on a cholesterol-
augmented diet significantly increased the amount of cho-
lesterol in the cell membrane of the adult flies and
resulted in increased cold resistance. Ballard e al.*® deter-
mined the relationship between starvation resistance,
body lipid content and lifespan in five recently collected
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Control

Birefringence

Bright field

Figure S.

Carbohydrate

Protein

Protein-rich food increases uric acid deposition in MTs. Flies fed on protein-rich

food show highly increased deposition of uric acid crystals in the MTs (¢) in comparison to con-
trol (a) and carbohydrate-fed flies (b). Arrow denotes the uric acid crystals seen in Birefringence
(a—c) light. Bright-field microscopy images corresponding to control (a'), carbohydrate (b") and

protein (c¢') show the MTs.

D. simulans populations from four distinct geographic
localities. They observed a negative relationship between
lifespan and starvation resistance in both males and
females, suggesting a fitness cost to increasing lipid
reserves. However, a reduced rate of respiration could
increase starvation resistance. Harshman and Schimd*
found no correlated change in respiration rate in lines se-
lected for female starvation resistance in D. melanogas-
ter. Aggrawal® studied physiological basis of sex-
specific as well as between-population divergence for
starvation resistance in D. leontia. Females stored higher
levels of body lipids and glycogen contents, and utilized
both of these energy resources under starvation stress,
whereas the starved males metabolized only body lipids
as a source of energy. In Drosophila, energy storage pat-
terns are species-specific. Marron ef al.’® measured lipid,
carbohydrate, and protein content in 16 Drosophila spe-
cies from arid and mesic habitats. In five species, rates of
lipid and protein metabolism were similar during starva-
tion and desiccation, but carbohydrate metabolism was
several-fold higher during desiccation. Thus, total energy
consumption was lower in starved flies than desiccated
ones. Cactophilic Drosophila did not have greater initial
amounts of reserves than mesic species, but may have
lower metabolic rates that contribute to stress resistance.
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Cold tolerance and lipid content

The faster recovery from chill-coma when flies are fed a
carbohydrate-enriched diet has been explained by sug-
gesting different physiological interpretations. Carbohy-
drate is well known to increase the fat content of the
flies®’. In Drosophila species, there is positive correlation
between body lipid content and resistance to cold tem-
perature®®, and starvation'®** and desiccation stress™.
Andersen et al.”’ found that D. melanogaster flies grown
on carbohydrate-enriched medium have faster recovery
from chill-coma than those grown on protein-enriched
medium. Thus it is likely that the faster recovery from
chill-coma of flies raised on carbohydrate-enriched
medium is due to higher lipid deposits. However, the
physiological basis for how fat deposits improve chill-
coma recovery is not fully understood. It has been sug-
gested that higher lipid deposits may affect the quality
and quantity of the cuticular hydrocarbons influencing
water loss and update of the cell”. Aggrawal et al.*'
found evidence that drought acclimation facilitates in-
creased cold-tolerance in a series of low-temperature
treatments (0°C, —2°C, and —4°C) in D. melanogaster.
They observed a dramatic increase in desiccation resistance
associated with low-humidity acclimation, consistent

CURRENT SCIENCE, VOL. 109, NO. 9, 10 NOVEMBER 2015
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with changes in bulk water, dehydration tolerance and
levels of energy metabolites.

Heat tolerance

We found that flies developed on protein-enriched
medium have higher heat resistance than those grown on
carbohydrate-enriched medium. Very few flies developed
on carbohydrate-rich diet have revived after heat shock.
Hsp70 is upregulated in flies developed on protein-
enriched medium compared to those developed on protein
deficient medium?.

The expression of HSP60C was significantly enhanced
in carbohydrate- and protein-rich diet compared to con-
trol, but the enhanced expression is more in carbohy-
drate-rich medium (Figure 2 ¢). The possible explanations
for this are that flies fed on carbohydrate are sensitive to
heat as very few flies have revived after heat shock and
after thermal treatment they required overexpression of
HSP to cope with thermal stress, whereas flies fed on
protein-enriched medium have the capacity to tolerate
thermal stress much better than those fed on carbohydrate
medium. Kanazawa et al.** studied the effects of feeding
on a high sucrose diet on body weight gain, plasma
triglyceride and stress tolerance in rats. There was en-
hanced gene expression of heat shock proteins (HSP70
and 27) and suppression of NO, production in the brain,
which was induced by a high sucrose diet given for one
week resulting from response to stress, although the stan-
dard diet did not have a similar effect. It has been re-
ported that a variety of stresses, especially thermal stress,
influence the process of spermatogenesis and oogenesis,
and Hsp60C plays an essential role in spermatogenesis'”
as well as oogenesis'® in D. melanogaster. The increase
in the expression of Hsp60C in protein- and carbohy-
drate-rich diet would also be related to the change in egg
production of females developed on protein- and carbo-
hydrate-rich medium.

Life-history traits

Two sexes have different requirements during develop-
ment and growth. We found a higher developmental
success for females on protein-rich medium, while devel-
opmental success for males was higher in carbohydrate-
rich medium. Our results are consistent with the findings
of Andersen et al.*’, which proves that Drosophila spe-
cies have similar type of sex-specific requirements. Egg
production in females developed on protein-enriched
medium is higher than those developed on carbohydrate-
enriched medium. Egg-to-adult viability in D. ananassae
shows interesting results because flies developing under
protein-rich condition have reduced egg-to-adult viability,
suggesting a trade-off between egg-to-adult survival and
egg production. The trade-off was found for both diet
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types and was caused by antagonistic pleiotropy. In D.
melanogaster, trade-off was found between egg-to-adult
survival and body mass in protein-rich diet*. It has also
been explained that this event is caused by antagonistic
pleiotropy, whereby alleles coding for larger body size
which is advantageous under protein-enriched conditions,
also have a negative effect on physiological processes
that affect survival.

Conclusion

As the physiology of D. ananassae is maintained by the
excretory organ, the function of the Malpighian tubules
was studied. There is a relation between nutritional diet
and physiology of the Malpighian tubules. The physio-
logy was observed by determining the upregulation of
Na'/K" pump in carbohydrate- and protein-fed flies. The
final product of physiological action of the Malpighian
tubules is urine formation, which was observed by visual-
izing deposition of uric acid crystals. It was found to be
highly increased in protein-rich diet and modestly in-
creased in carbohydrate-rich diet. These results clearly
indicate that the flies fed on different diets show a differ-
ence in their physiological adaptation to recover from
stress conditions. Our results bring out the concern about
the role of diet and specifically the dietary pro-
tein : carbohydrate ratio in maintaining variation for these
traits within and among populations. If organisms are
faced with natural variation in macro nutrients (proteins,
carbohydrates and lipids) availability, some selection
pressure is operating behind the ability to use different
food resources. Differences in metabolic rates of flies de-
veloped on different nutritional regimes give rise to spe-
cific physiological pathways, which lead to adaptation to
environmental stress.

1. Hoffmann, A. A. and Parsons, P. A., Evolutionary Genetics and
Environmental Stress, Oxford University Press, New York, 1991.

2. Rion, S. and Kawecki, T. J., Evolutionary biology of starvation
resistance: what we have learned from Drosophila. J. Evol. Biol.,
2007, 20, 1655-1664.

3. Lee, K. P., Simpson, S. J. and Wilson, K., Dietary protein-quality
influences melanization and immune function in an insect. Funct.
Ecol., 2008, 22, 1052-1061.

4. Karasov, W. H., Energetics, physiology and vertebrate ecology.
Trends Ecol. Evol., 1986, 1, 101-104.

5. Gibbs, A. G., Water balance in desert Drosophila: lessons from
non-charismatic microfauna. Comp. Biochem. Physiol., 2002, 133,
781-789.

6. Phillips, J. E., Excretion in insects: function of gut and rectum in
concentrating and diluting the urine. Fed. Proc., 1977, 36, 2480—
2486.

7. O’Donnell, M. J., Maddrell, S. H. P. and Gardiner, B. O. C.,
Transport of uric acid by the Malpighian tubules of Rhodnius
prolixus and other insects. J. Exp. Biol., 1983, 103, 169—184.

8. Smith, D. C. and Smith, T. P., Seasonal variation in soluble uric
acid concentration in Littorina saxatilis (Olivi). Hydrobiology,
1998, 378, 187-191.

9. Huey, R. B. and Berrigan, D., Testing evolutionary hypotheses of
acclimation. In Phenotypic and Evolutionary Adaptation to

1695



RE

SEARCH ARTICLES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Temperature (eds Johnson, 1. A. and Bennett, A. F.), SEB Seminar
Series, Cambridge University Press, Cambridge, 1996, pp. 205—
238.

Hoffmann, A. A. and Parsons, P. A., Extreme Environmental
Change and Evolution, Cambridge University Press, Cambridge,
1997.

Bijlsma, R. and Loeschcke, V., Environmental Stress, Adaptation
and Evolution, Birkhauser Verlag, Boston, Berlin, 1997.

Sarkar, S., Arya, R. and Lakhotia, S. C., Chaperonins: in life and
death. In Stress Responses: A Molecular Biology Approach (eds
Sreedhar, A. S. and Srinivas, U. K.), Signpost, Trivandrum, 2006,
pp. 43-60.

Sarkar, S. and Lakhotia, S. C., Hsp60C is required in follicle as
well as germline cells during oogenesis in Drosophila melanogas-
ter. Dev. Dyn., 2008, 237, 1334-1347.

Singh, B. N., Drosophila ananassae: a species characterized by
several unusual genetic features. Curr. Sci., 2000, 78, 391-398.
Singh, B. N., Drosophila ananassae: a good model species for ge-
netical, behavioural and evolutionary studies. Indian J. Exp. Biol.,
2010, 48, 333-345.

Singh, P. and Singh, B. N., Population genetics of Drosophila
ananassae. Genet. Res., 2008, 90, 409—410.

Sisodia, S. and Singh, B. N., Resistance to environmental stress in
Drosophila ananassae: latitudinal variation and adaptation among
populations. J. Evol. Biol.,2010a, 23, 1979-1988.

Sisodia, S. and Singh, B. N., Influence of developmental tempera-
ture on cold shock and chill-coma recovery in Drosophila ananas-
sae: acclimation and latitudinal variations among Indian
populations. J. Therm. Biol., 2010, 35, 117-124.

Sisodia, S. and Singh, B. N., Experimental evidence for nutrition
regulated stress resistance in Drosophila ananassae. PLoS ONE,
2012,7, e46131.

Hoffmann, A. A. and Parsons, P. A., Selection for increased des-
iccation resistance in Drosophila melanogaster: additive genetic
control and correlated responses for other stresses. Genetics, 1989,
122, 837-845.

Patel, N. H., Imaging neuronal subsets and other cell types in
whole-mount Drosophila embryos and larvae using antibody
probes. In Methods in Cell Biology (eds Goldstein, L. S. B. and
Fyrberg, E. A.), Academic Press, 1994, 44, 445-487.

Verma, P. and Tapadia, M. G., Immune response and anti-
microbial peptides expression in MTs of Drosophila melanogaster
is under developmental regulation. PLoS ONE, 2012, 7, ¢40714.
Bewick, V., Cheek, L. and Ball, J., Statistics review 12: survival
analysis. Crit. Care, 2004, 8, 389-394.

Beyenbach, K. W. and Petzel, D. H., Diuresis in mosquitoes: role
of a natriurectic factor. Neural Inf. Proc. Syst., 2004, 2, 171-175.
Nicolson, S. W., The ionic basis of fluid secretion in insect Mal-
pighian tubules: advances in the last ten years. J. Insect Physiol.,
1993, 39, 451-453.

Verma, P. and Tapadia, M. G., Epithelial immune response in
Drosophila malpighian tubules: interplay between Diap2 and ion
channels. J. Cell Physiol., 2013; doi: 10.1002/jcp.24541.

Smith, D. C. and Smith, T. P., Seasonal variation in soluble uric
acid concentration in Littorina saxatilis (Olivi). Hydrobiology,
1998, 378, 187-191.

Herbst, D. B. and Timothy, T. J., A Malpighian tubule lime gland
in an insect inhabiting alkaline salt lakes. J. Exp. Biol., 1989, 145,
63-78.

Andersen, L. H., Kristensen, T. N., Loeschcke, V., Toft, S. and
Mayntz, D., Protein and carbohydrate composition of larval food
affects tolerance to thermal stress and desiccation in adult
Drosophila melanogaster. J. Insect Physiol., 2010, 56, 336—-340.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

ACKNOWLEDGEMENTS.

Djawdan, M., Chippindale, A. K., Rose, M. R. and Bradley, T. J.,
Metabolic reserves and evolved stress resistance in Drosophila
melanogaster. Physiol. Zool., 1998, 71, 584-594.

. Heinrichsen, E. T. and Haddad, G. G., Role of high-fat diet in

stress response of Drosophila. PLoS ONE, 2012, 7, ¢42587.
Shreve, S. M., Yi, S. X. and Lee, R. E. J., Increased dietary cho-
lesterol enhances cold resistance in Drosophila melanogaster.
Cryobiol. Lett., 2007, 28, 33-37.

Ballard, J. W. O., Melvin, R. and Simpson, S. J., Starvation resis-
tance is positively correlated with body lipid proportion in five
wild caught Drosophila simulans populations. J. Insect Physiol.,
2008, 54, 1371-1376.

Harshman, L. G. and Schmid, J. L., Evolution of starvation resis-
tance in Drosophila melanogaster: aspects of metabolism and
counter-impact selection. Evolution, 1998, 52, 1679-1685.
Aggrawal, D. D., Physiological basis of starvation resistance in
Drosophila leontia: analysis of sexual dimorphism. J. Exp. Biol.,
2014, 217, 1849-1859.

Marron, M. T., Markow, T. A., Kain, K. J. and Gibbs, A. G.,
Effects of starvation and desiccation on energy metabolism in de-
sert and mesic Drosophila. J. Insect Physiol., 2003, 49, 261-270.
Mayntz, D., Raubenheimer, D., Salomon, M., Toft, S. and Simp-
son, S. J., Nutrient specific foraging in invertebrate predators. Sci-
ence, 2005,307, 111-113.

Hoffmann, A. A., Hallas, R., Sinclair, C. and Mitrovski, P., Levels
of variation in stress resistance in Drosophila among strains, local
populations, and geographic regions: patterns for desiccation,
starvation, cold resistance, and associated traits. Evolution, 2001,
55, 1621-1630.

Parkash, R., Kalra, B. and Sharma, V., Changes in cuticular lipids,
water loss and desiccation resistance in a tropical drosophilid:
analysis of variation between and within populations. Fly, 2008, 2,
189-197.

Kostal, V., Vambera, J. and Bastl, J., On the nature of pre-freeze
mortality in insects: water balance, ion homeostasis and energy
charge in the adults of Pyrrhocoris apterus. J. Exp. Biol., 2004,
207, 1509-1521.

Aggrawal, D. D., Ranga, P., Kalra, B., Parkash, R., Rashkovetsky,
E. and Bantis, L. E., Rapid effects of humidity acclimation on
stress resistance in Drosophila melanogaster. Comp. Biochem.
Physiol. Part A,2013,166, 81-90.

Kanazawa, M. et al., Effects of a high-sucrose diet on body
weight, plasma triglycerides, and stress tolerance. Nutr. Rev.,
2003, 61, s27-s33.

Kristensen, T. N., Overgaard, J., Loeschcke, V. and Mayntz, D.,
Dietary protein content affects evolution for body size, body fat
and viability in Drosophila melanogaster. Biol. Lett., 2011, 7,
269-272.

S.S. thanks the Department of Science

and Technology, New Delhi for providing financial assistance in the
form of Women Scientist Scheme. We also thank Prof. V. Loeschcke
for his valuable suggestions; Dr R. K. Srivastava (Banaras Hindu Uni-
versity) for providing polarized microscope facility and Dr Gulab
Chand for help while using the polarized microscope. We also thank
Prof. S. C. Lakhotia for providing confocal microscope facility;
Dr Madhu G. Tapadia for providing antibodies and Prof. Vijay Kumar
Sharma as well as three anonymous reviewers for their useful com-
ments on the original draft of the manuscript.

Received 8 April 2015; revised accepted 18 July 2015

doi: 10.18520/v109/i9/1687-1696

1696

CURRENT SCIENCE, VOL. 109, NO. 9, 10 NOVEMBER 2015



