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Abstract

The survival ability of insects can be limited with the changes in the levels of
energy metabolites under stressful conditions but only a few studies have
considered the plastic effects of heat and related climatic factors relevant to
tropical habitats. The objectives of our study were to determine whether
adults of Zaprionus indianus are capable of rapid heat hardening (RHH) and
rapid desiccation hardening (RDH) and to compare its benefits with heat ac-
climation (HA) and desiccation acclimation (DA). Adult flies reared under
season-specific simulated conditions were subjected to 38°C for RHH and
32°C for HA, while 5% relative humidity (RH) was maintained for RDH and
40% RH for DA. Stress-induced effects of heat and desiccation on the levels of
five metabolites namely cuticular lipids (CL), total body lipids (TBL), protein,
proline, and carbohydrates were then estimated by biochemical method. Dif-
ferent duration of heat hardening and acclimation led to more accumulation
of CL whereas different durations of desiccation hardening and acclimation
revealed less accumulation. In contrast, there was an accumulation of carbo-
hydrates and protein under desiccation hardening and acclimation whereas
there was the utilization of carbohydrates and protein under heat hardening
and acclimation. However, mixed results were observed on the level of pro-
line and TBL under both heat and desiccation stress. These stress-triggered
changes in the levels of various metabolites suggest a possible link between
heat and desiccation tolerance. Hence, these compensatory changes in the
level of various metabolites also suggest possible energetic homeostasis in Z.
indianus living under harsh climatic conditions of heat and drought in tropi-
cal regions.
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1. Introduction

Climatic changes force the ectotherms to adapt to environmental stress by chang-
ing their fundamental physiological functions such as locomotion, development,
and reproduction. Tropical insects are likely to exhibit plastic changes of energy
metabolites to encounter warmer and drier environments [1]. They accumulate
or conserve the existing energy resources by lowering the metabolic rates to sur-
vive under harsh climatic stress [2]. Therefore, a physiological mechanism is in-
volved for the survival of these insects under such conditions that include the
accumulation and utilization of various energy metabolites to attain energetic
homeostasis [3]. Utilization of various energy metabolites like carbohydrates, body
lipids, and proteins have been reported in different insects under single or mul-
tiple bouts of cold, desiccation, or starvation stress [4] [5] [6] [7].

Under harsh climatic conditions across seasonally varying environments, the
insect taxa have displayed the capability to survive through both developmental
and adult acclimation to various stressors [2] [8] [9]. They increase stress resis-
tance by hardening or acclimation to stressors like heat or cold or desiccation [3]
[10] [11]. Acclimatization of ectothermic organisms under natural environments
involves the joint impact of multiple stressors [12] [13]. In order to cope with
multiple climatic stresses, insects either accumulate energy metabolites or con-
serve existing resources through reduced metabolic rates [2]. Thus, the survival
of insects under stressful environments is associated with attaining energetic ho-
meostasis against metabolic perturbations caused by multiple stressors [3]. Ra-
jamohan and Sinclair (2009) [14] have reported in their studies that it is har-
dening which is of more ecological relevance as compared to acclimation for the
short-lived life stages such as the larvae of D. melanogaster.

The energy metabolism has a dominant role in the survival of diverse insect
taxa under stressful conditions that they experience in their lifetime [1]. Several
studies have revealed the accumulation and utilization of carbohydrates being
linked with cold and drought hardening and/or acclimation of D. melanogaster
[15], Belgica antarctica (5] [6] [16] and in D. immigrans [17]. The utilization of
body lipids under starvation is well known in drosophilids [18], American dog
tick [7], and many other species of insects [19]. Therefore, if cold stress is able to
bring changes in the levels of energy metabolites, we may expect similar energy
metabolites changes in the insect taxa of the tropical regions during heat and
drought stresses.

Several studies in overwintering insects have reported significant changes in
the level of energy metabolites, cryoprotectants, and osmoprotectants due to cold
stress [4] [20] [21] [22]. In cold hardened or acclimated adults and larvae of D.

melanogaster, changes in the levels of sugars, free amino acids, and several other

DOI: 10.4236/ae.2022.101009

111 Advances in Entomology


https://doi.org/10.4236/ae.2022.101009

A. M. Tamang et al.

metabolites have been observed based on metabolomics studies [22] [23] [24].
But, the effects on the level of various energy metabolites due to hardening or
acclimation of stressors such as heat and desiccation have not been thoroughly
studied in the tropical species of Drosophila so far. Zaprionus indianus is a na-
tive species to the Afro-tropical region that has now invaded various parts of the
world. In India, this species was first described by J.P. Gupta in 1970. Although
it feeds mainly upon yeasts and bacteria on decomposing fruits, it has also been
reported as a pest in many parts of the world. In Brazil, Z. indianus is being con-
sidered a primary pest to fig plants [25]. The genetic background of Z. indianus
in India may be different as compared to its genetic diversity in its native place.
In the present work, we wanted to study the changes in the level of different me-
tabolites due to heat and desiccation hardening or acclimation in Z. indianus.
We hypothesized that some metabolites may show many fold changes in re-
sponse to heat and desiccation hardening or acclimation which could be further

used as key metabolites to monitor changes due to different climatic stressors.

2. Materials and Method

2.1. Collection and Cultures

Wild flies of Zaprionus indianus (n = 450 - 500 flies) were collected by net
sweeping in dry seasons (April-May 37°C - 45°C) from Pendraroad and Gaurella
region, Chhattisgarh (Altitude 618 m; Latitude 22.743°N, 81.923°E). Wild-caught
flies were reared in laboratory under simulated season-specific thermal and hu-
midity conditions on standard cornmeal-yeast-agar medium. Cultures were
(27°C) in the
BOD chambers. All the experiments were performed in laboratory reared flies

maintained close to their ambient RH (55%) as well as ambient T,,,
within first two generations after the wild collection. For all cultures, larval den-
sity was kept low by limiting the egg-laying period to 8 h which resulted in 40 -
60 eggs per vial (37 x 100 mm size). Furthermore, all the assays were performed
on 8 day-old virgin flies. Virgin flies were collected from newly eclosed flies
within 1.5 h intervals using mild anesthesia. Flies were sexed simultaneously

based upon their genitalia and both sexes were kept in separate vials.

2.2. Metric Traits (Body Size)

We measured wet body weight and dry body weight in flies (n = 30) reared un-
der simulated season-specific thermal (27°C) and humidity conditions (55%
RH). The wet body weight of an individual fly was measured on a Sartorius mi-

crobalance (Model-CPA26P; https://www.sartorius.com/en). For dry mass, indi-

vidual flies were dried at 60°C and weighed on Sartorius microbalance. Total
water content was measured as the difference between wet and dry mass.

Experimental set-up

2.3.Rapid Heat Hardening (RHH) and Heat Acclimation (HA)

For RHH, 8-day old virgin male and female flies reared under simulated sea-
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son-specific thermal (27°C) and humidity conditions (55% RH) were subjected to
1) Control group without treatment (flies reared under simulated season-specific
thermal conditions of 27°C and humidity conditions of 55% RH); 2) 1 hr of heat
at 38°C; 3) 3 hr of heat at 38°C. These flies were first transferred to glass tubes
with a cotton plug and then kept in a water-bath which was already set at 38°C.
However, for HA virgin male and female flies were transferred to new BOD
chambers whose temperature was already set at 32°C and they were subjected to
1) Control group without treatment (flies reared under simulated season-specific
thermal conditions of 27°C and humidity conditions of 55% RH); 2) 7 days old
group of flies were kept for 1 day at 32°C; 3) 5 days old group of flies were kept
for 3 days at 32°C. Different aged flies for acclimation treatment were taken so
that once the treatment was completed; we were able to get all 8-day old flies for

further experiments to be performed.

2.4. Rapid Heat Hardening (RHH) and Heat Acclimation (HA)

For RDH, 8-day old virgin male and female flies reared under simulated sea-
son-specific thermal (27°C) and humidity conditions (55% RH) were subjected
to 1) Control group without treatment (flies reared under simulated sea-
son-specific thermal conditions of 27°C and humidity conditions of 55% RH) 2)
1 hr of desiccation at 5% RH, and 3) 3 hr of desiccation at 5% RH by following
the double tube method of desiccation set-up. 5 flies per vial were put and then
covered with a muslin cloth. In the second vial 2 mg dry powder of CaCl, was
added and finally, the vials containing the flies were attached to it in an inverted
manner. These attached tubes were then air-sealed with the help of tape and pa-
rafilm [18].

A similar experimental set-up was followed for DA also but with a small
change. Instead of CaCl,, 2 mL of saturated Sodium benzoate solution was
added which maintained the RH at 35%. In this setup, the male and female
virgin flies were subjected to 1) Control group without treatment (flies reared
under simulated season-specific thermal conditions of 27°C and humidity
conditions of 55% RH) 2) 7 days old group of flies were kept for 20 hr at 35%
RH, and 3) 6 days old group of flies were kept for 40 hr at 35% RH. Different
aged flies for acclimation treatment were taken so that once the treatment was
completed; we were able to get all 8-day old flies for further experiments to be

performed.

2.5. Assessment of Cuticular Lipid Mass

Cuticular lipid mass was assessed (n = 30) in control, heat hardened and accli-
mated, desiccation hardened and acclimated groups of Z. indianus flies from
both the sexes. For estimation of cuticular lipid mass, individual flies were dried
overnight at 60°C to get constant dry mass. Such dried flies were kept in
HPLC-grade hexane for 1 hr and thereafter the flies were washed with fresh sol-

vent and they were again dried at 37°C and reweighed. Cuticular lipid mass was

DOI: 10.4236/ae.2022.101009

113 Advances in Entomology


https://doi.org/10.4236/ae.2022.101009

A. M. Tamang et al.

calculated per individual as the difference between initial dry mass and the li-
pid-free dry mass following the solute extraction. The cuticular lipid content was

further normalized to their respective lipid-free dry mass [26].

2.6. Estimation of Total Body Lipids Content

Body lipid content was estimated in (n = 30) in control, heat hardened and ac-
climated, desiccation hardened and acclimated groups of Z. indianus flies from
both the sexes. For lipid content, individual flies were dried in 2 mL microcen-

trifuge tubes (http://www.tarsons.in) at 60°C for 48 hr and then weighed on

Sartorius microbalance (Model-CPA26P; 0.001 mg precision;

http://www.sartorious.com). Thereafter, 1.5 mL diethyl ether was added to each

microcentrifuge tube and kept for 24 h under continuous shaking (200 rpm) at
37°C. Finally, the solvent was removed and individuals were again dried at 60°C
for 24 h and reweighed. Calculation of body lipid content was done by subtract-
ing the lipid-free dry mass of individual flies by initial dry mass per fly. The body

lipid content was further normalized to their respective lipid-free dry mass [17].

2.7. Proline Estimation

We measured proline in flies (n = 30) from control, heat hardened and accli-
mated, desiccation hardened and acclimated groups of Z. indianus flies from
both the sexes. Proline concentrations in crude homogenates were determined
by the modified method after Bergman and Loxley (1970) [27]. Thirty adult
flies were homogenized in 1 mL of sulfosalicylic acid. Following centrifuga-
tion, 50 pl of the homogenate was added to 200 pl glacial acetic acid and 200 pl
of ninhydrin solution in a capped tube. The solutions were mixed and incu-
bated for 60 min at 100°C. Following incubation, the samples were extracted
with toluene, and the absorbance of the aqueous phase was quantified at 520
nm in reference to a proline standard curve. Standard curve was plotted using
different dilutions of proline. In this assay, interfering materials are removed
by absorption to the protein-sulphosalicylic acid complex. The extracted pro-
line is made to react with ninhydrin in acidic conditions (pH 1.0) to form the
chlorophore (red color) which is estimated spectrophotometrically. Proline
content was calculated per individual by normalizing the values from the initial

body mass.

2.8. Protein Estimation

Protein levels were measured using the Bradford method [28]. Protein content
was estimated in flies (n = 30) from control, heat hardened and acclimated, de-
siccation hardened and acclimated groups of Z. indianus flies from both the sex-
es. Ten flies were homogenized in 1 mL of lysis buffer and the homogenate (in
1.5 mL microcentrifuge tube) was centrifuged at 10,000 rpm for 10 min at 4°C in
a Fresco 21 centrifuge (Thermo-Fisher Scientific). Further, 100 puL of the sample
was mixed with 900 pL of Bradford reagent (Sigma-Aldrich). Standard curve was
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plotted using different dilutions of bovine serum albumin. The amount of pro-
tein was estimated spectrophotometrically at 595 nm in reference to this stan-
dard curve. The protein level was then normalized with their respective body

mass.

2.9. Carbohydrate Estimation

We followed Marron et al. (2003) for quantifying carbohydrates in flies (n = 30)
from control, heat hardened and acclimated, desiccation hardened and accli-
mated groups of Z. indianus flies from both the sexes. Ten flies were homoge-
nized in 4 mL double-distilled water and the homogenates were centrifuged at
10,000 rpm for 5 min. Thereafter, 100 pL of supernatant from each sample was
aliquoted for further analysis. Carbohydrate content in each sample was con-
verted to glucose using 10 pL of amyloglucosidase (8 mg-ml™'; Sigma-Aldrich,
www.sigmaaldrich.com) and samples were incubated overnight. Finally, the
glucose amount was quantified after adding 1 mL of infinity glucose reagent
(Thermo-Fisher Scientific, www.thermofisher.com) to each tube. Standard curve
was plotted using different dilutions of glucose. The amount of glucose was es-
timated spectrophotometrically at 340 nm in reference to this standard curve.

The carbohydrate level was then normalized with their respective body mass.

2.10. Statistical Analysis

The differences between the two groups were analyzed statistically by Welch's
two-tailed test. One-way and two-way analysis of variance (ANOVA) followed
by Bonferroni test was used for comparing more than two groups as mentioned
in the figure legends. Statistical analysis to test the normality of the data and all
the figures were generated using the GraphPad Prism 9 software (Graphpad
Software, LA, CA, USA). Data are represented as mean + SEM.

3. Results

Phenotypic differences in metric traits (wet weight, dry weight, total water con-
tent) and in metabolites (cuticular lipids, carbohydrates, total body protein, to-
tal body lipids, proline) for the control groups of males and females Z. indianus
flies reared under simulated season-specific thermal (27°C) and humidity con-
ditions (55% RH) are given in Table 1. Data are presented as mean + SEM in
individuals (n = 30 for each trait). The wet weight and the dry weight were sig-
nificantly (p < 0.01) higher in females (9.30% and 49.09% respectively) as com-
pared to the males. The differences in the total water content and cuticular li-
pids between the males and females were non-significant in the control group
of flies. We observed a significantly higher level of proteins (12.89%, p < 0.01),
total body lipids (30.27%, p < 0.001) and proline (25.49%, p < 0.001) in females
as compared to males. In contrast, we observed a significantly (p < 0.001) higher
level of carbohydrates in males (22.95%) as compared to females in the control

groups of flies.
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Table 1. Phenotypic differences in metric traits (wet weight, dry weight, total water con-
tent) and in metabolites (cuticular lipids, carbohydrates, total body protein, total body li-
pids, proline) in basal value of males and females Z. indianus. Data are presented as mean
+ SEM in individuals (n = 30 for each trait) of Z. indianus. Levels of significance with
Welch’s two-tailed test are shown.

Traits Male (&) Female (Q) t df
Wet weight (mg/fly) 1.72 £ 0.04 1.88+0.05 2.79 5550 **
Dry weight (mg/fly) 0.55+0.01 0.82+0.02 9.92 43.71**
Total water content (mg/fly) 1.17 £ 0.05 1.06 +0.04 1.81 57.40ns

*Cuticular Lipids (ug mg™" fly™") 11.12+0.43 11.10£0.91 0.02 41.26ns
$Carbohydrates (ug mg™ fly™) 150.00 +2.65 122.00 £2.02 8.41 54.18 ***
Total body protein (ug mg™' fly™")  129.60 £2.90 146.30 £ 4.33 3.20  50.64 **
*Total body lipids (ug mg™' fly™")  100.10 £ 2.89 130.40 £1.96 8.70 51.08 ***

Total body proline (ug mg™ fly")  8.04+£0.22  10.09+0.18 7.28 55.49 %

(*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant); * = Normalized with their re-
spective dry mass; $ = Normalized with their respective body weight. Welch corrected t
and df values are presented in the table.

3.1. Differences in Accumulation of Cuticular Lipids (CL) under
Heat and Desiccation Stress

The changes in the level of cuticular lipids in Z. indianus flies reared under si-
mulated season-specific conditions subjected to different duration of heat and
desiccation hardening and acclimation are shown in Figure 1 and Table 2. For
heat stress, flies showing changes in the level of CL during heat hardening and
acclimation are shown in Figure 1(a) & Figure 1(b) respectively. For desicca-
tion stress, flies showing changes in the level of CL during desiccation hardening
and acclimation are shown in Figure 1(c) & Figure 1(d) respectively.

The Z. indianus flies when subjected to heat and desiccation stress, showed
increase in the level of CL with the increase in duration of heat or desiccation
hardening and acclimation. But the increase in the amount of CL during heat
hardening and acclimation was more pronounced as compared to their respec-
tive controls. During 1 hr RHH, the accumulation of CL was significantly (p <
0.001) higher in both males (133.72%) and in females (126.33%) as compared
to their respective controls. Similar results were also observed during 3 hr
RHH, showing significant (p < 0.001) increase in CL in both males (260.07%)
as well as in females (211.81%) as compared to their respective controls. Dur-
ing 1day HA, the level of CL increased significantly (p < 0.001) in both males
(124.91%) and females (220.19%) of Z. indianus. Further, when the flies were
subjected to 3 days HA, the increase in the level of CL was significant (p <
0.001) in both males (284.35%) and in females (284.22%) as compared to their

respective controls.
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Table 2. Results of two-way ANOVA showing the effects of adult hardening/acclimation to heat or desiccation stress on various

metabolites in male and female Z, indianus.

RHH HA RDH DA
Sex Treatment S*T Error Sex Treatment S*T Error Sex Treatment S*T Error Sex Treatment S*T  Error
Sum of
squares 203.5 20671.0 2553 12399.0 535.0 30353.0 1121.0 7849.0 252.6 3215.0 159.7  2837.0 0.9 2168.0 153.0 3341.0
df 1 2 2 174 1 2 2 174 1 2 2 174 1.0 2.0 2.0 174.0
Mean square 203.5 10336.0 127.6 71.3 535.0 15176.0 560.5 45.1 252.6 1608.0 79.8 16.3 0.9 1084.0 76.5 19.2
*Cuticular Lipid
F 29 145.0 1.8 11.9 336.4 12.4 15.5 98.6 4.9 0.0 56.5 4.0
Pvalue ns *okok ns *okok ok ok *okok ok g ns ok *
% of total
.. 0.6 61.7 0.8 1.3 76.2 2.8 39 49.7 2.5 0.0 38.3 2.7
variation
Sum of
4805.0 107310.0 23590.0 31752.0 500.0 160570.0 13810.0 50270.0 5120.0 23470.0 17590.0 57532.0 25205.0 39370.0 490.0 62596.0
squares
df 1 2 2 174 1 2 2 174 1 2 2 174 1 2 2 174
Mean square  4805.0  53655.0 11795.0 182.5 500.0 80285.0 6905.0 2889 5120.0 11735.0 87950 330.6 25205.0 19685.0 245.0 359.7
¥Carbohydrate
F 26.3 294.0 64.6 1.7 277.9 239 15.5 35.5 26.6 70.0 54.7 0.7
pvalue oAk *% ok ns ok ok *% ok ok *% ok ns
% of total
L. 29 64.1 14.1 0.2 71.3 6.1 4.9 22,6 17.0 19.7 30.8 0.4
variation
Sum of
squares 877.5 92368.0  8620.0 54944.0 12826.0 31499.0 2880.0 58762.0 1842.0 39677.0 2493.0 52588.0 6024.0 76566.0 583.7 61742.0
df 1 2 2 174 1 2 2 174 1 2 2 174 1 2 2 174
Mean square 877.5 46184.0  4310.0 315.8 12826.0 15749.0 1440.0  337.7 1842.0  19839.0 1246.0  302.2 6024.0  38283.0 291.8 354.8
$Protein
F 2.8 146.3 13.7 38.0 46.6 4.3 6.1 65.6 4.1 17.0 107.9 0.8
Pvalue ns *okk ok *okk ok * * ok * *okok ok ns
% of total
. 0.6 58.9 5.5 12.1 29.7 2.7 1.9 41.1 2.6 4.2 52.8 0.4
variation
Sum of
squares 31686.0 28399.0 3589.0 49843.0 46062.0 101092.0 359.6 33158.0 32850.0 78660.0 959.5 41206.0 32350.0 12572.0 2710.0 36252.0
df 1 2 2 174 1 2 2 174 1 2 2 174 1 2 2 174
*Total bod Mean square 31686.0 14199.0 1794.0 286.5 46062.0 50546.0 179.8 190.6  32850.0 39330.0 479.8 236.8 32350.0 6286.0 1355.0 208.3
y
lipids
F 110.6 49.6 6.3 241.7 265.2 0.9 138.7 166.1 2.0 155.3 30.2 6.5
p value ok *4k ok *4k ok ns *4k ok ns A4k ok ok
% of total
L. 27.9 25.0 3.2 25.5 56.0 0.2 214 51.2 0.6 38.6 15.0 3.2
variation
Sum of
8.4 713.8 149.8 388.8 83.6 519.8 282 601.4 187.2 338.3 7.0 166.3 25.1 309.0 64.2 279.7
squares
df 1 2 2 174 1 2 2 174 1 2 2 174 1 2 2 174
Mean square 8.4 356.9 74.9 22 83.6 259.9 14.1 35 187.2 169.1 35 1.0 25.1 154.5 32.1 1.6
*Proline
F 3.7 159.7 335 242 75.2 4.1 195.8 177.0 3.6 15.6 96.1 20.0
Pvalue ns *okok ok *okok ok * *okok ok * *okok ok ok
% of total
.. 0.7 56.6 11.9 6.8 422 23 26.8 48.4 1.0 37 45.6 9.5
variation

*p < 0.05; **p < 0.01; ***p < 0.001 by two-way ANOVA; ns = non-significant; n = 30; *, Normalized with their respective dry mass;

%, Normalized with their respective body weight.
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Figure 1. Changes in the levels of cuticular lipids (CL) in response to (a) rapid heat har-
dening (RHH), (b) heat acclimation (HA), (c) rapid desiccation hardening (RDH), and (d)
desiccation acclimation (DA). Statistical differences for RHH, HA, RDH and DA were
tested with two-way ANOVA followed by Bonferroni test in male and female flies with
their respective control (*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant); be-
tween their respective male and female treated groups (*p < 0.05; *p < 0.01; **p < 0.001).
Values are represented as mean+t S.E.M. of (n = 30) flies.

Similarly, during 1 hr RDH, there was accumulation of CL in both males
(30.57% increase, p < 0.05) and females (53.92% increase, p < 0.001). Addition-
ally, during 3hr RHH the accumulation of CL increased further more signifi-
cantly (p < 0.001) in both males (72.21%) and in females (113.98%) of Z. india-
nus flies. Interestingly, the accumulation of CL under 20 hr DA in males was
non-significant whereas the accumulation of CL was significant (p < 0.001) in
females (49.14%). During 40 hr DA, there was a significant (p < 0.001) increase
in the levels of CL in both the males (87.32%) and in females (65.73% increase)
of Z. indianus.

3.2. Differences in Accumulation and/or Utilization of
Carbohydrates under Heat and Desiccation Stress

The changes in the level of carbohydrates in Z. indianus flies reared under simu-
lated season-specific conditions when subjected to different duration of heat and
desiccation hardening and acclimation are shown in Figure 2 and Table 2. For
heat stress, flies showing changes in the level of carbohydrates during heat har-
dening and acclimation are shown in Figure 2(a) & Figure 2(b) respectively.
Similarly for desiccation stress, flies showing changes in the level of carbohy-
drates during desiccation hardening and acclimation are shown in Figure 2(c) &
Figure 2(d) respectively.
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Figure 2. Changes in the levels of the carbohydrate content in response to (a) rapid heat
hardening (RHH), (b) heat acclimation (HA), (c) rapid desiccation hardening (RDH),
and (d) desiccation acclimation (DA). Statistical differences for RHH, HA, RDH and DA
were tested with two-way ANOVA followed by Bonferroni test in male and female flies
with their respective control (*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant);
between their respective male and female treated groups (p < 0.05; *p < 0.01; *p <
0.001). Values are represented as mean + S.E.M. of (n = 30) flies.

1 hr of RHH showed a significant (p < 0.001) increase in the levels of carbo-
hydrates in both the males (15.33%) and females (21.31%) of Z. indianus as
compared to their respective controls. But during 3 hr of RHH, a significant (p <
0.001) decrease in the carbohydrate level was observed in males (40.00%) whe-
reas no significant changes in females were observed in comparison to their re-
spective controls. Furthermore, the carbohydrate content declined significantly
(p < 0.001) after 1 day or 3 days of HA. In 1day HA, the levels of carbohydrate
decreased by 49.33% in males and by 31.96% in females. Similarly, during 3 days
HA the carbohydrate content decreased by 58.66% in males and by 40.16% in
females of Z. indianus as compared to their respective controls.

The flies, when subjected to 1hr RDH, showed a significant (p < 0.01) decrease
in the levels of the carbohydrate content in males (11.33%) in contrast to a sig-
nificant (p < 0.001) increase in females (22.95%) as compared to their respective
controls. However, during 3 hr RDH the levels of carbohydrates increased sig-
nificantly (p < 0.001) in both the males (15.33%) and in female (24.59%) flies of
Z. indianus.

Similar accumulation of carbohydrate content in Z. indianus flies were ob-
served during DA. In 20 hr DA, the accumulation of carbohydrate content in
males by 12.66% and in females by 19.67% was significant (p < 0.01 & p < 0.001
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respectively). Further, during 40 hr of DA the levels of carbohydrate content in-
creased significantly (p < 0.001) in both the males (21.33%) and in females
(32.78% increase) of Z. indianus as compared to their respective controls. In
general, flies showed a significant accumulation of carbohydrate content when
subjected to RDH and DA.

3.3. Differences in Accumulation and/or Utilization of Protein
under Heat and Desiccation Stress

The patterns of accumulation and utilization of protein in Zaprionus indianus
under heat and desiccation stress are shown in Figure 3 and Table 2. For heat
stress, flies showing changes in the level of protein during heat hardening and
acclimation are shown in Figure 3(a) & Figure 3(b) respectively. Similarly for
desiccation stress, flies showing changes in the level of protein during desicca-
tion hardening and acclimation are shown in Figure 3(c) & Figure 3(d) respec-
tively.

A significant (p < 0.001) utilization of protein was observed under both 1hr
and 3 hr RHH. In 1hr RHH the level of total body proteins decreased by 33.24%
in males and by 32.99% in females. Similarly, the level of proteins decreased by
26.48% in males and by 45.06% in females of Z. indianus under 3 hr RHH when

compared to their respective controls.
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Figure 3. Changes in the levels of the protein content in response to (a) rapid heat har-
dening (RHH), (b) heat acclimation (HA), (c) rapid desiccation hardening (RDH), and (d)
desiccation acclimation (DA). Statistical differences for RHH, HA, RDH and DA were
tested with two-way ANOVA followed by Bonferroni test in male and female flies with
their respective control (*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant); be-
tween their respective male and female treated groups (*p < 0.05; #p < 0.01;**p < 0.001).
Values are represented as mean = S.E.M. of (n = 30) flies.
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When the flies were subjected to 1 day HA, there were non-significant
changes in the levels of protein in both the males and females of Z. indianus
flies. However, there was a significant (p < 0.001) decrease in the levels of pro-
tein in both the males (19.11%) and in females (23.40%) of Z. indianus flies
when subjected to 40 hr HA stress.

In the case of 1 hr RDH, the changes in the levels of protein in males were
non-significant whereas we observed a significant (p < 0.001) decrease in the
level of protein in females (15.46%) as compared to their respective controls. In-
terestingly, when the flies were subjected to 3hr RDH we observed accumulation
in the levels of protein. When subjected to 3 hr RDH, the accumulation of pro-
tein in males by 22.25% was more significant (p < 0.001) than in females
(10.57%; p < 0.05) in comparison to their respective controls. Whereas, when it
is subjected to DA stress, we observed a highly significant (p < 0.001) accumula-
tion of protein in Z. indianus flies. In 20 hr DA, the level of protein in males in-
creased by 41.88% and by 31.95% in females. Similarly, under 40 hr DA the level
of protein in males increased by 22.96% and in females by 15.08% in comparison
to their respective controls.

3.4. Variation in Accumulation and/or Utilization of Total Body
Lipids (TBL) under Heat and Desiccation Stress

Accumulation and utilization patterns of TBL under desiccation or heat stress
are shown in Figure 4 and Table 2. For heat stress, flies showing changes in the
level of TBL during heat hardening and acclimation are shown in Figure 4(a) &
Figure 4(b) respectively. Similarly for desiccation stress, flies showing changes
in the level of TBL during desiccation hardening and acclimation are shown in
Figure 4(c) & Figure 4(d) respectively.

When the flies were subjected to 1 hr RHH, there were non-significant
changes in the level of TBL in both the males and in the females of Z. indianus
flies. However, during 3 hr RHH the level of TBL increased significantly (p <
0.001) in males (29.97%) as well as in females (10.61%) when compared to their
respective controls. Interestingly a significant (p < 0.001) decrease in the level of
TBL was observed during HA stress with an effect on the exposure period. Un-
der 1 day HA, the level of TBL decreased by 19.72% in males and by 15.67% in
females. Similarly, under 3 days HA the level of TBL further decreased by
59.98% in males and by 41.71% in females of Z. indianus flies as compared to
their respective controls.

During 1 hr RDH, there were non-significant changes in the TBL levels in
both the males and in females of Z. indianus flies. However, we observed a sig-
nificant (p < 0.001) utilization of TBL under 3 hr RDH in both the males
(40.43%) and females (38.58%) of Z. indianus flies as compared to their respec-
tive controls. A similar trend of utilization of TBL was observed during DA
stress too. There were non-significant changes during 20 hr DA in both the
males and in females of Z. indianus flies. In contrast, a significant (p < 0.001) de-
crease in the level of TBL during 40 hr DA in males (18.01%) as well as in females
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Figure 4. Changes in the levels of total body lipids (TBL) in response to (a) rapid heat
hardening (RHH), (b) heat acclimation (HA), (c) rapid desiccation hardening (RDH),
and (d) desiccation acclimation (DA). Statistical differences for RHH, HA, RDH and DA
were tested with two-way ANOVA followed by Bonferroni test in male and female flies
with their respective control (*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant);
between their respective male and female treated groups (*p < 0.05; #p < 0.01; **p <
0.001). Values are represented as mean * S.E.M. of (n = 30) flies.

(11.00%; p < 0.01) were observed. These results suggest that the long-term ex-
posure to stress (either heat or desiccation acclimation) leads to the mobilization

or utilization of TBL in ~Z. indianus flies.

3.5. Variation in Accumulation and/or Utilization of Proline
under Heat and Desiccation Stress

The patterns of proline accumulation and utilization in Z. indianus under heat
and desiccation stress are shown in Figure 5 and Table 2. For heat stress, flies
showing changes in the level of proline during heat hardening and acclimation
are shown in Figure 5(a) & Figure 5(b) respectively. Similarly for desiccation
stress, flies showing changes in the level of proline during desiccation hardening
and acclimation are shown in Figure 5(c) & Figure 5(d) respectively.

A significant (p < 0.001) increase in the level of proline was observed only
during RHH stress. Under 1 hr RHH the level of proline in males increased by
75.62% and in females by 17.24%. Similarly, under 3 hr RHH the level of proline
in males increased by 75.00% and in females by 29.04% when compared to their
respective controls. During 1 day HA, the changes in the level of proline was
non-significant in males but a significant (p < 0.01) decrease in the level of pro-

line were observed in females (18.73%). Further when the flies were subjected to
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Figure 5. Changes in the levels of proline content in response to (a) rapid heat hardening
(RHH), (b) heat acclimation (HA), (c) rapid desiccation hardening (RDH), and (d) de-
siccation acclimation (DA). Statistical differences for RHH, HA, RDH and DA were
tested with two-way ANOVA followed by Bonferroni test in male and female flies with
their respective control (*p < 0.05; **p < 0.01; ***p < 0.001; ns = non-significant); be-
tween their respective male and female treated groups (*p < 0.05; *p < 0.01; **p < 0.001).
Values are represented as mean + S.E.M. of (n = 30) flies.

3 days HA, a significant (p < 0.001) decrease in the level of proline were ob-
served in both the males (48.13%) and females (40.93%) of Z. indianus flies as
compared to their respective controls.

A significant (p < 0.001) decrease in the level of proline was observed during
RDH (1 hr & 3 hr) stress. In 1hr RDH the level of proline in males decreased by
29.35% and in females by 18.73%. Similarly, during 3 hr RDH the level of pro-
line decreased by 38.18% in males and by 35.38% in females of Z. indianus flies.
When the flies were further subjected to 20 hr DA, the changes in the level of
proline were non-significant in males in contrast to a significant (p < 0.001) de-
crease in female (28.84%) flies. Under 40 hr DA, we observed a significant (p <
0.001) decrease in the level of proline in both the males (33.58%) and in females
(36.87%) of Z. indianus flies in comparison to their respective controls. Hence
the decrease in the level of proline suggests its utilization under desiccation
stress.

Finally, the results of the Bonferroni test for adult hardening/acclimation to
heat or desiccation stress on various metabolites in Z. indianus flies are shown
in Table 3.

4. Discussion

Environmental stress such as ambient temperature and humidity has significant

effects on the physiology of the organisms. The adaptability and tolerance to
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Table 3. Results of Bonferroni test for adult hardening/acclimation to heat or desiccation stress on various metabolites in male

and female Z. indianus.

Treatment Treatment Cuticular Lipids Carbohydrates Total Body Protien Total Body Lipids  Proline
Group (I) Group (]) 1-J Sig. IJ  Sig. 1-J Sig. 1] Sig. I-J Sig.
Rapid Heat Hardening (RHH)
Control:Male Control:Female 0.02 ns 28.00 o -16.66 i -30.37 ek 205
Control:Male RHH 1 hr:Male  -14.88 B 23,00 43.09 il 10.09 ns —6.08 ***
Control:Male RHH 1 hr:Female -13.98 e 2.00 ns 31.57 e -24.95 e =378
Control:Male RHH 3 hr:Male -28.92 el 60.00 el 34.34 el -29.99 E —6.03 vt
Control:Male RHH 3 hr:Female -23.46 e 38.00 e 49.27 ek —44.19 Bk 498 Ax*
Control:Female RHH 1 hr:Male  -14.90 o =51.00 ¥ 59.75 ok 40.46 X 4,03 X
Control:Female RHH 1 hr:Female -14.00 e =26.00 ¥ 48.24 ook 5.43 ns —1.74 **
Control:Female RHH 3 hr:Male = -28.94 e 32.00 e 51.00 ook 0.38 ns —3.98 **
Control:Female RHH 3 hr:Female -23.49 bl 10.00 ns 65.93 bl -13.82 =294 X
RHH 1 hr:Male RHH 1 hr:Female 0.90 ns 25.00 ook -11.52 ns —35.04 ek 229
RHH 1 hr:Male RHH 3 hr:Male -14.04 oex 83.00 oex -8.75 ns —40.08 X 0.05 ns
RHH 1 hr:Male RHH 3 hr:Female -8.59 bl 61.00 ook 6.18 ns —54.28 e 1.09  ns
RHH 1 hr:Female RHH 3 hr:Male -14.94 i 58.00 o 2.76 ns -5.05 ns 225 ¥
RHH 1 hr:Female RHH 3 hr:Female = -9.49 Al 36.00 ot 17.69 o -19.24 e -1.20 %
RHH 3 hr:Male RHH 3 hr:Female 5.46 ns -22.00 14.93 * -14.20 * 1.05 ns
Heat Acclimation (HA)
Control:Male HA 1 day:Male  -13.89 B 74,00 0 8.24 ns 19.73 X 0.09 ns
Control:Male  HA 1 day:Female -24.40 B 67.00 -18.55 * -9.91 ns -0.16 ns
Control:Male HA 3 days:Male  -31.63 el 88.00 ol 24.78 il 60.01 ek 387
Control:Male HA 3 days:Female -31.49 e 77.00 0 17.59 * 24.04 e 2,08 et
Control:Female = HA 1 day:Male -13.91 B 46.00 ol 24.90 ol 50.10 e 214 e
Control:Female HA 1 day:Female -24.42 39,00 -1.89 ns 20.46 o 1.89
Control:Female HA 3 days:Male  -31.65 ek 60.00 ek 41.44 ek 90.38 B 591
Control:Female HA 3 days:Female -31.51 B 49.00 34.25 il 54.41 413 et
HA 1 day:Male HA 1 day:Female -10.51 wee =7.00 ns -26.79 el —29.64 e —-0.25 ns
HA 1 day:Male HA 3 days:Male -17.74 el 14.00 * 16.54 il 40.28 el 3.78 ¢
HA 1 day:Male HA 3 days:Female -17.60 el 3.00 ns 9.35 ns 4.31 ns 1.99
HA 1 day:Female HA 3 days:Male —-7.23 21,00 43.33 bl 69.92 B 4,03 e
HA 1 day:Female HA 3 days:Female -7.09 oo 10.00 ns 36.14 il 33.95 BeE 2,24 o
HA 3 days:Male HA 3 days:Female  0.14 ns -11.00 ns -7.20 ns -35.97 wee —1.79
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Continued
Rapid Desiccation Hardening (RDH)
Control:Male RDH 1 hr:Male -3.40 * 17.00 i 5.21 ns 2.08 ns 2.36 v
Control:Male RDH 1 hr:Female —5.95 i 0.00 ns 5.97 ns -28.11 % —-0.16 ns
Control:Male RDH 3 hr:Male -8.04 ek -23.00 —28.82 ok 40.45 ok 3.07 e
Control:Male  RDH 3 hr:Female -12.62 ek -2.00 ns -32.11 ek 19.96 ok 1.52 0%
Control:Female = RDH 1 hr:Male -3.43 * -11.00 ns 21.88 el 32.46 4,40 v
Control:Female RDH 1 hr:Female —-5.98 et -28.00  or* 22.63 el 2.26 ns 1.89 ot
Control:Female = RDH 3 hr:Male —-8.06 Bt —51.00 ¢ -12.16 ns 70.82 Bt 512 e
Control:Female RDH 3 hr:Female -12.64 B -30.00 ¢+ -15.45 * 50.33 Bk 356 et
RDH 1 hr:Male RDH 1 hr:Female -2.55 ns —17.00 ** 0.75 ns -30.19 Bt D52 et
RDH 1 hr:Male  RDH 3 hr:Male —4.64 B —40.00 ¢ -34.04 ek 38.37 071  ns
RDH 1 hr:Male RDH 3 hr:Female -9.21 e —-19.00 o -37.32 e 17.88 e -0.84
RDH 1 hr:Female RDH 3 hr:Male -2.08 ns  —23.00 *** —34.79 i 68.56 Bk 323 e
RDH 1 hr:Female RDH 3 hr:Female -6.66 e -2.00 ns —-38.08 il 48.07 B 1.68 R
RDH 3 hr:Male RDH 3 hr:Female  —4.58 Al 21.00 ot -3.29 ns -20.49 Bk —1.55 o
Desiccation Acclimation (DA)
Control:Male DA 20 hr:Male -3.37 ns —19.00 ** -54.28 i -9.91 ns 0.02 ns
Control:Male DA 20 hr:Female = —5.42 i 4.00 ns —63.41 i —-25.95 % 0.86 ns
Control:Male DA 40 hr:Male -9.72 e 32,00 -29.79 ok 18.02 ok 2.70
Control:Male DA 40 hr:Female  -7.26 e —12.00 ns -38.71 ok —-16.00 ok 1.67
Control:Female = DA 20 hr:Male -3.39 * —47.00  ** —-37.62 ek 20.46 k2,07 AR
Control:Female DA 20 hr:Female  —-5.45 24,00  er* -46.74 el 4.42 ns 291 e
Control:Female DA 40 hr:Male -9.74 B —60.00  erx -13.12 ns 48.39 474 bex
Control:Female DA 40 hr:Female  -7.28 Bt —40.00 ot -22.05 ek 14.37 e 371 ot
DA 20 hr:Male DA 20 hr:Female  -2.06 ns 23.00 X -9.12 ns -16.04 * 0 0.84 ns
DA 20 hr:Male DA 40 hr:Male -6.35 ox -13.00 ns 24.50 ox 27.93 x 2.67 X
DA 20 hr:Male DA 40 hr:Female = —3.89 * 7.00 ns 15.57 * —-6.09 ns 1.64 ¥
DA 20 hr:Female DA 40 hr:Male -4.29 i -36.00 *** 33.62 sl 43.97 ek 1.84 ¢
DA 20 hr:Female DA 40 hr:Female -1.84 ns —16.00 * 24.69 i 9.95 ns 0.81 ns
DA 40 hr:Male DA 40 hr:Female 2.46 ns 20.00 i -8.93 ns -34.02 e -1.03 ¢

(*p < 0.05; **p < 0.01; ***p < 0.001; ns =

non-significant).

these sudden changes in the environment is the key determinant of the species

survival and abundance in a geographical location. It has been argued that cli-

matic stressors can limit the survival of ectothermic organisms through pertur-

bation in the energy budget [18] [29]. In tropical regions, hot and dry conditions

occur together but their relative magnitudes differ across different seasons. The
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acclimatization of Z. indianus under seasonally varying environment conditions
involves the simultaneous effects of both desiccation and heat stressors. For ec-
tothermic organisms, this can lead to morphological and physiological changes
to cope with hot and drier habitats. In small-sized organisms like Drosophila,
energetic homeostasis could be a major problem under climatic stressors. In the
present study on Z. indianus living in harsh environments, we try to elucidate
the possible linkage between physiological changes and heat and desiccation
stress. We assessed the effects of stressor, either heat or desiccation hardening or
acclimation, for different duration on the levels of various metabolites. In addi-
tion, both the stressors can crosstalk between accumulation and utilization of
energy metabolites which suggests a link between the two stressors for providing
energetic homeostasis. Rapid hardening involves the stress given with high in-
tensity for a short duration of time whereas for acclimation the stress is given for
a longer duration with low intensity.

The storage of fatty acids and glucose is essential in insects for survival, and
they are vital for many physiological functions. Fatty acids serve as precursors in
the synthesis of eicosanoids and pheromones, and they are needed in substantial
amounts for the synthesis of phospholipids and waxes [19]. This may be the
reason for the utilization of carbohydrates during heat acclimation with the cor-
responding increase of cuticular lipids for their survival for a longer time as well
as to reduce the water loss due to heat. Whereas an increase in carbohydrates
during rapid heat hardening (RHH 1 hr) corresponds to available energy for
immediate requirement since carbohydrate is known to increase the fat content
of the flies [30].

In the tropical drosophilid—Zaprionus indianus, G, laboratory flies reared
under season-specific simulated conditions showed significant differences in
metric traits (wet weight and dry weight) between male and female flies (Table
1). In the current study performed in male and female Z. indianus, we found
that the HA both for 1 day and 3 days decrease total body lipid. In a recent study
performed in Drosophila, a similar decrease in total body lipid was also observed
[31]. It is interesting to note that heat stress, even for a short duration, can leave
a long-lasting effect on total body lipid [31]. The decrease in body lipid was
mainly due to heat stress-induced increased apoptosis in fat bodies and therefore
flies were unable to recover the body lipid even after several days due to irre-
versible changes in body lipid reserve. Another possible explanation for the de-
crease in body lipid during HA might be due to a deficit in energy intake as
compared to energy expenditure. Heat stress is known to increase metabolic rate
and therefore promote energy expenditure. Similarly, in arthropods, the in-
creased temperature has been shown to reduce the energy intake more rapidly
than energy expenditure [32]. Moreover, long-term exposure to high tempera-
tures is an energetically costly process and requires the transcription of several
heat shock proteins and proteins involved in the repair of cell damage which
costs a substantial amount of energy. Although both body lipid and carbohy-
drates have been key sources providing energy during thermal and environmen-
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tal stress. Other carbohydrates like glycogen and trehalose are especially required
for more vital physiological functions required for survival, flight, and also as
anoxia resistance [33]. Similar studies have also shown an increase in trehalose
during both desiccation acclimation and heat hardening but there was no change
in the level of trehalose due to starvation acclimation [34]. The combined effect
of both desiccation and heat showed a maximum increase in the level of treha-
lose. Interestingly combined effect of starvation with either heat or desiccation
also increased the level of trehalose. They have further stated that the accumula-
tion of trehalose during heat hardening might be for protecting the flies from the
detrimental effects of heat stress.

In the present study, both 3 h RHH and HA have been shown to reduce car-
bohydrate level, however, 1 h RHH treatment increased carbohydrate level. In
contrast to HA and RHH, we observed an increase in the level of carbohydrates
and protein due to desiccation acclimation. Periods of starvation/desiccation are
encountered by most animals, but they can adjust their metabolism by mobiliz-
ing stored energy for survival. However, needs differ considerably between spe-
cies and so their adaptations to starvation/desiccation stress might also differ.
Insects possess a high surface-to-volume ratio of lipids and this, combined with
an open blood system, renders them susceptible to desiccation.

Both HA and RHH led to a decrease in protein level and this may be due to
heat stress-induced increase in denatured protein and subsequent breakdown. It
is well established that heat shock proteins are induced over a given temperature
[35]. Conversely, heat stress is also followed by a massive synthesis of heat shock
proteins to counteract the adverse effect of heat stress on protein stability. The
carbohydrate and trehalose protect membrane integrity and protein during heat
stress. The previous study in Drosophila melanogaster larva has shown that the
external feeding of proteins and carbohydrates affects its thermal and desicca-
tion stress [36].

In addition, trehalose and proline contribute as non-toxic osmolytes during
heat stress to provide osmotic protection and protect proteins and membranes
from denaturation [37] [38]. Proline is a major energy source both in plants and
insects which theoretically provides around 14 ATP molecules during its partial
oxidation to alanine [39]. The role of proline under various climatic stresses has
been discussed previously in both plants [40] and drosophilids [17] [34]. In a
mammalian cell, an increase in intracellular and extracellular proline protects
cells from oxidative stress [41]. In hymenopterans, dipterans, coleopterans, and
several other insects, proline has been found to act as an energy source by pro-
viding intermediate substrates for the Krebs cycle and promoting the oxidation
of carbohydrates [42] [43] [44] [45] [46]. More importantly, it can act as a shut-
tle to mobilize lipid reserves in the fat bodies [19] [42] [47]. The accumulation of
proline during RHH corresponds to a previous study where there was an accu-
mulation of proline due to heat stress [34].

In the present work, the utilization of proline in Z. indianus under HA, RDH

and DA is an interesting observation. This utilization of proline may have oc-
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curred for the possible requirement of energy source against different stressors.
In the current study during RHH we observed an increase in proline however
decreases during HA. This suggests the role of proline in providing osmotic
protection and protects membranes from damage during sudden exposure to
heat stress. It is likely that during the HA process, the activation of other stress
related genes and heat shock proteins might be taking over this function of pro-
line and therefore making it redundant. Our result matches the previous studies
in dog tick where there was a decrease in the level of metabolites such as proteins
and lipids during desiccation stress [7]. Previous reports have also shown the
utilization of proline but only during insect flight [48] [49].

Fats upon oxidation, yield two times more metabolic water than carbohy-
drates or protein, and the storage of energy reserves in the form of fat provides a
useful source of non-imbibed water. This additional water assumes particular
importance during non-feeding stages in the insect’s life history [50]. It may be
due to such reasons that there was a decrease in the level of total body lipids
during long-term exposure of heat acclimation and also during desiccation har-
dening and acclimation. Further, the molecular configuration of certain cuticu-
lar lipids constitutes the major barrier to water loss and may facilitate absorption
of atmospheric water [19] [50]. Hence, it may be due to this reason that there
was a high accumulation of cuticular lipids during heat stress but a gradual in-
crease in CL during desiccation stress. Overall, during both the stresses, the level
of CL increases to act as a water barrier. Increasing temperature is associated
with an elevated level of certain kinds of lipids [51]. This helps in the adaptation
of species under high-temperature stress. For dehydration tolerance, metabolic
depression is a common adaptation. It has been observed in the larva of B. antar-
tica that they conserve energy during prolonged dehydration by down-regulating
genes related to metabolism [6]. This may minimize respiratory as well as loss of
water bound to glycogen and other carbohydrates. Animals are more susceptible
to water loss during high-temperature stress than dehydration stress. Hence, it
may be due to this reason that there was a very high accumulation of cuticular
lipids during heat stress but a gradual increase in CL during desiccation stress.

We have assessed changes only in a few energy metabolites while other meta-
bolites are expected to show minor or major alterations. However, the higher
concentrations of cuticular lipids, carbohydrates, and protein in insects can pro-
vide a good index for monitoring changes in these energy metabolites in wild pop-
ulations of diverse Drosophila species [17]. It has been argued that stress-induced
accumulation of energy metabolite is relevant if it is utilized in a temporal man-
ner [18] [29]. Therefore, a comparison of the level of energy metabolites of
Z.indianus subjected to heat or desiccation has supported the argument of poss-
ible compensation to achieve energetic homeostasis. Since Z. indianus is also
considered as a pest to many fruit orchards, such studies will help us in better
habitat management which may further be helpful for the biological control of

such species without any human interference [52].
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5. Conclusion

In summary, we found contrasting results for heat or desiccation stress-induced
changes in energy metabolites (CL, TBL, proline, protein, and carbohydrates) in
Z indianus. Heat-induced changes include accumulation of CL but utilization of
protein and carbohydrates. In contrast, desiccation-induced changes showed ac-
cumulation of protein and carbohydrate but utilization of TBL and proline. Car-
bohydrate is the immediate energy source being available during hardening and
being utilized during acclimation with the increased cuticular lipid. Thus, there
is a compensatory link between heat versus desiccation and hardening versus ac-
climation induced changes in the level of these metabolites which can provide
energetic homeostasis in seasonal populations of Z. indianus. It may also help
the species for better adaptation. Observed changes in the levels of accumulation
and utilization of each energy metabolite suggest a link between the two stres-
sors i.e. heat and desiccation tolerance with adaptation. Thus, Z. indianus has
adopted a strategy of complementary changes in energy metabolite levels to main-
tain the energetic balance of these potential sources of energy for survival under
hot and drier seasonal environmental conditions. Such mechanisms are likely to
be present in other heat-adapted ectothermic organisms which need further in-

vestigations to find the generality of such seasonal physiological adaptations.
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