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Introduction

Insects’ ability to tolerate dehydration stress is understudied, yet important. The
challenges of desiccating conditions confront insects in arid habitats, which can be
overcome by one of four novel adaptive mechanisms: 1) reducing the rate of water loss
(Gibbs et al., 1997), 2) increasing bulk water, 3) changing the phospholipid
composition of epicuticular lipids (Rourke, 2000), or 4) tolerating greater
amounts of water loss, that is, dehydration tolerance, (Hoffmann and Parsons,
1989; Gibbs et al., 1997; Gibbs and Matzkin, 2001). While there are several
studies on dehydration tolerance and its role in desiccation resistance (Strachan
et al.,, 2015; Weldon et al,, 2016; Thorat and Nath, 2018; Ajayi et al., 2020), its
significance remains controversial and there are no direct supporting evidence. It has
not been extensively studied that dehydration tolerance could influence the evolution
of desiccation resistance, but this aspect may play a role in diverse insect taxa.

Water deficit environments can cause organisms to use different survival
mechanisms. These include avoiding water loss or tolerating it. The tolerance to
dehydration in dry environments consists of being able to survive internal water
deficits (Scott, 2000), while dehydration avoidance is just the opposite (Pallarés et al.,
2016). It is argued that avoiding dehydration should be a priority strategy, but the former
lacks adequate data. Dehydration tolerance has been examined by a limited number of
studies (Supplementary Data Sheet S1, Sheet 2-4), and most of those studies used selected
D. melanogaster. Drosophila species adapted to desert conditions are more resistant to
dehydration than their mesic counterparts (Gibbs and Matzkin, 2001); however,
laboratory-selected strains showed no differences in resistance to desiccation (Gibbs
et al,, 1997). Comparatively, Hoffmann and Parsons (1993) reported that D (desiccation
induced) flies were more dehydrated than their control group. Laboratory selection
experiments generally assumed that desiccation resistance is not enhanced by dehydration
tolerance (Gibbs et al., 1997). The term “dehydration tolerance” has been a topic of
controversy for a long time, and the difference in terminology used by different scientists
might explain this. The discrepancy in calculating dehydration tolerance might have
resulted as a consequence of different formulas used by different physiologists. Table 1
shows the different formulas that were used for calculation of dehydration tolerance.
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TABLE 1 Summary of calculations used from different physiologists for estimating dehydration tolerance.

Assumption for Standardising the formula

elnitial body weight (a) = 1.475 mg x 10’
e Weight after drying (b) = 0.454 mg x 10’
eWeight at death (c) = 1.033 mg x 10°

Formulae used Outcome

1. b—c Water remaining after death
2. (a—c)/(a-b) Water lost at death out of total water content
3. (b—c)/a Water content at death

There is limited evidence for simultaneous analysis of stress-related
traits across sympatric populations of different species of Drosophila
on a continent, with contrasting distribution patterns. This report
compares wild species from Western Himalayas to explore the relative
importance of dehydration tolerance as a strategy to desiccation
resistance. It is possible to explain differences in desiccation
resistance between species based on dehydration tolerance, while
water loss rates, cuticular melanization, and epicuticular lipid levels
do not explain these differences. Desiccation resistance and their
adaptation to different habitats are thus influenced by species-
specific differences in dehydration tolerance.

Material and methods
Collections

Table 2 shows different Drosophila species collected in
autumn (October 2018) from five altitudinal localities of
Western Himalayas using net sweeping and bait trap
methods. These Drosophila species were categories as cold
adapted, generalist, and warm adapted according to their
thermal range (12-32°C) of development and distribution
pattern (shown in Supplementary Data Sheet S1, Sheet 1).
Cultures were maintained at 21°C on cornmeal yeast agar
medium based on T,,. data obtained from Indian Institute of
Tropical Meteorology (II'TM; www.tropmet.res.in) of the sites of
origin of populations under the photoperiod of 12 h dark and
12 h light. As the trait values did not vary between 6 and 21 days
(Gibbs and Matzkin, 2001; Parkash et al., 2008), all assays were
performed on 7 days old female flies of wild caught—G; only.

Trait measurements

Olympus  magnifying instrument with  stereo-zoom
specification SZ-61 was used to score body melanization of
Only females

variable abdominal sections for body melanization as contrasted

females. were measured because of their
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Total water content (%) = {(a-c)/a} x 100
=69.22 %

Calculated value Reference

0.579 or 57.9 % Hoffmann and Parsons (1993)
Gibbs et al. (1997)

Brisson et al. (2005)

0.433 or 43.3 %
0.393 or 39.3 %

with males where the last two portions are dark. For every
one of the six abdomen fragments (second-seventh) which
vary in size (ie., 0.86, 0.94, 1.0, 0.88, 0.67, and 0.38 for second
individually)
sidelong perspectives, 0 (no melanization) to 10 (complete

to seventh fragments, from dorsal and

melanization) qualities were assessed. % melanization =

X Melanization scores of abdominal sections per fly
X relative size of every abdominal fragment % 100 (ParkaSh et al" 2008)'

Resistance to desiccation stress

Resistance to desiccation stress was estimated as the time to
deadly lack of hydration impact under dry air. For this isolation of
individual females of various locations was carried out in a vial
containing silica gel (2 g). These vials were set in a desiccator
(having 6-8% RH). Total stationary flies were tallied after each 1 h
interim, and the timeframe to deadly drying up impact (LT ¢,) was
recorded.

Water balance measures

Microbalance from Sartorius was used to weigh singular
grown-up flies of each location for deciding wet weight (a)
and dry weight (b) and absolute water (a-b). Every fly from
that point in the Eppendorf tube was dried overnight at 60°C &
reweighed after drying. Total body water content =
mass be foredr ying — mass a fter drying , and when this total
body water is lost because of drying up (until death) then
dehydration tolerance was estimated by the equation
%x 100 (Gibbs et al., 1997). Previously tested
formulas by different physiologists (Hoffmann and Parsons, 1993;
Gibbs et al., 1997; Brisson et al., 2005; Parkash et al., 2008) were also
compared to eliminate the discrepancy resulting from different
definitions and formulas used for dehydration tolerance.

Cuticular water loss due to short term desiccation (8 h) was
also carried out. Flies were weighed both before and after

desiccation, and the cuticular water loss was calculated (in
a-weight after 8 hr of desiccation stress % 8

mghr™) as ;
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TABLE 2 Number of individuals of different species of Drosophila collected in autumn (October, 2018).

Species/Altitude (m) Chandigarh (347)

Cold adapted species

Drosophila nepalensis 30 33
Drosophila buskii - 02
Drosophila simulans 29 35
Drosophila hydei 18 19
Drosophila punjabiensis 15 20
Generalist species

Drosophila melanogaster 270 273
Drosophila kikkawai 72 89
Warm adapted species

Drosophila biarmipes 130 136
Drosophila nasuta 250 83
Drosophila parabipectinata 25 29
Drosophila bipectinata 16 15
Zaprionus Indianus 263 202
Drosophila ananassae 335 401

Statistical analyses

For all the traits (body melanization, desiccation resistance,
cuticular water loss, and dehydration tolerance) population means
(n = 5locations x 10 individuals x 10 replicates) of one cold adapted
(Drosophila nepalensis) one generalist (Drosophila melanogaster) and
one warm adapted species (Drosophila ananassae) along with SE
were used for illustrations and tabular data. Trait variability was
analyzed using ANOVA. Statistical calculations and illustrations were
made with the help of Statistica™ 7.0.

Data description

A common garden experiment was used to illustrate
population differences since wild populations are adapted to
different local climates. It minimized environmental effects and
demonstrated genetic  differences between populations.
Interesting results are found for desiccation resistance (hours);
cold-adapted species have a resistance to desiccation twice as
high as generalist and warm-adapted species. (Figure 1). For
desiccation survival hours and dehydration tolerance, there are
contrasting differences between species, that is, p < 0.001,
Figure 1. There were not significant differences in rate of
water loss of these species that could account for variable
desiccation hours (Supplementary Data Sheet S1); however,
cold adapted species have slightly lower rate of water loss.

Water balance characteristics for D. n, D. m, and D. a are
represented in Table 3. Total water content (~68%) did not vary

between populations as well as species.
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Kalka (600) Solan (1440) Shimla (2202)
33 67 320
198 275 303
176 234 285
35 400 375
23 45 62
225 96 2
36 53 47
6 8 -
19 -
03 - -
135 50 01
120 53 3

It has been established that desiccation resistance and
dehydration tolerance are correlated positively (D. n: r = 0.83 +
0.05; p < 0.001; D. m:r =0.79 £ 0.07; p < 0.001; D. a: r = 0.80 + 0.03;
P < 0.001). With respect to body melanization and cuticular lipids,
correlation values are non-significant, and therefore, desiccation
resistance does not appear to be related to these traits. Contrary to
this, correlations between desiccation resistance and dehydration
tolerance are very significant (p < 0.001). As a result, different levels
of dehydration tolerance predict different desiccation survival times.
A higher survivability at 0% RH is apparent from cold-adapted
species’ greater dehydration tolerance.

Discussion

In order to cope with desiccating conditions, insects have
developed many morphological and physiological adaptations.
Insects can survive water loss if they have dehydration
tolerance.

Previous comparative studies of Drosophila species have
generally considered species that are differing in their cuticular
melanization, epicuticular lipids, and/or rate of water loss.
Compared with all of these factors, role of dehydration tolerance
in desiccation resistance comes out to be small or negligible. In this
study, our focus is on species comparison that are not differing in
these factors to find out the possible physiological modification that
help them to endure different habitats and to work out weather
dehydration tolerance is really helpful. The present study has shown
that the tolerance level toward dehydration can explain changes in
desiccation resistance levels (Figure 1).
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L
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FIGURE 1

Scale for categorizing Drosophila species according to their dehydration tolerance. The 0% shows a lack of desiccation tolerance, while the
100% shows great desiccation tolerance. Range of DT is resistance to desiccation (in hours) of these species.

TABLE 3 Data (mean + SE) on basic measures of water balance related traits (a) and dehydration tolerance (b) in Cold adapted (D. n), generalist (D. m)

and warm adapted (D.a) species.

(a) Basic measures of water (mg fly™")

Species/Traits Wet mass Dry mass Total water
content

Cold 1.605" + 0.73 0.481° + 0.41 1.124° + 0.07

adapted (D. n)

Generalist (D. m) 1.550° + 1.01 0.465° + 0.08 1.085° £0.12

Warm adapted (D. a) 1.319° + 0.35 0.396° + 0.01 0.923° + 0.05

Fi106 5326.48"%* 7994.22% 842,56

(b) Different measures of dehydration tolerance (mg fly ™)

Water remain Water lost under Dehydration
at death desiccation tolerance (%)
0.208 + 1.78 0.925 + 2,01 82.3°

0434 £ 0.29 0.651 + 0.51 60.0°

0.575 £ 0.51 0.348 + 0.29 37.7°

4249.56** 3568.91* 3446.78*

***p < 0.001 indicate significant differences based on ANOVA and post- hoc comparisons are shown as letters in superscripts indicating pair wise comparison. The values with different

superscript letters in a column are significantly different (p < 0.005).

Based on basic water balance characteristics, most of the insects
have about 66-68% water (Hadley, 1994) and similar results were
obtained in this study (water content ~66.89-72.22%). The
comparison of previously used formulas was performed by using
same water content values (Table 3) to come out at a more definite
conclusion hence to solve the problem regarding dehydration
tolerance. Dehydration tolerance was described as the body water
loss prior to death (Brisson et al., 2005; Telonis-Scott et al., 2006;
Archer et al., 2007); however, calculations used by Hoffmann and
Parsons (1993) depicted the remaining water content at the time of
death. The formula given by Gibbs et al. (1997) is more accurate as it
depicts actual dehydration tolerance, that is, amount of water lost at
death out of total amount of body water content. Cold adapted
species lose a greater fraction of their total body water content before
they die (~57%), whereas generalist species died after losing 42% of
their water content, and warm adapted species die by losing only
26% of water content.

The magnitude of desiccation resistance varies across different
Drosophila species (Gibbs and Matzkin, 2001). Varying resistance
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levels among species are often linked with their distribution patterns,
but the target of natural selection is not clear. Significant differences
occur for dehydration tolerance of various species. Such data have
supported the role of dehydration tolerance in conferring desiccation
resistance in these species. Thus, species that tend to occupy relatively
drier habitats are able to withstand greater dehydration tolerance.
The present study concludes that species-specific changes in
dehydration tolerance are associated with changes in desiccation
resistance. In warm-adapted species, a lower percentage of
dehydration tolerance is associated with a lower level of
desiccation resistance. The abundance of generalist species in
sub-tropical habitats is a reflection of the humid conditions in
such habitats, and its distribution decreases as latitude increases.
Conversely, cold-adapted species with high levels of dehydration
tolerance may sustain excessive water losses under drier climatic
conditions and, as a result, occur along the Indian subcontinent’s
high altitudes. Drosophila species show varying levels of
dehydration tolerance, which may affect their resistance to
desiccation. Until now, dehydration tolerance, despite its
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importance to physiological survival under dry conditions, has not
been sufficiently studied. In light of current findings, this view has
to be revised, and the ecology and ecology implications need to be
reconsidered so that under climate change understanding the role
of dehydration tolerance for survival under desiccating condition
could be understood because it might increase successful invasion
of various pest species in arid habitat.
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