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ABSTARCT:

In the present studies, six populations of a cold adapted species, Drosophila immigrans, were investigated
for ecophysiological traits (abdominal melanisation, desiccation resistance and cuticular water loss) and
reproductive fitness related traits (copulation duration and rate of fecundity). Changes in body
melanization significantly correlated with desiccation stress. Populations with increasing melanization
display better reproductive success (in terms of longer duration of copulation and increased rate of egg
production). Climatic conditions (temperature and humidity etc.) vary significantly along altitude and
exert differential selection pressure on phenotypic traits. Tcv (seasonal thermal amplitude) of sites of
origin of populations help to explain observed changes in various quantitative phenotypic traits in
altitudinal populations of D. immigrans. Such observations are in agreement with thermal budget
hypothesis and result in reproductive success under colder environments. Present investigations suggest
role of body melanisation in maintaining thermal balance and reproductive success in altitudinal
populations of D. immigrans
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1. INTRODUCTION

Insects are unique in diversity, abundance andimggering diverse habitats including extreme types
[Louw (1993); Willmeret al. (2005)]. Numerous investigations concern how insespe with challenges posed
by aquatic, mesic and xeric habitats [Edney (19H&dlley (1994); Chapman (1998)]. By contrast, theme
limited studies on physiological adaptations irets living in montane habitats which pose problesteted to
temperature, water availability and atmosphericgues [Mani (1968); Lee and Denlinger (1991); Wdhnat
al. (2005)].

A major concern of evolutionary physiologists ig thnderstanding of how ecophysiological features
have arisen as an outcome of natural selectionlifwil (1982); Davidet al. (1983); Willmeret. al. (2005)].
Several field and laboratory studies have propdlsatimelanisation patterns in ectothermic insetdy p role
in thermoregulation [Watt (1968); Brakefield andlimer (1985); Jacobs (1985); Goulson (1994); degkt al.
(1996); de Jong and Brakefield (1998); Majerus @f9camouflage [Majerus (1998); Cloudsley-Thompson
(1999)]; and resistance to pathogens [Wilsbml. (2001)]. There are a few investigations on thelagioal
significance of pigmentation polymorphism Drosophila, whereas, there is substantial heterogeneity in
pigmentation patterns (color, stripes, spots et@alotiominal tergites) among species groups as \gellitnin
species subgroups in drosophilids e.g. uniformlykdaploration in obscura group; stripes and/ ortsgo
quinaria, cardini and other species groups [Hokwehal. (2000 a and b); Llopast al. (2002); Wittkoppet al.
(2003); Brissonet al. (2005)]. Pleiotropic effects of melanism that ntigle associated with desiccation
resistance have received lesser attention. Brissah (2005) reported significant relationship of habitype
(open Vs forest Vs open forest) with average abdahpigmentation phenotypes Bfosophila polymorpha
collected from several localities in Brazil. Funthevailable reports do not show any evident conseiisee,
True (2003)].
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Several studies in insects concern the rate ofrwass in laboratory selected strains for desioeati
resistance, but such analyses have not been coedidle the context of body melanisation [Hoffmardan
Parsons (1993); Gibbs et al (1997)]. Field data Jdag and Brakefield (1998); Ellers and Boggs (2002
suggests that darker individuals are better adajotemblder as well as drier habitats at quite hedgwational
localities. By contrast, lighter phenotypes preimihe foothills. There is ample data to suppadhsdifferences
on the basis of thermal budget hypothesis but thesiple correlated effects of melanism have nonbee
considered so far. We hypothesized that melanisy hedp in reducing water loss and thereby confgrrin
desiccation resistance under colder as well ag didbitats. Since the ambient temperature is neggti
correlated with body melanization and if there issgible pleiotropic link of pigmentation with other
physiological traits (desiccation resistance anticalar water loss), rearing populations at diffargrowth
temperatures can result in significant correlations

Another aspect on possible pleiotropic effects daflanism in diverse insects (lepidopterans and
coleopterans) concerns reproductive success dubetonal melanism [de Jong al. (1998b)] but such
information is lacking in Drosophilids. Melanic in@luals of ladybird beetle benefit from increasmdting
success and earlier emergence times during sBirad¢field (1984 a & b)]. Idalia bipunctata (coleopteran)
and Ephestia Kuhniella (lepidopteran), melanics display higher matingcess as compared with typicals [de
Jonget al. (1998b); Verhoogt al. (1998)]. However, in view of widespread geneticiatility of abdominal
melanisation in diverseDrosophila species, data on correlated or pleiotropic effeatsmelanism on
ecophysiological traits and fitness consequenceslagely awaited. To find a possible link betwdssdy
melanization and reproductive traits we hypotheasithat if laboratory selected strains for highedanization
have increased reproductive fitness, and if witlpiopulation differences in assorted groups of body
melanization (darker and lighter phenotypes) hagmificant parallel changes in reproductive trafteen body
melanisation may have an adaptive role in confgmaproductive success under colder and drier digbit

In the present investigation, an attempt has beadento explore a possible link between abdominal
pigmentation and other physiological traits (desfwm resistance and cuticular water loss) and reavieral
trait (reproductive success) in altitudinal popiaias of Drosophila immigrans. Populations exhibit substantial
guantitative variation in abdominal melanizatiorthin as well as between altitudinal localities. Tiesults
show significant parallel increase in trait meatugea as well as standard deviations for both bagsnentation
and desiccation resistance as a function of altinidvariation. Genetic and plastic changes in body
melanization are negatively correlated with cuicuvater loss. Longer copulation durations and dnighte of
fecundity in darker individuals from higher altiiudl localities confer adaptive advantages fordyesurvival
under colder and drier environments. Present sfudigggest possible adaptive pleiotropic effects of
melanization in coping with water balance as weltgproductive successln immigrans.

2. MATERIAL AND METHODS

2.1 Field collections and maintenance:

Wild living adults ofD. immigrans were collected from six altitudinal sites whichreguite distant
from each other and included two low altitudinaksi(600m to 761m); two mid (1211m to 1440m) and tw
high altitudinal localities (1939m to 2202m). Alblections were made in a single trip in the monttfis
December. From each collection site, about 60 tointbviduals were obtained [during winter months
(November to February), low to high altitudinalesitharbor more than 258 immigrans individuals] which
were used to initiate 10 isofemale lines and a malsire with 20 pairs per population. All experimte were
conducted on the first and second laboratory géinesaof wild caught flies. The cultures were mained at a
constant growth temperature of 21°C. The use df Ipigecision thermometers (76 mm, Immersion ZedK)U.
helped in checking thermal fluctuations, if anyr Eensity control, 15 well developed inseminatechdées
from each line were placed for oviposition, intonating chamber with a thin layer of food for 12dahen
discarded. Food plates were incubated at 21°Cr Adteal eclosion, 70 first instar larvae were ¢allg seeded,
with dissecting needles, in culture vials with aghiyeastDrosophila medium that provides sufficient
nourishment during development. For all culturesngfers were made with randomly selected fortyspaach
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generation. For each population, isofemale linesewmaintained as 3 to 4 replicates because expetsme
required simultaneous analysis of pigmentationrmpdality based desiccation resistance.

Mass cultures of different populations were usestandardize experimental protocols for quantiati
as well as qualitative analysis of abdominal pigtagon, desiccation resistance and experimentsimglado
mechanistic basis of water balance. These prelmpirexperiments helped in ensuring accuracy and
repeatability for all subsequent experiments dameilsaneously for various traits in replicated mswfale lines
of each population. The methods followed in thespre studies were modified from several investigai®.
abdominal pigmentation [Martinez and Cordeiro (19 Rbbertsoret al. (1977); Davidet al. (1990); Machado
et al. (2001)], desiccation and estimation of water ba¢gparameters [Hoffman and Parsons, 1989; Gibals,
1997, Folk etl., 2001)].

2.2 Measures of body melanisation:

Pigmentation patterns were stable since emergemcevdre analyzed in six days old adults. There is
no sexual dimorphism in the pigmentation patterrd.iimmigrans. Estimates of abdominal pigmentation were
obtained through the usual quantitative (i.e. datoen of pigmented area through micrometer) andlitptive
method [visual inspection of the ratio of pigmengEttion out of total size of each abdominal segng@!{ to
7™]. For calculating abdominal pigmentated area, pHirs of six days old adult flies of both sexes per
population were anaesthetized and after removiray hend thorax, total abdominal tergites per flyteaf
removal of viscera through a ventral slit) were med on slides. The slides were subjected to measant
with a micrometer under strereozoom microscope rfplys SZ 11 Japan). For each abdominal tergitet¢2
7™ the pigmented area was calculated by measurimgsegmental vertical elevation (height) of pigmente
stripe and the total basal length of the respeah@ominal segment [i.e. ¥z (base x ht) x 2]. Féeutating the
total area of each abdominal segment, all the &ides of each abdominal segment as well as theoulég
length were measured. The sum of area of two iaguitiangles represented the segment area. Thisdane
due to unequal lengths and breadths of each ababsegment. Since, the abdominal segments (2)tdiffer
in size, the total area of each of these segmeasstransformed into relative sizes for the purpisgualitative
scoring i.e. 0.66, 0.88, 1.0, 0.88, 0.66 f&tt® 6" segments respectively in both the sexes. Howéhersize of
7" segment differs between sexes and hence relatigevas 0.22 for males and 0.33 for females.

Double blinded studies were conducted for the tptale scoring of pigmentation and the criterion of
high concordance between observed values was fedoim order to minimize possible errors in visual
inspection of the ratio of pigmented portion outtatal segment size. Since the pigmented portisembles
two opposing triangles in each abdominal tergiiesfwere scored laterally by taking means of méelation
and lateral elevation for all segments. The pigmot score out of ten for each segment was migtplith
its relative size in order to avoid biased estimaBoth methods gave a significantly high correlatfr = 0.99)
for elevational populations db. immigrans (Fig. 1). This helped in validating the qualitatimeethod that
handles live anaesthetized flies and is suitablsifaultaneous analysis of other physiologicaksran the same
group of individuals. By contrast, the quantitativeethod, which is based on mounting of abdomenshen
slides, cannot be used for analysis of other plygical traits, which require live individuals. Tiedore, for
most experiments on several physiological traitthareplicated isofemale lines per population,dbalitative
method of pigmentation scoring was followed in pinesent studies.
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2

“e. Male, 1=0.9910.03, b =0.3440.011
o, Female, r=0.99£0.02, b = 0.33+0.007

Pigmentation score

3 40 45 50 55 60 65 70 75 80 8 90 95 100
% Pigmented area

Fig1: Correlation between pigmentation score amginpnted area oD. immigrans populations. For
calculating the pigmented area of each fly, a rafidthe sum of pigmentation area of all the six @huhal

tergites to total area of all the segments wasidersd. Population means of ratios were converita percent
data.

2.3 Desiccation resistance:

For measuring desiccation resistance, after sca@ggnent-wise pigmentation for each isofemale line,
ten individuals were isolated in a dry plastic ildsed with a plastic cap. These vials containggndof silica
gel at the bottom of each vial and covered witlise df plastic foam piece. Four such replicatesewen for
each isofemale line (n=40 for males and femalelsg. iials were inspected every hour and the numifedtead
flies (completely immobile) were recorded. As thembers of dead approached half, vials were insgeaiter
every 30 minutes intervals till all the flies die®luch experiments were run for all the altitudipapulations of
D. immigrans.

2.4 Water balance analyses:

Rate of cuticular water loss in live flies duestmrt-term desiccation (2 hr to 10hr) was standaxdlin
groups of five flies. Repeatability of this assagsnensured before analyzing populations. Both bedad after
desiccation, groups of five flies of one sex wekaghed on a microbalance and weight loss (expressdtie
percentage of initial wet body weight) represerteticular water loss rate

2.5 Effects of growth temperature:
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Effects of rearing temperatures (15, 21, 25 & 28%@}Je analyzed in three populations (one each from
low, mid and high altitude) for desiccation resista and cuticular water loss. These assays were aomass
cultures maintained at 21°C in the laboratory. fhirairs per population were randomly selectedvipasit in
eight vials in successive 24 hr periods. Two vielsre randomly assigned to one of the four growth
temperatures for rearing the offsprings. Six ddgsanlults were simultaneously analyzed for the jutggical
traits.

2.6 Analysis of reproductive traits:

For three reproductive traits (copulation durationariole number, and fecundity), five randomly
chosen isofemale lines per population were analydidexperiments were done in three to five reples.
Lines per population were again retested for tipgmentation and desiccation resistance in ordefin
significant deviation, if any. The randomly selettines were in agreement with population means and
deviations were not statistically significant. Cégiion duration and fecundity were simultaneoushalgsed
while data on ovariole number was obtained fromrtq@icated isofemale lines per population. Totariole
number (for both ovaries of 6 days old flies) wasaied by fixing the dissected ovaries in a sataraolution
of potassium dichromate (n=5x5 per population). Each isofemale line, virgin females were collecaed
mated with virgin males in long test tubes (16 mB0xmm) plugged with cotton. All experiments weomd in
the morning hours 7 am, and in ten replicates iper Duration of copulation was monitored with emtatch.
Female fecundity was measured by placing a pairirgin but 6 days old female and male in culturelsi
Every two days, the flies were transferred to freshiure vials and the eggs that had been laid wetmted.
Fecundity was monitored for two weeks. For eachutatjpn, four replicates of five isofemale linesrevaised
to obtain population means. Rate of fecundity wasduto compare altitudinal populations varying heit
ovariole number.

2.7 Statistical analyses:

For all the traits, isofemale line means (n=10J aopulation means (n=10x10) along with S.E. were
used for illustrations and tabular data. Measufesbdominal pigmentation regressed against altitfderigin
of populations. Standardized values for each tnte used to compare slope values. For trait viitiab
analysis, ANOVA helped in comparing F values aralrthbercent variation contribution. The slope valuere
statistically compared on the basis of ‘t’ testr Btatistical comparison, percent data was ardsamsformed. In
order to find association between melanisation dediccation resistance, trait variability (i.e. nstard
deviation of pooled isofemale line data per popoigt was investigated on the basis of regressiot an
correlation analysis. The climatic data for eachection sites were obtained from climatologicakal&®ook
published by Indian Meteorological Department, N@@thi. The climatic conditions across these sikwadinal
sites can be compared on the basis of changesmatid variables per 150 meter rise in elevatioal{[€ 1) i.e.
Tev and RH, increase by 1.5% and ~1.0% per 150m whereagadnd Tyemgedecrease by 1°C and 0.7°C per
150m respectively. In order to find a possible Ibétween altitudinal trait variability of physioliegl trait with
climatic conditions (Fax Tmin, Taverage Toww RH @and RH,) we attempted simple regression analysis. Thelusua
correlations with family means, simple regressinalgsis and all other statistical and graphicalraplens were
done with the help of Statistica software.
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Table 1. Data on geographical and climatic variglide the six-altitudinally varying sites of theigin of
populations oDrosophila immigrans.

Collection sites and their altitudes
Climatic variable

Kalka Mandi Kullu Solan M anali Shimla

(600) (761) (1211) (1440) (1939) (2202)
Tmax (°C) 22.00 21.20 17.00 16.20 14.40 11.45
Tave (°C) 15.00 14.70 12.07 11.10 9.35 7.62
T (°C) 15.00 17.44 18.30 19.72 27.55 30.64
RH (%) 68.50 65.00 57.50 55.50 48.50 45.800
RH., (%) 3.00 3.67 6.82 6.75 12.61 12.95

3. RESULTS

Basic data on population mean values (S.E.) fiferént physiological traits are given in Table 2.
There is substantial variability for all the traits six altitudinal populations ob. immigrans. Desiccation
resistance and body melanisation demonstrate negiutal increase along altitude whereas reversedtioccurs
for rate of cuticular water loss. Females demoteststightly higher desiccation resistance (1.3 ® &) and
pigmentation score (1.5 to 2.5) as compared witlesnacross populations. However, the cuticular mates
rate was slightly but consistently higher in madlesompared with females (Table 2). The overalhghaan be
appreciated by a ratio of trait values to end pafihs along elevational increase i.e. except tier gum of
pigmentation values which increase about two ffddthe other traits such as desiccation resistanckrate of
cuticular water loss per hour; there are 1.5 foktéases across populations. Significant negatiuelations of
cutocular water loss/hr with pigmentation as walldgsiccation resistance across populations arebs gmint
out possible link between these physiological $raftlevational increases in desiccation resistamckrate of
cuticular water loss were compared on the baspopfilation mean values as a function of altituderdgin of
population ofD. immigrans (Table 3). Correlation values for both desiccatiesistance and rate of cuticular
water loss/hr were highly significant. The sloptuea are quite similar between the sexes for baghraits (i.e.
b=0.004+0.0002 for desiccation resistance and BH81%0.00003 for rate of water loss) alongside gicpunt
levels of genetic determinant of coefficient ofitsavariability (R=0.98 for desiccation resistance and 0.99 for
rate of water loss).
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Table 2. Data on population means (= S.E.) forghvhysiological traits-pigmentation score, desiorat
hours and % cuticular water loss/ hr (in both sef@ssix altitudinally varying populations @.

immigrans.
Population Pigmentation score Desiccation resistance % Cuticular water loss/hr
Male Female Male Female Male Female
Kalka 13.70+0.18 15.70+0.29  11.80+0.10  14.10+0.12.0630.02 2.72+0.06
Mandi 15.30+0.49 18.00+0.30  13.00+0.20  14.30+0.20.0030.01 2.67+0.07
Kullu 18.50+0.20 20.00+0.20 14.60+0.20  16.60+0.11 .6320.04 2.25+0.01
Solan 20.30+0.48 23.00+0.15  14.8040.12 17.50+0.20.50£D.07 2.19+0.03
Manali 24.10+0.43  26.80+0.37  17.30+0.03  19.00+0.1(.15%+0.03 1.75+0.01
Shimla 27.00+0.18 28.40+0.18 17.80+0.12  20.60+0.1@.05%+0.02 1.65+0.04
Overall 1.97 1.81 1.51 1.46 -1.50 -1.65
change

Table 3. Regression analysis of variability foremphysiological traits as a function of altitude rheters) of
the origin of six populations d@. immigrans.

Trait Sex r (Correlation) a (Intercept) b (slope) °R
) _ M 0.99 9.26+0.45 0.008+0.0003*** 0.99
Pigmentation score

F 0.99 11.3140.60 0.008+0.0004*** 0.98
Desiccation M 0.99 9.88+0.28 0.0037£0.0002*** 0.98
resistance F 0.99 11.4440.32 0.0039+0.0002*** 0.98

% Cuticular water M 0.9 3.4320.04 0.00063+0.00003*** 0.99

loss/ hr -
F -0.99 3.14+0.05 0.00068+0 00003+ 0.99

R?= Coefficient of genetic determination of trait izility.

3.1 Parallel changesin melanisation and desiccation resistance:

Body melanisation in altitudinal populations Bf immigrans showed substantial within and between
population variability demonstrated by isofemateeldata (Fig. 2). Along elevational transect, tnaétan values
(Table 2) as well as standard deviations for bodyamisation and desiccation resistance showedfigigni
parallel increase (Fig. 3a). Genetic correlatioasMeen SD of body melanisation and desiccation hofiD.
immigrans were highly significant (0.90-0.96) (Fig. 3b). Tslepe values for SD of both the traits as a famcti
of altitude are quite similar (b~0.001) and demmatstsimilar levels of trait variability.

In order to find association between abdominal msktion and desiccation resistance, preliminary
experiments indicated that wild male flies from naitfitudes (Solan), upon segregation into two gsoop
darker (21.8+1.0) and less darker flies (18.2+0v&)ed in their desiccation i.e. 16.0 hr Vs 136 (data not
shown). This was further confirmed by collectinglenéies (n=40 to 60) in October and December fi8atan

i.e. there was significant phenotypic correlatignvieen darker flies and higher desiccation (r=0488) also
for less darker flies and lesser desiccation (180.7
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Fig 3: Regression analysis of elevational incraasgait variability (shown as S. D. = standard idéen) in
both the sexes for body pigmentation and desiatat@sistance (a). Covariance of S. D. for both the
physiological traits demonstrates significant clatien (b). Ellipses of 90 percent probability aiigen.

3.2 Impact of climatic variables on desiccation resistance and rate of water loss:

In order to find a possible link between altituditrait variability of physiological traits with hatic
conditions (Thax Tmin, Taverage Tew RH @and RKE,) we attempted simple regression analysigw TTmin: Taverage
and RH resulted in significant negative slope valf@ pigmentation and desiccation resistance, viere
identical between sexes of both traits for the eetige climatic variable whereas reverse trend oteerved for
cuticular water loss (data not shown). However, meenthly coefficient of variations of temperatu(@s,)
and relative humidity (RK) showed opposite trend i.e. significant positil@e values for pigmentation and
desiccation resistance whereas significant negatiyge values for cuticular water loss were obskr@&mple
regression analysis of trait variability as a fumetof altitude as well as RH resulted in signifitalope values
and negative correlation between the traits. Satérirelationship has been illustrated in threeadigional
illustration (Fig. 4). Multiple regression analysis the basis of one of temperature variablg{ T min, Taverags
and RH neither provide significant slope values emefficient of genetic determination of trait \aility (r).
However, T, and RH, alone (Table 4) as well as in combination gaveniigant results for all the three
physiological traits. Such analysis helped in eixptey the evolving altitudinal trends in physiologl traits on
the i

basis of

seasonal variations in temperature and
humidity.
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Fig 4: Three dimensional scatterplot illustratingitt variability [Pigmentation score (a); desiéoathours (b);

and % cuticular water loss/hr(c)] as a simultandanstion of altitude and relative humidity of thite of
origin of D. immigrans populations.

Table 4. Regression analysis in terms of slopeaftn) R (coefficient of genetic determination) for altitodl
variations in three physiological traits as a fimwtof climatic variables [coefficient of averages
winter months for temperature (Tcv) and relativemidity (RHcv)] of the site of origin oD.
immigrans populations.

Trait Sex Tcv RHcv
r a p*** R? r a pp¥** R?
oo M 006 323:008 0.78:009 002 097 1L42:0.96 44011 0.4
g F 096 534:091 0774008 092 007 13.37:0.91 24011 0.95
Sesiceation resistance M 0.95 7.08:0.98  037:0.04 091 0.98 10.7940.28 4803 0.97
F 094 849+121 0.39:0.05 089 007 12.52+0.51 8096 0.94
% Cuticular water M 0.95 389019 56,0009 0-89 (og 3:2680.07 9.0008 9090

loss/ hr =

0.05 3658019 40740009 991 g 297#0-05 44,0006 098

All values for r, b and Rare significant at p<0.001.

3.3 Impact of growth temperature on physiological traits:

To find a possible link between physiological sgiibdominal melanisation, desiccation resistande a
cuticular water loss), three populations from casting elevations (low, mid and high) were simugiausly
analyzed at four different growth temperatures.c8ithe ambient temperature is negatively correlaigh
body temperature and if there is a possible linkvben three physiological traits, rearing populadicat
different growth temperatures (15, 21, 25 and 28¢&) result in significant correlations. The regies
analysis of each population across thermal rangeltesl in slope values which vary for the threeyations
and evidence genotype and environment interactiorgenetic reactivity of trait slope values for famature
changes (Fig. 5). Abdominal melanization was alwsigsificantly high at low growth temperature andev
versa and there are significant correlations batvgwgysiological traits. The same data was furtinedyzed at a
particular growth temperature and the resultingpaslgalues differ significantly for flies reared H3°C versus
those grown at 28°C (Table 5). Different intercepsswell as slope values in populations grown Hemint
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temperatures result due to genetic as well as @mviental effects. Data was further subjected to XX0n
order to find effects due to populations and terapge (Table 6). As expected, effects due to growth
temperatures were significant (65-77%) for all tth@ee physiological traits. However effects due to
populations, only from three contrasting altitudesye 1.5 times higher for abdominal pigmentati®d%) as
compared with desiccation and cuticular water [d$sto 18%). The variations due to sexes was hi¢hetb)

for desiccation and cuticular water loss as congpavith pigmentation. Since only five lines per plations
were analyzed, line effects as well as interaotiffects were lower.

36

33 t

30 ¢

Sum of pigmentation score
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12

24 }

Desiccation resistance (hours)

27 t

24 |

21 t
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@
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Fig5: Regression analyses of three physiologiedtst (a: pigmentation score; b: desiccation rasis; c: %
cuticular water loss/hr) as a function of four gtbwemperatures (15, 21, 25 and 2B) in three
altitudinal populations ob. immigrans.

Table 5. Data on slope values for variability in three plojysgical traits as a function of altitude of origif
populations. Data on each of the four growth terajpees was analyzed individually for comparison
of altitudinal slope values.

Temperature
“ <)

Pigmentation Score

Male

Female

Desiccation Resistance

Male Female

% Caticuhter loss/ hr

Male Female

15

21

25

28

0.0070+0.0008

0.0070+0.0006

0.0045+0.0011

0.0040+0.0007

0.0085+0.0007

0.0080+0.0012

0.0055+0.0011

0.0050+0.0006

0.0060+0.00010 @H0.D0O04
0.0040+0.00007 @H0H003
0.0030+0.00005 @H04H002

0.0020+0.00002 @H02001

-0.001+0.00004 -0.001+0.00002
-0.002+0.00015 -0.001+0.00008
-0.003+0.00021  -0.002+0.0001

-0.003+£0.0002  -0.002+0.0001
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Table 6:Data on analysis of variance (ANOVA) applied ta tbe variability due to populations (P), temperat(l), sex (S) and lines (L) for three physiol@gitaits in
populations grown at four growth temperatures.
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Variable d.f. Pigmentation Score Desiccation rasise¢ % Cuticular water loss/ hr
MS F P % Var MS F P % Var MS F P % Var

P 2 11888.51 7766.9 e 2079 4347.61 4767.44 ¥»* 8.05  752.415 86337.9 ¥k 15.36
T 3 17333.88 11329.3 ¥k 65.17 11634.36 12757.84 * *»* 7246  2519.915 2891544 e 77.20
S 1 662.77 433.2 % 0.83 1195.14 1310.56 ***  2.48 287.567 32997.6 k2,93
L 4 39.08 255 ¥ 0.20 114.57 125.63 ¥k 0.95 023 27.4 ¥+ 0.009
P*T 6 427.22 279.2 W 3.21 323.56 354.81 % 4.03 54.580 6263.0 Wk 3.34
P*S 2 11.34 7.4 ** 0.03 79.66 87.35 % 0.33 19.759 2267.3 % 0.29
P*L 8 4.63 3.03 % 0.04 25.74 30.58 % 0.46 14.22 1631.9 % 0.005
T*S 3 16.70 10.9 % 0.06 27.89 28.22 % 0.16 0.07 8.0 ** 0.60
T*L 12 3.05 2.0 * 0.05 2.94 3.22 *x 0.07 0.055 6.3 ¥ 0.006
S*L 4 2.27 15 NS 0.01 1.11 1.21 NS 0.009 0.017 2.0 * 0.006
P*T*S 6 36.71 24.0 ¥ 0.30 4.20 4.60 ¥k 0.052 3AZ 372.6 ¥k 0.198
P*T*L 24 4.46 2.9 ¥k 0.13 8.76 9.60 ¥k 0.043 0.®4 5.2 ¥ 0.011
P*S*L 8 4.12 2.7 - 0.04 6.20 6.80 ¥ 0.10 0.059 6.7 ¥ 0.004
T*S*L 12 2.98 1.9 * 0.04 5.39 5.91 ¥ 0.13 0.053 16 ¥+ 0.006
P*T*S*L 24 3.73 24 *x 0.11 5.25 5.76 ko 0.26 0.@83 4.3 ** - 0.009
Error 1080 1.53 --
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3.4 Abdominal melanisation and reproductive traits:

For analyzing fithess consequences of abdominahmigdtion, we analyzed ovariole number, rate of
fecundity and copulation duration as a functionatiftude as well as pigmentation score of respectigxes
(Fig. 6). Across altitudinal populations, the ovkechange is about 1.5 fold for copulation duratis well as
fecundity that are significantly correlated withgpientation score (r=0.94; Fig. 6 ¢ and d). Inténght, the
slope values for copulation duration, ovariole neménd fecundity are significantly high i.e. 7 mi®00Om" for
copulation duration and 6 ovarioles 100bfor ovaries, and 16 eggs 1000mlong elevational transect for.
immigrans. However the rate of fecundity has shown a slogleiesof 0.15 per 1000m. The basic data on
ovariole number, copulation duration and fecunétigm six altitudinal sites ob. immigrans was subjected to
ANOVA (data not shown). For all the three traitsydues were highly significant for populationsds and
interaction effects. Percent variations due to fatns are 83.36% for fecundity while 51 and 5466 f
copulation period and ovariole numbers respectivielye variation was lower (7%) for ovariole numbemnd
fecundity and quite high (28.54%) for copulatiomipé.

Further, the association between abdominal meltaaizand reproductive traits was confirmed by
assorting the flies into darker {Fand H) and lighter (L and L) phenotypes from mid-altitude (Solan)
populations (Table 7). Darker and lighter fliesigdrin their reproductive traits. The darker mg[28.5+0.87)
showed higher copulation duration (34.2+0.50) asmared with lighter males (13.4+0.77) which shoueder
copulation duration (21.15+0.97) whereas the dafkenales (30.6+£0.74) showed higher rate of fecyndit
(97.3+1.62) as compared with lighter females (1¥0063) which showed lesser fecundity (65.4+1.68)e T
ovariole number does not differ significantly amathg control and selected lines. This is evideammfrthe
results that melanization is significantly correthtwith reproductive traits. These results alsdcetg that
copulation duration is a male related fitness trdiereas fecundity is female related fitness trait.
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Fig.6. Regression analysis of reproductive traitgp(lation duration & fecundity) as a function dtftade (a & b); and pigmentation score (c & d).
Ellipses of 90 % probability are shown.

Table 7. Data on pigmentation score and reprodeittaits in control and selection lines derivazhirmid-altitude population d. immigran from Solan (1440m).

Pigmentation Score Copulatlo_n duration Ovariole Number Fecundity Rate of fecundity
Male Female (min)
Control 21.30+0.50 23.00+0.60 28.80+0.20 65.00+0.30 80.00+0.70 1.23+0.02
H; (High) 26.90+0.60 30.20+0.80 33.80+0.20 66.40+0.60 96.00+1.10 1.44+0.02
H, (High) 28.10+0.70 31.00+0.70 34.60+0.30 65.60+0.50 98.60+0.50 1.50+0.06
L; (Low) 12.80+0.50 16.60+0.50 20.30+0.40 65.80+0.50 64.00+0.60 0.97+0.01
L, (Low) 14.00+0.40 17.50+0.40 22.00+0.25 64.60+0.40 66.80+0.90 1.03+0.02
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4. DISCUSSION:

In the present studies, altitudinal populations Inf immigrans demonstrate significant
phenotypic variation in abdominal pigmentation withs well as between populations. The quantitajseetic
basis of trait variability is evident from clinahanges in mean values as well as standard desafitws, there
is great deal of genetic variability for abdomipéymentation inD. immigrans. Mean pigmentation scores for
different populations ob. immigrans exhibit a clinal pattern along altitude. Becaussamambient temperature
is inversely correlated with elevation, it is pdisito explain the observed variation as the resfuitdaptation
to local environments.

In ectothermic insect taxa, the role of body melation in the thermoregulation has been
demonstrated in (a) field studies i.e. evidencesatifudinal clinal variation for melanics in ladyth beetle
(Adalia bipunctata), by Brakefied and colleagues in Netherlands fwlegJand Brakefield, (1998)[ and @olias
butterflies [Ellers & Boggs (2002)]; (b) in labooay studies by experimental manipulation of butyerfing
colour with black marker and exposing to solar atidn [Ellers & Boggs (2004)]. Such evidences inoiar of
thermal melanism have been reviewed by Cluselldidg&t.al. (2007) and Majerus (1998). However, such
investigations on wild populations @frosophila species and populations have received less atten@ur
results on heritable elevational increase in mektion of abdominal segments . immigrans are in
agreement with the hypothesis that black body sadabetter absorb solar radiation in order to raaint
optimum body temperature under colder ambient teatpees. A disadvantage of being darker is that the
animal may overheat more easily, but this is oftempensated by behavioral mechanism, as in thbufire
[Honek (1986)].

Melanic flies have tighter cross linking of the icutar proteins, which potentially make it less
permeable. So transpiration through cuticle willnbere where the body surface is lighter whereakeddrody
surface helps in low transpiration through cutickjucing rate of water loss and hence increassisadion
resistance. In the present studies, there is dfis@mt reduction in the cuticular water loss aldhg elevational
transect, suggesting that, at high altitudes, duewer rates of water loss, flies survive sigrafitly longer in
desiccating conditions and vice versa. Furtherassociation between desiccation and rates of vassris
confirmed by rearing the three contrasting popaoregiat four different growth temperatures. Our ltsgurovide
evidence that the rate of water loss and desiatatie associated mechanisms and along elevati@mseit,
increase in desiccation being a consequence dftEgieon melanisation.

In montane habitats with increasing elevationsptbermic organisms cope with colder and drier
conditions. At low ambient temperatures, the watamtent of the ambient air is reduced and increased
speeds also add to the dehydrating effects. Sndtesophilids, having a greater surface area tanael ratio,
are highly vulnerable to dehydration. Several itigesions have considered interspecific differendes
desiccation resistance with mechanistic link toghablems of water balance [Zachariassen (199@)b&zt al,
(1997); Hoffman and Harshman (1999); Addo-Bediakal. (2001)]. However, similar studies on intraspecific
level are limited (Eckstrand and Richardson, 19&fksent study reveals that montane populationB.of
immigrans from high altitude locations survive desiccatimanditions significantly longer than the low altieid
populations.

In insects, physiologically controlled route of watoss are cuticular evaporative water loss (CEWL)
and respiratory evaporative water loss (REWL). &#vetudies have shown that the REWL accountsdss |
than 10% of total water losses [Hadley (1994); \atifiset al. (1997)]. Most investigations concern REWL rate
in resting phase while losses could be more duflight or active phases. For estimation of cuticulater
losses, several studies have used dead flies @tccation) but such data remain inconclusivetdube fact
that losses are significantly high as flies apphodeath under desiccating conditions [Kimataal. (1985);
Hoffman and Parsons (1989); Gravatsal. (1992)]. By contrast, determining water loss weliflies (through
gravimetric methods or flow through respirometdtgrashorter duration of exposure to desiccatingdéions
provides a better measure of water loss. Some tige¢ions have reported interspecific variationghe rate of
water loss in manprosophila species from mesic and xeric habitats [Gibbs amdzkin (2001)] but such data
on intraspecific level has received less attentlanthe present studies, desiccation resistanaggisficantly
correlated negatively with water loss rate i.e hhédfitude populations have evolved mechanismdoce water
loss under colder and drier conditions.

Insect cuticle is an important interface betweeryspilogical systems and the environmental
conditions [Neville (1975)]. Numerous studies hawvesidered the mechanistic basis of water balandenhot
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and dry environmental conditions in diverse taxairsfects [Edney (1977); Louw (1993); Hadley (1994),
Zachariassen (1996); Gibbsal. (1997)]. Several investigations concern quali@twd quantitative changes in
epicuticular lipids that have been shown to reduécular water loss in ants, beetles and grassrspphich
live under xeric conditions [Hadley (1994); Gibi®998)]. The amount of cuticular wax varies withs®ai. e.

in the hottest months. Wax blooms occur to reduatemloss in tenebrionid beetles [Willisgnal ,( 2005)]. By
contrast, inD. melanogaster, it has been shown that significant differences/ater loss can occur with little or
no change in epicuticular lipids e.g. desiccatielested and control populationsDf melanogaster had similar
amounts of epicuticular lipids [Graves al. (1992); Gibbset al. (1997)]. Analysis of a desiccation sensitive
mutant (parched) iD. melanogaster demonstrated similar levels of epicuticular lipidswild versus mutant but
rate of water loss was quite high in the mutantnjlia et al, (1985)]. By contrast the desert fruit flyD (
.mojevensis) has more epicuticular lipids as compared with imdésuit flies [Markow & Toolson (1990);
Toolsonet al. (1990)] and differences also occurDn preudoobscura [Toolson & Kuper-Simbron (1989)]. In
montane populations db. immigrans epicuticular lipids do not differ quantitativelycrass populations and
there is lack of correlation between water loss giduticular lipids [Ravi Parkas# al. (2008)].

Fitness consequences of melanism have been demiedstn the basis of field as well as laboratory
studies on melanics versus typicals in butterfind beetles [Majerus (1998)]. In wild populatioridaalybird
beetle Adalia bipunctata) from Netherlands, thermal melanism through inflcee on body activity results in
earlier adult eclosion as well as reproduction aflanics as compared with typicals. Direct evidenfe
differential effects of solar radiation and therrpabperties on melanics versus typicals has besarodstrated
in butterflies [Roland (1982); Guppy (1986)] and biretles [Brakefield & Willmer (1985)]. In flour rtio
(Ephestia kuehniella) the effects of genes controlling melanism reslitesignificantly higher flight as well as
walking activity in melanics than non-melanic gemas [Verhoogt al. (1998)]. In ladybird bettleCoccinella
septempunctata, the melanic morphs with higher elytral pigmertatishowed greater fecundity than lesser-
pigmented individuals in relation with radiant hdevel [Rhamhalinghan (1999)]. I6alias eurytheme, the
artificially melanised females had a higher egguratton rate under cold ambient temperatures [&l&rd
Boggs (2004)].

Melanin synthesis and the enzymes involved arelhigbnserved in drosophilids as well as other
insects [Kayser (1985)]. Genetic and developmemiasis of pigmentation have been characterized in
Drosophila melanogaster [Biessmann & Green (1986); Walterral. (1996); Koppet al. (2003)]. Mutations in
some of the loci (yellow and Ddc cluster of lociiath control melanisation) have shown pleiotropifeetfs on
reproductive characters [Wright (1987); Stathtadtisal. (1995)]. Such mutants show a variety of modified
mating behaviour (reduced courtship intensity, ffisient stimulation of the female through wing vation and
licking [Burnett and Wilson (1980); Wright (19873tathtakiset al. (1995)]. Thus, mutations in a majority of
pigmentation loci affect female and/or male fegtiliPleiotropic effects of genes controlling melaation
suggest that selection effects can cause incidehtaiges in reproductive physiology and/or matiagaviour.

In the present studies, significant genetic coti@ha of duration of copulation as well as ratdemfundity with
sum of pigmentation in altitudinal populations®@fimmigrans support the conclusion that selection pressures
affecting body melanization have correlated respsren reproductive traits. Higher duration of cagioh as
well as rate of fecundity constitute adaptive styés for better survival under colder environments

In conclusion, analysis dD. immigrans populations from low to high altitude localitiesrfvarious
physiological traits demonstrate that both desiooaind melanism have substantial genetic vartgthithich is
subjected to natural selection pressures undereca@dd drier conditions. Melanism is a likely catate for
cuticular impermeability for reducing water lossden increasing dehydrating conditions along artualinal
transect. Our data is consistent with the increassitcation being a consequence of selection danmsation.
The analysis of climatic factors have shown thasseal variations in temperature and humidity, &hd RH,)
can be responsible for maintaining genetic hetareie in three physiological traits related to thai and
water balance as well as reproductive traits rdladditness. Further investigations are needeskueral species
and populations of drosophilids and other insexa ta order to establish such pleiotropic or cated effects
of melanism.
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