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Abstract

In the present study, we tested the hypothesis whether flight-related traits such as wing area, flight-muscle ratio, wing loading
and dispersal yield evidence of geographical variation in nine wild-collected as well as laboratory-reared (at 21°C) latitudinal
populations of Drosophila melanogaster from the Indian subcontinent. We observed positive clinal variation in the wing—
thorax ratio, wing aspect ratio and wing area, along a latitudinal gradient for both the sexes. In contrast, geographical changes
in three parameters of flight ability, i.e. flight-muscle ratio, wing loading and dispersal, showed negative correlation with
latitude. On the basis of isofemale line variability, we observed positive correlation of wing loading with flight-muscle ratio as
well as dispersal behaviour in both the sexes. We also found positive correlation between duration of development and wing
area. Interestingly, southern populations of D. melanogaster from warm and humid habitats exhibited higher flight-muscle
ratio as well as the higher wing loading than northern populations which occur in cooler and drier climatic conditions. Lab-
oratory tests for dispersal-related walking behaviour showed significantly higher values for southern populations compared
with northern populations of D. melanogaster. Multiple regression analysis of geographical changes in flight-muscle ratio,
wing loading as well as walking behaviour as a function of average temperature and relative humidity of the origin of popula-
tions in wild-collected flies have suggested adaptive changes in flight-related traits in response to steeper gradients of climatic
factors in the Indian subcontinent. Finally, adaptive latitudinal variations in flight-related traits in D. melanogaster are consis-
tent with results of other studies from different continents despite differences due to specific climatic conditions in the Indian
subcontinent.

[Bhan V., Parkash R. and Aggarwal D. D. 2014 Effects of body-size variation on flight-related traits in latitudinal populations of Drosophila

melanogaster. J. Genet. 93, 103—-112]

Introduction

In insects, flight is crucial for finding resources as well
as mates (Kammer and Heinrich 1978; Alexander 1983;
Brodsky 1994). In temperate as well as tropical regions, in-
sects have evolved morphological and physiological changes
in flight-related traits due to genetic adaptation and/or phe-
notypic plasticity (James et al. 1995, 1997; Partridge and
French 1996; Nunney and Cheung 1997). Several studies
have shown genetic differences in body-size-related traits in
geographical populations of diverse Drosophila species such
as D. melanogaster, D. kikkawai, D. subobscura, D. serrata,
D. birchii, etc. (Azevedo et al. 1998; Parkash et al. 1998;
Gilchrist and Huey 2004; Hoffmann and Weeks 2007). For
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Drosophila species, mean values of body-size-related traits
have evidenced linear increase with latitude on different con-
tinents such as Europe, Australia and America. Repeatability
of body size clines in different continents and across differ-
ent Drosophila species suggest the role of natural selection in
maintaining such geographical variations in fitness-related-
quantitative traits (Endler 1977; Coyne and Beecham 1987;
Imasheva et al. 1994; Van’t Land ef al. 1999). However, from
the Indian subcontinent, so far only one species, D. kikkawai
(Parkash et al. 1998) has been investigated for geographi-
cal variation in body-size-related traits. D. melanogaster is
abundantly available across all the Indian subcontinent but
geographical changes in flight-related traits have not been
investigated so far.

Temperature is generally assumed to affect body-size-
related traits in ectothermic organisms such as Drosophila
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species (Unwin and Corbet 1984; Greenewalt 1962; Brodsky
1994; Junge-Berberovic 1996). The effects of different
growth temperatures on phenotypic plasticity of body-size-
related traits have also been evidenced in D. melanogaster
(James et al. 1995, 1997). Several studies have investigated
mechanistic basis of flight ability of Drosophila species
under variable thermal conditions in the laboratory (Unwin
and Corbet 1984; Starmer and Wolf 1989; Dudley 2000;
Frazier et al. 2008). These studies have shown that the
amount of lift generated by a single wing stroke is posi-
tively related to wing area; and average lift is proportional to
the square of wing beat frequency (Ellington 1984; Dudley
2000). Because the wing beat frequency and power output of
small ectotherms, like Drosophila, declines with decreasing
temperature (Curtsinger and Laurie-Ahlberg 1981; Unwin
and Corbet 1984; Stevenson and Josephson 1990), the total
lift generated by flies exposed to cold temperatures declines
substantially. One way to compensate for these effects of
low temperature on wing beat frequency could be to increase
the relative size of the wings or to reduce the overall wing
loading (Reed et al. 1942; Stalker 1980; Starmer and Wolf
1989; Azevedo et al. 1998). Some studies have shown that
greater wing area could be advantageous in cold because
flies can generate increased lift despite the decreased muscle
power output that occurs at colder temperatures (Lehmann
1999; Frazier et al. 2008). If changes in wing loading rep-
resent adaptations of insect flight in nature, we expect simi-
lar changes in Indian populations of D. melanogaster which
occur under tropical, subtropical and montane habitats along
latitude on the Indian subcontinent but there are no data to
support such arguments.

Several studies have suggested that flight ability of differ-
ent insect taxa is likely to affect their dispersal and walk-
ing behaviour (Roff and Fairbairn 2001; Marden 1989). Dis-
persal is a life-history-related trait that affects distribution
and abundance of a species (Dieckermann ef al. 1999). Lab-
oratory as well as wild strains of D. melanogaster have
shown relationship between growth temperature and dis-
persive behaviour (Mikasa and Narise 1979). This study
has shown higher dispersive ability in flies raised at higher
temperature (30°C) as compared with flies reared at colder
temperatures (15 or 20°C). If thermal conditions affect dis-
persal behaviour, we might expect geographical differences
in dispersal of flies adapted to montane versus tropical
habitats. Accordingly, we have examined possible relation-
ships between flight ability (wing loading) and dispersal-
related walking behaviour in geographical populations of
D. melanogaster.

In the present study, we investigated the geographical
variations in flight-related traits (wing length, thorax length,
wing width and wing area) in wild-caught as well as
laboratory-reared D. melanogaster. We estimated the wing
loading as thorax volume / wing area in place of body
weight / wing area so as to control the age and nutrition re-
lated changes in body weight. Further, we examined whether
two flight-related traits (i.e. flight-muscle ratio and walking
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behaviour) are related to wing loading in geographical
populations of D. melanogaster. Finally, we subjected the
morphometric data on all the flight-related traits to multi-
ple regression analysis as a function of average tempera-
ture(74ve) and relative humidity (RH) of the sites of origin of
D. melanogaster populations to assess selection responses to
local environmental conditions on the Indian subcontinent.

Materials and methods

Cultures

We investigated the nine Indian populations of D.
melanogaster collected across the Indian subcontinent along
a latitudinal range (8.29-32.16°N) involving a distance of
~3000 km in a single trip in September—October 2009. Wild-
caught female flies were used to set up isofemale (IF) lines
(n = 20 per population) and were maintained on standard
Drosophila culture medium (Sugar — Agar — yeast medium)
at 21°C in temperature-controlled-growth chambers. For all
isofemale line cultures, initial egg-laying period was limited
to a few hours (~6 h) and therefore crowding or density
effect was minimized and laboratory growth conditions for
all cultures were kept uniform. For geographical populations
of D. melanogaster, climatic data on thermal variables were
obtained from Indian Institute of Tropical Meteorology. Data
on RH were obtained from climatological tables published by
the Indian Meteorological Department, Govt. of India, New
Delhi, and are shown in table 1.

Measurement of morphometric traits

For wild-caught populations we measured body-size-related
traits (wing length, thorax length and wing width) in 100
male as well as 100 female individuals per population.
These metric traits were also measured in 5-day-old virgin
laboratory-reared 100 males as well as 100 female flies of
each of 20 laboratory-reared IF lines per population. Mor-
phometric traits were measured using a micrometer in an
Olympus Stereo-zoom microscope SZ-61 (www.olympus.
com). Wing length (WL) was measured from the point of
attachment with the thorax up to the tip of third longitudi-
nal vein; thorax length (TL) was measured from the anterior
margin of the thorax to the tip of postscutellum. Wing width
(WW) was measured along the mid vertical line of the wing.
Micrometer observations were transformed according to the
magnifications and the data were expressed in millimetre.
For body weight measurements, each group of 10 individu-
als (males and females separately) was weighed on a Sarto-
rius microbalance (model CPA26P, 0.01 mg precision; www.
sartorius.com). All the morphometric studies were done on
virgin flies in a temperature-controlled room set at 25°C.

Assessment of wing loading

For estimation of wing loading, two methods have been
followed in different studies, i.e. wing loading (pwl) =
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Table 1. Geographical and climatic variables for nine latitudinal populations of D. melanogaster.

Geographical variable

Population Lat. (N) Long. (E) Alt. (m)
Trivandrum 8° 29/ 76° 59 64
Vellore 12° 52/ 79° 11 214
Hyderabad 17° 27 78° 28/ 545
Nagpur 21° 06/ 79° 09’ 310
Bhopal 23° 17 77° 39’ 523
Gwalior 25° 117 78° 10/ 257
Rohtak 28° 50/ 76° 34/ 219
Solan 30° 80/ 77° 70 1440
Manali 32° 16/ 80° 16/ 2039

Climatic variable

Tmin (°C) Tmax (°C) Tave (°C) RH (%)
30.9 26.3 28.6 78.3
30.3 24.5 274 69.7
30.2 24.1 27.1 61.2
29.9 23.6 26.8 58.6
28.8 21.8 253 55.7
273 19.7 23.5 53.5
25.2 17.4 21.3 51.2
23.1 15.2 19.1 49.6
19.5 10.1 14.8 47.3

Lat., latitude; long., longitude; alt., altitude; Tinjp, minimum temperature; 7pmax, maximum temperature; Taye, average temperature;

RH, relative humidity.

body weight / wing area; pw (2) = thoracic volume /
wing area (Stalker 1980; Azevedo et al. 1998). For wild-
caught individuals, variations in body weight due to age
are difficult to control in females but variations are not sig-
nificant in males of D. melanogaster. However, we con-
trolled age-related effects by following Stalker (1980) and
used thorax volume in place of body weight for wild-caught
as well as laboratory-reared male and female individuals of
D. melanogaster. The thorax volume was calculated as tho-
rax length x thorax width x thorax depth. This was done
because thorax volume and body weight showed positive lin-
ear correlation (see figure 3), and was necessitated due to
possible and uncontrolled variations in body weight due to
age as well as nutrition.

Estimation of morphometric traits

We followed standard methods to estimate wing area, wing
thorax-length ratio, wing aspect ratio and wing-load index
(Stalker 1980; Azevedo et al. 1998; Van’t Land et al. 1999).
The wing area was estimated as wing length x wing width
in mm?. Wing aspect ratio is a metric character which pro-
vides information about wing shape and was measured as the
ratio wing length?/ wing area (Azevedo et al. 1998). Further,
wing-load index was calculated as the ratio of thorax vol-
ume / wing area (Stalker 1980). Another flight-related trait,
flight-muscle ratio, was calculated as the ratio thorax dry
mass / total body dry mass (Frazier et al. 2008). To deter-
mine flight-muscle ratio, we randomly selected 10 IF lines
of nine latitudinal populations of D. melanogaster. For each
fly, the abdomen, head and thorax were separated from leg
and wing and each part was weighed separately (before and
after drying at 60°C for 24 h) with an electronic microbal-
ance (Sartorius CPA26P, 0.01 mg precision; www.sartorius.
com). This was followed for 100 virgin male and female
flies of wild-caught and 10 randomly chosen IF lines of
laboratory-reared individuals of nine latitudinal populations
of D. melanogaster. The data on thoracic dry mass and total
body dry mass were used for estimation of flight-muscle
ratio.
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Assessment of developmental time

For randomly chosen 20 IF lines for each of nine latitu-
dinal populations of D. melanogaster, developmental time
was recorded as the time between average egg-laying time
and the midpoint of the interval (8 h) in which flies
emerged. Finally, the developmental time was calculated
as the weighted mean eclosion time. The flies were grown
at 21°C, and when the first flies were about to eclose
the culture vials were checked for newly emerged adults
every 8 h.

Assessment of dispersal-related walking behaviour

For wild-caught and laboratory-reared flies of each popula-
tion, we measured dispersal index by following the method
suggested by Mikasa and Narise (1979). The setup includes
a set of four migration tubes (see figure 1, pp. 218, Mikasa
and Narise 1979). Fifty pairs of flies (virgin and 5-day-old in
case of laboratory-reared flies) were introduced in the cen-
tral food vial and kept for 24 h. Thereafter, three new tubes
with fresh Drosophila culture medium were connected with
the central tube and flies were allowed to disperse for 6 h in
a temperature controlled room at 25°C. The dispersal activ-
ity was calculated as the per cent of the dispersed flies in
connected tubes to total flies after 6 h.

Statistical analysis

For statistical analysis of various morphometric traits, we
used Statistica software (Statistica 1997). For wild-caught
flies, we used means £+ SE values of 100 female or 100
male individuals per population. For each of the 20 IF
lines per population, we used means £ SE values of 100
male and 100 female flies of each IF line. For laboratory-
reared flies of various populations, trait variability of dif-
ferent flight-related traits (wing area, wing loading, flight-
muscle ratio and dispersal index) were assessed on the basis
of nested analysis of variance so as to partition effects
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due to populations and IF lines for male flies or female
individuals of nine geographical populations. Based on isofe-
male line data, we calculated correlation (» &= SE) between
traits such as thorax volume and body weight of laboratory-
reared 10 IF lines of one southern (Trivandrum) and one
northern population (Manali). Similarly, correlations were
estimated between wing loading and flight-muscle ratio, and
finally with dispersal index. Thus, for all the quantitative
traits, we treated data on male and female individuals sepa-
rately. Finally, we used multiple regression analysis of trait
variability as a simultaneous function of 7, and RH of the
sites of origin of nine wild-caught geographical populations
of D. melanogaster (y = a + b Ty + by - RH).

Results

We have illustrated geographical variation for three body-
size-related traits (wing and thorax length, wing aspect
ratio, and wing area) in both the sexes of wild-caught
and laboratory-reared individuals of nine populations of
D. melanogaster in figure 1. For each trait population mean
values have evidenced clinal increase along latitude, i.e. trait

Male
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Lab =2.45 + 0.008*x

Wing length / thorax length
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values increase in populations from south to north. This is
confirmed by regression analysis. For these three body-size
traits, slope values did not vary between sexes for wild-
caught populations (figure 1). Likewise for laboratory-reared
populations of D. melanogaster slope values did not vary
between the sexes. However, there are significant differences
in slope values between wild versus laboratory-reared popu-
lations of D. melanogaster. Similar results on slope values of
wing loading are evident in wild and laboratory populations
of D. melanogaster (figure 2, B&E). In contrast, we found
significant differences in slope values between sexes as well
as wild versus laboratory populations for two traits i.e. flight-
muscle ratio and dispersal (figure 2, A, C, D&F). We found
negative slopes for flight-muscle ratio, wing loading as well
as dispersal (figure 2). Further, based on the results of nested
analysis of variation (IF lines: random factor and nested into
populations) for duration of development, wing area, wing
loading, flight-muscle ratio and dispersal, we found signifi-
cant genetic differentiation between, as well as within pop-
ulations of male and female individuals of laboratory-reared
(IF lines) nine latitudinal populations of D. melanogaster.
For all the body-size-related traits (table 2), the F' values were
highly significant (P < 0.001; table 2).
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Figure 1. Geographical variation in body-size-related traits wing length/thorax length ratio (A&D, positive cline),
wing aspect ratio (B&E, positive cline), and wing area (C&F, positive cline) in males (A—C) and females (D-F) of wild-
caught and laboratory-reared individuals (20 IF lines x 10 individuals of each isofemale line (IF)) of nine latitudinal
populations of D. melanogaster from the Indian subcontinent.
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Figure 2. Geographical variation in two flight-related traits flight-muscle ratio (A & D) and wing loading (B & E,
negative clines), and one behaviour-related trait dispersal (C & F, negative cline) in males (A—C) and females (D—F) of
wild-caught and laboratory-reared individuals (20 IF lines x 10 individuals of each IF) of nine latitudinal populations

of D. melanogaster from the Indian subcontinent.

Correlation between thorax volume and body weight

In the present study, we calculated wing load as thorax vol-
ume / wing area in place of body weight / wing area because
body weight is subjected to changes due to age as well as
nutrition. This was confirmed by correlation analysis of tho-
rax volume and body weight in 10 randomly selected isofe-
male lines of one northmost and one southmost population
of D. melanogaster. The males and females are shown sepa-
rately in figure 3, A&B. A significant positive correlation is
evident suggesting that for calculation of wing load, thorax
volume data can represent body weight.

Relationship between wing area and duration of development

We observed significant changes in duration of develop-
ment for laboratory-reared male and female individuals of
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nine geographical populations of D. melanogaster (table 2).
Such a cline was significant and positive along latitude. For
tropical populations of D. melanogaster, we found shorter
duration of development as compared with longer duration
of development for northern populations. We found sig-
nificant positive correlation between duration of develop-
ment and wing area for 10 IF lines of one southernmost
(Trivandrum) and one northernmost (Manali) populations of
D. melanogaster (figure 3, C&D). Thus, our results show
correlated changes in a life history trait and a body size trait.

Trait correlation with wing loading

We found negative clines for wing loading, flight-muscle
ratio as well as dispersal in males as well as females
of wild-caught as well as laboratory-reared populations of
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Table 2. Results of nested analysis of variance (IF lines: random factor and nested into populations) explaining between-population as
well as within-population trait variability for duration of development, wing area, wing loading, flight-muscle ratio and dispersal in male
and female individuals of laboratory-reared IF lines of nine latitudinal populations of D. melanogaster.

Males Females
Pop. IF line Error Pop. IF line Error

Trait 8 171 1620 8 171 1620

Duration of development MS 36961.15 521.62 4.65 36315.92 610.22 4.46
F 70.86%** 112.18%** 59.51%** 136.82%**

Wing area MS 3.3372 0.0597 0.0006 1.6346 0.0238 0.0004
F 55.90%** 99.50*** 68.68%*** 59.50%**

Wing loading MS 4.4126 0.0805 0.0003 4.6320 0.0955 0.0003
F 54.81%** 268.33%** 48.50%** 318.33%**

Flight-muscle ratio MS 2.1655 0.029 0.0002 1.7390 0.033 0.0002
F 74.67%** 144.96*** 52.70%** 164.98%**

Dispersal MS 1.2152 0.0178 0.0001 1.495 0.0252 0.0002
F 68.26%** 178.01%** 59.33%x* 125.99%**

***P < 0.001.

D. melanogaster (figure 1). To test whether these traits are
correlated, we used IF line data (n = 40) for these traits in one
northernmost (Manali) and one southernmost (Trivandrum)
populations of D. melanogaster and the results are shown in
figure 4. There are sex-specific differences for both the traits,
i.e. male flies showed higher trait values than females. Fur-
ther, southern population showed 50% higher trait value for
wing load, flight-muscle ratio as well as dispersal compared
with northern population. Finally, significant positive corre-
lations are evident between wing load and flight-muscle ratio,
and between wing load and dispersal in both the sexes as well
as populations (figure 4).
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Analysis of climatic associations of body-size-related traits

To assess whether geographical variation in body-size-
related traits reflect adaptations to local climatic conditions,
we considered multiple regression analysis of trait variabil-
ity as a simultaneous function of 7}, and RH and the results
are shown in table 3. For each body-size-related trait, we
found significant slope value which did not vary between
sexes and were significantly higher for 7,,. as well as RH
(table 3). For all the traits, we found significantly higher R?,
i.e. coefficient of genetic determination (> 0.75). Thus, geo-
graphical variation in all the body-size-related traits reflect
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Figure 3. Positive correlations between dry body weight and thorax volume (A&B); and between
duration of development and wing area (C & D) of laboratory-reared 10 IF lines of one northernmost
(Manali) and one southernmost (Trivandrum) population of D. melanogaster.
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Figure 4. Positive correlation between wing loading and flight-muscle ratio (A&B), and for wing load-
ing and dispersal index (C & D) of laboratory-reared 10 IF lines for male and female flies (10 replicates
of 50 flies of each IF line) of one southernmost (Trivandrum) and one northernmost (Manali) population

of D. melanogaster.

adaptation to climatic conditions of the origin of populations
of D. melanogaster.

Discussion

In the present study, analysis of body-size-related traits
in Indian populations of D. melanogaster has shown sig-
nificant positive clines along latitude for wild as well as
laboratory-reared populations. The persistence of clines in

the laboratory-reared populations evidence genetic differen-
tiation of body-size-related traits. The steeper clinal varia-
tion in wild populations signifies the role of variable climatic
conditions along latitude which contribute to greater pheno-
typic variation in D. melanogaster. We observed negative
association of wing load, flight-muscle ratio and dispersal
with latitude. Thus tropical populations of D. melanogaster
have evolved significantly higher flight as well as dispersal
ability consistent with warmer and humid conditions. In con-
trast, subtropical populations of D. melanogaster from north

Table 3. Multiple regression analysis of trait variability as a simultaneous function of average annual temperature and relative humidity
of the sites of origin of nine wild-caught populations of D. melanogaster.

TB.VC RH
a=+SE r+ SE by =£SE r+ SE b, =+ SE R?

Male

Wing aspect ratio 2.30 £ 0.04 —0.27 £ 0.006***  —0.0022 + 0.00005 —0.73 £ 0.023***  —0.0035 + 0.00008  0.91

Wing area 2.45 £+ 0.06 —0.36 &+ 0.007***  —0.0040 = 0.00009 —0.64 £ 0.019***  —-0.0048 = 0.00015  0.88

Flight-muscle ratio 0.17 £ 0.004  —0.30 £ 00006***  —0.0023 4+ 0.00006  —0.70 & 0.022***  —0.0031 4+ 0.00010  0.73

Wing loading 0.25 + 0.007 0.43 & 0.011*** 0.0012 4 0.00003 0.57 & 0.015%** 0.0016 = 0.00005  0.85

Walking behaviour 0.29 + 0.008 0.37 &+ 0.009%*** 0.0023 4 0.00007 0.71 & 0.025%** 0.0029 4 0.00009
Female

Wing aspect ratio 2.91 £ 0.06 -0.36 + 0.007***  —0.0041 & 0.00012  —0.64 £+ 0.018***  —0.0046 4+ 0.00013  0.86

Wing area 3.73 £ 0.08 —0.29 4+ 0.005***  —0.0018 & 0.00006  —0.71 £ 0.022***  —0.0022 = 0.00006  0.75

Flight-muscle ratio 0.31 £0.006 —0.42 & 0.012***  —0.0016 4+ 0.00004 —0.58 & 0.019***  —0.0019 4+ 0.00004  0.83

Wing loading 0.29 + 0.004 0.37 & 0.007%*** 0.0010 4 0.00003 0.63 & 0.020%** 0.0015 4 0.00005  0.90

Walking behaviour 0.28 + 0.005 0.26 & 0.005%** 0.0017 4 0.00005 0.74 £+ 0.025%** 0.0019 4+ 0.00007  0.84
y=a=xb1Tae x by -RH; R2, coefficient of genetic determination; *** P < 0.001.
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Indian localities have evidenced lower wing-load, lower
flight-muscle ratio and possibly lower wing beat frequency
associated with adaptations under colder climatic conditions.
We may suggest that steeper gradients in climatic condi-
tions (7,ve and RH) along latitude on the Indian subcontinent
may provide strong selection pressures to cause clinal varia-
tion in body-size-related traits in geographical populations of
D. melanogaster.

For body-size-related traits, our results on clinal variations
in Indian populations of D. melanogaster are interesting in
several respects when compared with D. melanogaster pop-
ulations from other continents. First, for body-size-related
traits (wing length, thorax length, wing-thorax ratio and
wing-area) we found a strong positive correlation with lat-
itude for both wild-caught and laboratory-reared popula-
tions of D. melanogaster. These results are in concurrence
with previous reports on Australian and South American
populations of D. melanogaster (James et al. 1995, 1997;
Van’t Land et al. 1999). However, our results on wing-
aspect ratio are different from previous studies. For South
American populations of D. melanogaster, wing aspect ratio
is much shallower (Van’t Land et al. 1999). However, for
Australian populations of D. melanogaster, wing aspect
ratio was lower in wild-caught than laboratory-reared flies
(Azevedo et al. 1998). In contrast, for Indian populations
of D. melanogaster, we found higher values of wing-aspect
ratio as well as wing—thorax ratio in wild-caught as com-
pared with laboratory-reared flies. These results suggest that
evolutionary changes in wing shape are significant in D.
melanogaster flies from the Indian subcontinent.

Second, for body size in D. melanogaster, previously
reported clines are based on populations collected from the
southern hemisphere, i.e., South America (Chile 18°5’S to
41°5'S, Van’t Land et al. 1999) and Australia (16°5'S to
42°8'S, James et al. 1995, 1997; Azevedo et al. 1998). In
contrast, for D. melanogaster populations from the north-
ern hemisphere, morphometric traits were investigated in
extreme northern populations such as Eurasia (25°9'N to
44°6/'N, Imasheva et al. 1994) and North America (25°9'N
to 44°6’N; Coyne and Beecham 1987). Thus, analysis of
body-size-related traits for D. melanogaster around equator
has received lesser attention so far. In the present study, we
considered populations from 8°29'N to 32°16'N which have
evidenced steeper clines consistent with significant differ-
ences in climatic conditions prevailing in the tropics versus
subtropics. Our results based on common garden experi-
ment have evidenced genetic clines, i.e., increase in body-
size-related traits with increase in latitude. The repeatability
of clines in D. melanogaster from the Indian subconti-
nent has suggested the role of strong selection pressure for
body-size-related traits.

Third, the regression for body-size-related traits in wild-
caught D. melanogaster with latitude are steeper than
those observed for laboratory-reared populations. These
differences are consistent with effect of local temperature for
wild-caught flies as compared with constant temperature of
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development for laboratory-reared flies. For wild flies, the
mean trait values of body-size-related traits are significantly
lower in the southern populations than northern populations,
and such results match with climatic conditions of localities
of collection as shown in table 1. Few previous studies on
D. melanogaster have considered wild data on body-size-
related traits (Coyne and Beecham 1987; Imasheva et al.
1994). Our results on body size clines in wild flies con-
cur with Eurasian populations of D. melanogaster (Imasheva
et al. 1994). In contrast, wing size variations showed an
opposite trend in D. melanogaster populations from the east
coast of north America, i.e. latitudinal cline in wing length
was shallower in wild-caught as compared with laboratory-
reared populations (Coyne and Beecham 1987). The possible
explanation could be that these North American populations
were collected in different years as well as seasons which
might have modified the variation in body size. However,
similarity between our results on wild-caught populations of
D. melanogaster and those of Eurasian populations could
result due to sampling of wild-caught flies in the same month
as well as year.

Fourth, for Indian populations of D. melanogaster, we
found a cline for developmental time along latitude. Simi-
larly, clinal variation for duration of development has also
been reported for Australian populations of D. melanogaster
(James et al. 1995). In contrast, South American populations
of D. melanogaster have not shown geographical variations
for development time (Van’t Land ez al. 1999). Further, cor-
related changes in body size and development time are evi-
dent in Australian populations of D. melanogaster (James
etal. 1995), but not in South American populations (Van’t
Land et al. 1999). In the present work, changes in wing area
and duration of development are positively correlated, i.e.,
tropical populations (Trivandrum) evidenced shorter dura-
tion of development as well as smaller wing area while
subtropical population (Manali) showed longer duration
of development and larger wing area. These results are
consistent with artificial selection of development time in
D. melanogaster which showed positive correlations with
adult body size (Zwann etal. 1995; Nunney 1996).
Thus, climatic conditions of the origin of populations of
D. melanogaster from Indian subcontinent are likely to result
in correlated selection response on body size and develop-
mental time.

Fifth, in several insect taxa, variations in flight-muscle
ratio are directly linked to flight capability, e.g. insect taxa
showing winged and wingless morphs differ in their flight-
muscle ratio (Marden 1989). Some studies on the mechan-
ics of flight in D. melanogaster have investigated the pos-
sible role of flight-muscle ratio but geographical variation
in flight-muscle ratio has received lesser attention so far
(Dudley 2000; Frazier et al. 2008). We found negative clines
for flight-muscle ratio in wild as well as laboratory pop-
ulations of D. melanogaster, i.e. southern tropical popula-
tions evidenced higher flight-muscle ratio as compared with
northern subtropical populations. We also found significant
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positive correlation between wing loading and flight-muscle
ratio which suggest that both these flight-related traits are
likely under correlated selection and are consistent with
cogradient selection hypothesis. The adaptive significance
for flight ability can be argued on the basis of generation
of higher wing beat frequency through higher flight-muscle
ratio as well as higher wing loading for tropical flies and
vice versa for northern flies from colder habitats. Both these
traits have evidenced significant positive correlations with
dispersal, i.c. higher flight ability could be associated with
greater dispersal ability in D. melanogaster from warmer and
humid conditions of the tropics while the reverse seems to be
case for D. melanogaster flies from colder and drier northern
localities on the Indian subcontinent.

Finally, some studies have implicated temperature as the
selection agent for evolutionary changes in the body-size-
related traits. For Australian and South American popula-
tions of D. melanogaster, latitude is highly correlated with
Timax> Tmin and Tyye, but not with relative humidity and rain-
fall (Van’t Land et al. 1999). In contrast, latitude is highly
correlated with T, and RH on the Indian subcontinent.
Therefore, as expected our results on regression analysis for
variation in body-size-related traits with climatic variables
showed significant relationship with T, as well as RH. The
role of humidity variations for body-size trait could be tested
through artificial laboratory selection experiments whereas
the previous studies have considered only thermal selection
of body size in D. melanogaster (Partridge and French 1996).
Our results suggest that geographical changes in body-size-
related traits are likely to involve selection pressure due to
changes in thermal as well as humidity conditions on the
Indian subcontinent.

In conclusion, we found large amount of phenotypic dif-
ferentiation in body-size-related traits in wild-caught pop-
ulations of D. melanogaster. The persistence of latitudi-
nal clines for wing—thorax ratio, wing aspect ratio and
wing-area evidenced the differences in genetic constitu-
tion of D. melanogaster populations. We found steeper
clines for body-size-related traits in wild-caught as compared
laboratory-reared populations. Interestingly, we observed
negative clines for wing loading, flight-muscle ratio and
dispersal. Thus, southern populations of D. melanogaster
showed significantly higher trait values for flight-muscle
ratio, wing loading as well as dispersal as compared with
northern populations. Our results suggest correlated selection
response for body size and duration of development. Further,
we found that adaptive changes in body-size-related traits
of D. melanogaster populations are consistent with climatic
variables (7, and RH) along a latitudinal gradient on the
Indian subcontinent.
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