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Introduction: Structural colour patterns and their functions in insect wings are

less known. Wing interference patterns (WIPs) are colour patterns apparent when

wings are viewed against black backgrounds; the angle of incident light and wing

surface structures also influence the resulting wing colour pattern. To date, WIPs

are correlated with mate attraction, while the impact of geography and

environment on WIPs remains unexplored. We explore WIP variation in

Drosophila melanogaster populations collected from three altitudes and also

compare WIP variation in sibling species D. melanogaster and D. simulans reared

at three different temperatures to understand if local selection pressures could

also influence WIPs.

Methodology: Wings of D. melanogaster males were collected from three

different altitudes, and D. melanogaster and D. simulans males reared at three

different temperatures were imaged. Images were analysed for their relative red,

green and blue content in the RGB colour space. In representative images, wing

thickness was assessed using the Newton colour series.

Results: An altitudinal cline in WIPs was observed in the cosmopolitan D.

melanogaster collected from the Western Himalayas. Relative RGB values and

increase in altitudes were negatively correlated. Thermal responses in WIPs were

parallel for both D. melanogaster and D. simulans. Relative RGB values were

negatively correlated with rearing temperature. In both species, wing thickness

measurements indicated that the wings of flies reared at low temperatures had

greater blueness (cyan and magenta) compared to flies reared at moderate to

high temperatures; the latter hadmore green and yellow content. Wing thickness

pattern was also consistent for D. melanogaster flies collected from low versus

higher altitudes.

Discussion: We find WIPs to be a plastic trait in response to temperature. WIP

response to thermal variation corroborates with the temperature of the
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geographic origin in D. melanogaster. The adaptive significance of WIP variation

and associated wing thickness remains unclear. Future studies could explore the

underlying adaptive significance of structural colour patterning under different

environmental conditions.
KEYWORDS

insect, wing interference pattern, altitudinal cline, thermal plasticity, wing thickness,
Newton colour series
1 Introduction

Wing patterns in insects are diverse with some patterns being

particularly captivating due to their vibrant colours. Vibrant colour

patterns are an outcome of light interacting with refractive wing

features for example veins, ridges, cross-ribs etc. Wing colour

patterns have been extensively studied in the most visually striking

insects’ viz. butterflies (Lloyd and Nadeau, 2021) and it is known that

the thin laminar structure of butterfly wing scales produce bright,

iridescent colours (Thayer et al., 2020). However, structural

colouration of the non-iridescent nature is also common in several

insect orders wherein only 20% of the light is reflected from the thin

chitinous membrane (Kinoshita et al., 2008). Non-iridescent wing

colouration is not as conspicuous as iridescent wing colours (Sun

et al., 2013) since the former are apparent only under specific lighting

conditions and when observed against certain backgrounds. Wing

interference patterns (WIPs) are one such structural colour

outcomes formed by thin-film interference when light striking on

the transparent wing surface is refracted and reflected at a certain

wavelength (Butterworth et al., 2021). WIP patterns are more visible

and clear in darker versus brighter backgrounds (Katayama et al.,

2014). Again, reflections could be affected by several morphological

wing features, e.g., wing membrane thickness, presence of hairs, wing

folds, or ridges, which could scatter light at different angles (Mason,

2002; Kinoshita et al., 2008). Additionally, the visibility of WIPs

could be compromised against certain backgrounds and at acute

geometries (Shevtsova et al., 2011).

WIPs have been noted to be a common phenomenon in several

insects with clear wings and thin chitin layers (Sun et al., 2013).

WIPs are prevalent in across Hymenoptera, Diptera, Odonata, and

some Hemiptera as well (Shevtsova and Hansson, 2011; Simon,

2013; Brydegaard et al., 2018). However, WIPs still remain an

ambiguous morphological trait and their role in insect life history is

largely unknown (Shevtsova and Hansson, 2011; Conrow and

Gelhaus, 2022). Since insects have an exceptional ability to

perceive and discriminate colours (Hymenoptera (Peitsch et al.,

1992); Diptera (Lunau, 2014), few studies suggest that WIPs

function as species and sex-specific mating cues (Shevtsova and

Hansson, 2011; Shevtsova et al., 2011; Buffington and Sandler, 2012;

Simon, 2013). A study on blowflies suggested that WIPs could be

involved in mate signalling, wherein males with certain WIPs were
02
more preferred by females (Butterworth et al., 2021). It was also

observed that WIPs differences in males were species-specific in that

WIP mean colour and contrast varied among blowfly species

(Butterworth et al., 2021). While WIPs could be a trait

differentiating species, WIPs could also be an excellent trait to

study mate choice and sexual selection under different light regimes

(Denoël and Doellen, 2010). However, WIP studies are known from

negligible proportion of insects ca. 0.01% (Butterworth et al., 2021).

The role of WIPs in mate signalling is corroborated by studies

exploring the response of the WIPs to sexual selection under

laboratory conditions in Drosophila species (Katayama et al.,

2014; Hawkes et al., 2019). Mating signals and sexual selection

have been widely studied in the popular Drosophila genera (Spieth,

1974; Markow, 1996; Taylor et al., 2007; Ingleby et al., 2013) but the

biological role of WIPs other than mate attraction has not received

much attention. In Drosophila simulans (Hawkes et al., 2019) males

under sexual selection were found to be more attractive to females

than males not exposed to sexual selection (Hawkes et al., 2019).

Male attractiveness in this case was based on the luminance and

contrast of the WIPs, which differed among males under and not

under sexual selection regimes. Another study in the closely related,

Drosophila melanogaster reports males with more magenta on their

wings tend to be more attractive to the females than male wings

which reflect more blue or yellow colour, further adding to the

visual element of the mating array in Drosophila species (Katayama

et al., 2014). Sexual dimorphism in WIP patterns has been observed

in other insects too, e.g. crane flies (Conrow and Gelhaus, 2022),

blowflies (Butterworth et al., 2021) and wasps (Hosseini et al.,

2021). Yet, the characterization of WIPs using quantitative

approaches has been less prevalent (Butterworth et al., 2021).

Further, our current understanding of WIPs clearly lacks any

influence of local geographical conditions and changing

developmental temperatures. Temperature has often been found

to be a key player in setting up varying colour patterns inDrosophila

species (Gibert et al., 2017). Many insect populations are thermally

plastic (i.e. trait response to different temperatures), which could be

adaptive in adjusting to rapidly changing environmental conditions

(Rodrigues and Beldade, 2020). The changing environment implies

temperature fluctuations along with other environmental variables

that can impact trait expression and trait evolution (Kaunisto et al.,

2016; Westneat et al., 2019). If temperature affects wing functions in
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insects (Tsai et al., 2020), it is worth exploring if the WIPs respond

to thermal changes and possible ecological implications.

Here, in this study we examine the recently collected natural

populations ofD. melanogaster for elevational differences inWIPs. To

understand thermal plasticity of WIPs we reared two sibling species

D. melanogaster and D. simulans at three growth temperatures (18°C,

23°C and 28°C). We observed significant variation in WIPs along

elevations and at different growth temperatures.
2 Materials and methods

2.1 Stocks and maintenance

D. melanogaster adults were collected from Chandigarh (30.7333°

N, 76.7794° E), Chamba (32.5534° N, 76.1258° E) and, Rohru (31.77°

N, 77.80° E) (Figure 1) by either placing baits or directly with the help

of an insect net. All field-collected females were placed in separate vials

(in isolation) to set up isofemale genetic lines. All the lines were

transported to the laboratory and maintained on standard fly media

(Agar – Jaggery – Yeast – Maize flour) at 23°C temperature (12:12
Frontiers in Ecology and Evolution 03
hours light and dark cycle respectively). The vials were then checked

every day for any eggs or larvae. The vials that showed the presence of

eggs were kept while the rest were discarded. All viable isofemale lines

were identified based on males with the help of taxonomic keys. At the

end we had ten isofemale lines from Chandigarh, fifteen isofemale lines

from Chamba, and eighteen isofemale lines from Rohru.
2.2 Altitudinal variations

To study altitudinal variations in WIPs in D. melanogaster we

randomly picked six isofemale lines from each of the elevation sites

(Chandigarh: 321 m, Chamba: 996 m, Rohru: 2592 m) (Figure 1). Flies

(10 mated females per line) were allowed to lay eggs in 30 ml vials for

12 hours. After 12 hours, the eggs were counted under a stereo zoom

microscope and extra eggs (i.e. more than 30) were removed from each

vial. Post-eclosion, adults were collected and placed in fresh vials for

five days. Five adult males were randomly chosen per line on the sixth

day, wings from these males were removed and mounted on a glass

slide. In total, thirty wings per location were analysed i.e., six isofemale

lines and five males per line.
FIGURE 1

Sites of origin of collection of natural populations of D. melanogaster and D. simulans. D. melanogaster was collected from Chandigarh (30.7333° N,
76.7794° E), Chamba (32.5534° N, 76.1258° E), and Rohru (31.77° N, 77.80° E) whereas D. simulans comes from Chandigarh (30.7333° N, 76.7794° E).
The elevations of these collections ranged from 321-2592 metres above sea level in the Western Himalayas.
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2.3 Thermal plasticity

Ten isofemale lines of D. melanogaster and five isofemale lines of

D. simulans, were randomly chosen for WIP thermal plasticity assays

from the same altitude (Figure 1); Chandigarh. Eggs (around 30) were

collected in triplicate and sorted into vials (30 eggs per vial) as

explained above. Post egg collection vials were placed in three BOD

incubators set at three temperatures (18°C, 23°C and 28°C) with

12:12 hour light and dark cycle settings. Post eclosion, adults were

transferred to fresh food vials until they reached the age of five days.

On the sixth day wings of five males from each isofemale line were

removed and mounted on glass slides and were studied for thermal

plasticity effect.
2.4 RGB characterization

Wings were imaged under a camera fitted within the stereo

microscope (Leica S9i, Germany). Wing images were acquired

under uniform light settings (using LED ring light- Amscope)

and at 50X magnification with 19.5 exposure and 5 Gain. Images

were processed using ImageJ software (Version 2.14) (Schneider

et al., 2012) and the entire wing area was selected using the polygon

function. RGB measurements of the entire wing were obtained from

the inbuilt function “RGB measure” of the ImageJ software. We

analysed variation in relative redness (RR), relative greenness (RG),

and relative blueness (RB) across wings (Jin et al., 2023). Relative

values of RR, RG, and RB were a ratio of either the red/green/blue

colour divided by the average of red, green, and blue measurements

(Jin et al., 2023). Since wings are smaller at high temperature

compared to low temperatures (refer to “Total wing area” in
Frontiers in Ecology and Evolution 04
Supplementary Tables 1, 2), we corrected for wing size in both

the thermal plasticity and altitudinal population data by dividing

the relative indices RR, RG and RB with the total wing area. All

ratios were tested for normality with the Shapiro-wilk test for

normality (Supplementary Tables 1, 2) through the R statistical

software package (Team RC, 2000). The effect of geographic origin

and temperatures on WIPs was tested on size-corrected ratios of

RR, RG, and RB (relative RR, RG, and RB) for statistical differences

by ANOVA. Relative RR, RG, and RB variation, across altitudes

(Chandigarh: 321 m, Chamba: 996 m, Rohru: 2592 m) was assessed

by Tukey’s HSD only in D. melanogaster. Similarly, relative RR, RG,

and RB variation across three temperatures (18°C, 23°C, and 28°C)

for D. melanogaster and D. simulans was assessed by Tukey’s HSD.
2.5 Thickness measurements of the wings

Wing thickness was indirectly measured using computer

generated Newton series of colours in insects [as shown in

(Shevtsova et al., 2011)]. The Newton colour series represents

bands from the spectral to non-spectral range from 50 nm to 1500

nm (Shevtsova et al., 2011). The first three orders, i.e., up to 600 nm

in the wing membrane, exhibit a comprehensive array of spectral

colours with the exception of pure red. With increasing orders

corresponding to increased wing thickness displaying a repetitive

pattern of non-spectral colours, seen as magentas and greens, with a

gradual transition to a uniformly pale grey. The second and third

orders within this sequence are the most luminous. This systematic

progression of colours allows for the reciprocal calculation and

mapping of membrane thickness within the approximate range of

50 nm to 1500 nmwhen juxtaposed with a Newton colour series scale
FIGURE 2

The box and whisker plot depicts the variations in the relative redness, greenness, and blueness in the wings of D. melanogaster (males only) collected
from three different locations (Chandigarh, Chamba and Rohru). The central line in the box is the median, and the edges of the box are interquartile (Q1-
Q3) range. Whiskers extend beyond the box edges and dots outside the whiskers are outliers. A clear trend is noted in relative RGB values of WIPs with
respect to altitudes. Relative RGB values were lower in wings of flies from higher altitudes compared to lower altitudes. Lower RGB values imply darker
colours and hence, wings of flies from higher altitude could be inferred to be darker in colouration than wings from lower altitude.
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(Shevtsova et al., 2011). We extrapolated wing thickness

measurements using the same Newton colour series (Shevtsova

et al., 2011). In all we processed nine wings (three altitudes of D.

melanogaster and three different temperatures ofD. melanogaster and

D. simulans, 3 each). Image choice for the wing thickness assessment

was based on the median of the greenness (size corrected) channel

(Supplementary Tables 1, 2). The wing images were colour-corrected

using a Photoshop script which identifies the true blacks and adjusts

the RGB curves accordingly. Using Python, the backgrounds from

each one of these corrected images were removed using the rembg

(Gatis, 2022) library, cropped appropriately using the PIL (Clark,

2015) library, and finally resized to a smaller scale for easier

processing. For each pixel in the processed wing image, the closest

matching RGB value from the Newtonian scale was identified. This

closest match was used to assign a corresponding thickness value to

the pixel, generating a thickness map.
3 Results

We use the RGB colour space to analyse our data. Accordingly,

WIPs differ in their relative redness, greenness, and blueness in

response to geographic origin and thermal variation experienced

during growth. We find that relative RGB variation at lower

temperatures mimics that at higher altitudes in Drosophila

melanogaster indicating a strong influence of temperature on

WIP. Thermal variation observed in D. melanogaster is also

consistent in the sibling species, D. simulans.
3.1 Altitudinal differences in WIPs

WIPs varied among wings from altitudinal populations. We first

compared the mean values of the sum of relative RGB colour channels

corrected for wing size across three altitudes using ANOVA. Mean

relative RGB values differed across all three altitudes (mean square =

3.129e-13, F = 43.25, P < 0.001) (Figure 2). Further, we compared

relative mean values (size corrected) of individual R, G and B channels

across altitudes. Accordingly, relative redness differed across the three

altitudes (mean square = 1.338e-13, F = 23.08, P < 0.001) (Figure 2;

Table 1). Pairwise comparisons indicated that redness is higher in low

altitude compared to middle altitude (mean difference = -1.035e-07, P

< 0.001) and high altitudes (mean difference = -1.298e-07, P < 0.001).

However, redness was similar across middle and high altitudes (mean

difference = -2.633e-08, P = 0.412). Further, wing greenness also

differed across the three altitudes (mean square = 1.872e-13, F =

25.54, P < 0.001) (Figure 2). Pairwise comparisons indicated that

greenness was lower at low altitude compared to middle altitude (mean

difference = -1.221e-07, P < 0.001), and high altitudes (mean difference

= -1.537e-07, P < 0.001) but greenness was similar across middle and

high altitudes (mean difference = -3.16e-0, P = 0.376) (Table 1). Wing

blueness differed across all altitudes (mean square = 3.952e-14, F =

13.64, P < 0.001) (Figure 2). Low and middle altitudes did not differ in

their blueness (mean difference = -1.675e-08, P = 0.492) (Table 1).

However, compared to high altitudes wing blueness was lower in both
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low altitude (mean difference = -7.165e-07, P < 0.001) as well as middle

altitude (mean difference = -5.489e-08, P = 0.001) differing in their

blueness respectively (Figure 2; Table 1).
3.2 Correlation of growth temperatures
with WIPs

Developmental temperature was correlated with the relative RGB

colouration of WIPs. In D. melanogaster, RGB colour channels

combined and corrected for wing size differ across temperatures

(mean square = 1.782e-12, F = 191.9, P < 0.001) (Figure 3). Further,

comparing across RGB channels, redness differed (mean square =

6.544e-13, F = 161.8, P < 0.001) across all three temperatures (Figure 3).

However, the wings offlies reared at 18°C had lower redness compared

to the wing redness offlies reared at 23°C (mean difference = 5.842e-08,

P < 0.001). Wing redness of flies reared at 28°C was higher than wing

redness of 23°C reared flies (mean difference = 2.218e-07, P < 0.001)

(Table 2). Further, wings of flies reared at 28°C had higher redness

compared to those reared at 18°C (mean difference = 1.633e-07, P <

0.001) (Figure 3; Table 2). Greenness differed (mean square = 4.253e-
TABLE 1 Table represents variation in relative redness, greenness, and
blueness values corrected for wing size of D. melanogaster across low,
middle, and high altitudes.

Parameters

Redness

Low altitude Middle altitude High altitude

Low
altitude

M = 8.65e-07
MD = -1.035e-07, P

< 0.001*
MD = -1.298e-07,

P < 0.001*

Middle
altitude

MD = -1.035e-07, P
< 0.001*

M = 6.65e-07
MD = -2.633e-08,

P = 0.412

High
altitude

MD = -1.298e-07, P
< 0.001*

MD = -2.633e-08, P
= 0.412

M = 6.29e-07

Greenness

Low altitude Middle altitude High altitude

Low
altitude

M = 8.317e-07
MD = -1.221e-07, P

< 0.001
MD = -1.537e-07,

P < 0.001*

Middle
altitude

MD = -1.221e-07, P
< 0.001*

M = 7.10e-07
MD = -3.16e-0, P

= 0.376

High
altitude

MD = -1.537e-07, P
< 0.001*

MD = -3.16e-0, P
= 0.376

M = 6.778e-07

Blueness

Low altitude Middle altitude High altitude

Low
altitude

M = 6.72e-07
MD = -1.675e-08, P

= 0.49
MD = -7.165e-08,

P < 0.001*

Middle
altitude

MD = -1.675e-08, P
= 0.49

M = 6.55e-07
MD = -5.489e-08,

P = 0.011*

High
altitude

MD = -7.165e-08, P
< 0.001*

MD = -5.489e-08, P
= 0.011*

M = 6.00e-07
Mean values (M) for the respective RGB colour components and mean differences (MD) for
the colour components with respect to altitude are mentioned. Significant mean differences in
RGB colour spaces are represented at the a = 0.05 level and marked with an asterisk.
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13, F = 59.7, P < 0.001) across all three temperatures (Figure 3). Also,

within temperatures, wing greenness was lower for flies reared at 18°C

in comparison to flies reared at 23°C (mean difference =4.494e-08, P =

0.035) and 28°C (mean difference = 1.334e-07, P < 0.001). Wing

greenness was higher for flies grown at 28°C compared to 23°C (mean

difference = 1.783e-07, P < 0.001) (Figure 3; Table 2). Wing blueness

differed at three rearing temperatures (mean square = 7.265e-13, F =

209.1, P < 0.0001) (Figure 3). Wings were more blue when flies were

reared at 28°C compared to rearing at either 18°C (mean difference =

2.289e-07, P < 0.001) or 23°C (mean difference = 1.850e-07, P < 0.001)

(Figure 3; Table 2). Also, wing blueness was higher at 23°C (mean

difference = 4.388e-08, P = 0.002) compared to wing blueness at 18°C.

In D. simulans, temperature influenced the overall relative

redness, greenness, and blueness. We first compared the mean of

the sum of relative RGB colour channels corrected for wing size

across temperatures using ANOVA and found significant

differences across three temperatures (mean square = 6.297e-13, F

= 31.04, P < 0.0001) (Figure 2; Table 2). Further, we compared

relative mean values (size corrected) of individual R, G and B

channels across temperatures. Accordingly, redness differed (mean

square = 2.101e-13, F = 22.59, P < 0.0001) across all three

temperatures (Figure 2). However, the wings of flies reared at 18°

C had lower redness compared to the wing redness of those reared

at 23°C (mean difference = 8.668e-08, P = 0.006, Table 2). The wing

redness of flies reared at 28°C was higher than the wing redness of

flies reared at 23°C (mean difference = 1.028e-07, P = 0.001).

Further, the wings of flies reared at 28°C had higher redness

compared to those reared at 18°C (mean difference = 1.894e-07, P
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< 0.001) (Figure 2). Greenness differed (mean square = 2.882e-13, F

= 18.06, P < 0.001) across all three temperatures (Figure 2). Also,

within temperatures, wing greenness was lower for flies reared at

18°C in comparison to flies reared at 23°C (mean difference

=1.549e-07, P < 0.001) and 28°C (mean difference = 2.119e-07,

P < 0.001, Table 2). Wing greenness was similar for flies grown at

28°C compared to 23°C (mean difference = 5.698e-08, P = 0.277)

(Figure 2). Wing blueness differed at three rearing temperatures

(mean square = 2.21e-12, F = 120.3, P < 0.0001) (Figure 2). Wings

had higher blueness when flies are reared at 28°C compared to

rearing at either 18°C (mean difference = 1.991e-07, P < 0.001) or

23°C (mean difference = 1.203e-07, P < 0.001) (Figure 2; Table 2).

Also, wing blueness was higher at 23°C (mean difference = 7.877e-

08, P < 0.001) compared to wing blueness at 18°C.
3.3 Wing thickness across elevation and at
different growth temperatures

Wing thickness varies with the topography of the wing which

eventually affects the colour formation on the surface. Wing

thickness of D. melanogaster was assessed in representative

images (Figure 4) and compared (Figure 4) with the Newtonian

colour series (Shevtsova et al., 2011). Wings appear to be higher in

magenta, cyan and blue colouration at higher altitudes and also at

lower temperatures (Figures 4, 5). Alternately, wings at lower

altitudes and higher temperatures appear to have more green,

yellow, and cyan colouration. We cannot confirm these trends as
FIGURE 3

The box and whisker plot depicts the variations in the relative redness, greenness, and blueness for each temperature in which both sibling species
D. melanogaster (left) and D. simulans (right) were reared. Relative RGB values increased from 18°C to 23°C and from 23°C to 28°C for both species.
The central line in the box is the median, and the edges of the box are interquartile (Q1-Q3) range. Whiskers extend beyond the box edges and dots
outside the whiskers are outliers. In both species, the RGB values of WIPs become lighter with the increase in temperature. Thus, males grown at
28°C are lighter with respect to RGB colouration compared to the males grown at a lower (18°C) temperature. Lower RGB values imply darker
colouration, and hence, flies reared at lower temperatures could be inferred to have darker wings compared to flies reared at higher temperatures.
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a single image was used for colour correction and subsequently for

generating the Newton series map. Hence, at this stage, our

qualitative observations cannot be quantitatively confirmed,

which could be studied systematically in future studies.
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4 Discussion

WIPs are widespread in insects, but their functional relevance is

not very clear. A possible role of WIPs in mate choice has been

demonstrated in some insects (Katayama et al., 2014; Hawkes et al.,

2019; Butterworth et al., 2021). Males with brighter WIPs are

preferred by D. melanogaster and D. simulans species females

(Hawkes et al., 2019). In both species, variation in WIPs was

greater in males than in females (Katayama et al., 2014;

Butterworth et al., 2021). It is not known if WIPs are indeed a

sexually selected trait and how common this is across diverse insect

taxa. Differences in wing displays could produce variation in WIPs

with a strong influence of light striking as well as background light

conditions, as noted in some Dipteran and Hymenopteran insects

(Simon, 2013). More recently, WIPs have found a strong

application of classification in insect biology (Cannet et al., 2024).

WIPs are unique characteristics of families and species and are

proving to be an economic alternative to molecular or mass

spectrometry methods in classifying insects (Cannet et al., 2024).

However, to our knowledge, there have been no studies examining

WIPs in outbred natural populations of D. melanogaster and D.

simulans. We report for the first time that WIPs exhibit plasticity in

response to temperature changes and this is further corroborated by

observations from natural populations occurring with little thermal

overlap (altitudinally differing).

WIP variations were quantified through the RGB colour space,

and we used relative RGB values as an index to differentiate WIPs.

Thus, relative RGB values differed in both D. melanogaster and

D. simulans in response to thermal variation (18°C, 23°C, and 28°C)

(Figure 3). Overall, prominent patterns of colour variation observed

at both thermal and geographical scales correlate with each other in

D. melanogaster (Figures 2, 3). We expected D. melanogaster

populations from higher (Rohru), middle (Chamba), and lower
TABLE 2 Table represents relative redness, greenness, and blueness
values corrected for wing size in response to growth at 18°C, 23°C, and
28°C in D. melanogaster and D. simulans.

Drosophila melanogaster

Redness

18°C 23°C 28°C

18°C M = 6.55e-07
MD = 5.84E-08, P

< 0.001*
MD = 1.633e-07, P

< 0.001*

23°C
MD = 5.84e-08, P

< 0.001*
M = 7.14e-07

MD = 2.218e-07, P
< 0.001*

28°C
MD = 1.633e-07, P

< 0.001*
MD = 2.218e-07, P

< 0.001*
M = 8.77e-07

Greenness

18°C 23°C 28°C

18°C M = 7.52e-07
MD =4.494e-08, P

= 0.035*
MD = 1.334e-07, P

< 0.001*

23°C
MD =4.494e-08, P

= 0.035*
M = 7.97e-07

MD = 1.783e-07, P
< 0.001*

28°C
MD = 1.334e-07, P

< 0.001*
MD = 1.783e-07, P

< 0.001*
M = 9.30e-07

Blueness

18°C 23°C 28°C

18°C M = 5.73e-07
MD = 4.388e-08, P

= 0.002*
MD = 2.289e-07, P

< 0.001*

23°C
MD = 4.388e-08, P

= 0.002*
M = 6.17e-07

MD = 1.850e-07, P
< 0.001*

28°C
MD = 2.289e-07, P

< 0.001
MD = 1.850e-07, P

< 0.001*
M = 8.02e-07
Drosophila simulans

Redness

18°C 23°C 28°C

18°C M = 8.27e-07
MD = 8.668e-08, P

= 0.006*
MD = 1.894e-07, P

< 0.001*

23°C
MD = 8.668e-08, P

= 0.006*
M = 9.13e-07

MD = 1.028e-07, P
= 0.001*

28°C
MD = 1.894e-07, P

< 0.001*
MD = 1.028e-07, P

= 0.001*
M = 1.02e-07

Greenness

18°C 23°C 28°C

18°C M = 8.88e-07
MD =1.549e-07, P

< 0.001*
MD = 2.119e-07, P

< 0.001*

23°C
MD =1.549e-07, P

< 0.001*
M = 1.04e-06

MD = 5.698e-08, P
= 0.277

(Continued)
TABLE 2 Continued

Drosophila simulans

Greenness

18°C 23°C 28°C

28°C
MD = 2.119e-07, P

< 0.001*
MD = 5.698e-08, P

= 0.277
M = 1.10e-06

Blueness

18°C 23°C 28°C

18°C M = 6.85e-07
MD = 7.877e-08, P

< 0.001*
MD = 1.991e-07, P

< 0.001*

23°C
MD = 7.877e-08, P

< 0.001*
M = 7.67e-07

MD = 1.203e-07, P
< 0.001*

28°C
MD = 1.991e-07, P

< 0.001*
MD = 1.203e-07, P

< 0.001*
M = 8.48e-07
Mean values (M) in pixels/mm2for the respective RGB colour component and mean
differences (MD) for the colour component with respect to temperature are mentioned.
Significant mean differences in RGB colour spaces are represented at the a = 0.05 level and
marked with an asterisk. In both species, the relative redness, greenness, and blueness increase
with the increase in temperature.
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(Chandigarh) altitudes to differ in WIPs since these locations differ

in their temperature. However, when monthly temperature data

from 2000-2022 was retrieved from the National Aeronautics and

Space Administration, NASA’s Prediction of Worldwide Energy

Resource (Stackhouse et al., 2018) (POWER- Hourly 2.3.6 version

downloaded on 2024/08/20) interface we found mean temperatures

differed strikingly only among low versus middle/high altitudes.

Thus, the Chandigarh collection site which was the lowest altitude

was the warmest (24.90°C) compared to Chamba (middle altitude)

(11.59°C) or Rohru (high altitude) (11.39°C) collection sites; while

the latter two sites were similar in their thermal regime

(Supplementary Table 3). Corroborating to temperature variation,

we found RGB colour space (i.e. relative redness, greenness) of

WIPs was similar across populations collected from Rohru (high

altitude) and Chamba (middle altitude) compared to Chandigarh

(low altitude) (Table 1; Figure 2). Even though Rohru is at the

highest elevation among three locations compared here, Chamba is

located at a higher latitude (32.55° N), than either Rohru (31.77° N)

or Chandigarh (30.73° N). Higher latitude of Chamba compared to

Rohru could be one reason why temperatures and hence

temperature influenced WIPs are comparable across Chamba and

Rohru, despite the elevational differences across Chamba (996m)

and Rohru (2592m). Accordingly, we observed clear differences in

WIP trends for relative redness, greenness, and blueness associated

with corresponding colder (Chamba and Rohru) vs hotter

(Chandigarh) environments possibly suggesting adaptivity of
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WIPs to the local environmental conditions. However, adaptivity

if any of WIPs needs further testing in flying insects.

Flies flying at lower altitudes, and thus, warmer temperatures could

get naturally lifted as warmer air is less dense, reducing the air drag. At

lower temperatures and higher altitudes, a greater resistance from air

could impede flight, and hence, morphological adaptation could be

expected in wings (Dudley, 2002). Larger wings could perhaps be

adaptive at higher altitudes/lower temperatures to navigate reduced air

density. We, too, found larger wings both at lower temperatures and

higher altitudes in D. melanogaster (Supplementary Tables 1, 2), and

this has been reported in earlier studies investigating thermal effects on

wing size (Gilchrist and Huey, 2004). However, there have been a few

studies on the effect of temperature on wing size and flight efficiency.D.

melanogaster reared at a lower temperature had a larger wing area and

a lower wing-beat frequency than the flies grown at a warmer or higher

temperature (Frazier et al., 2008). Lower temperatures could be

challenging in terms of flight efficiency in tiny ectotherms

(Josephson, 1981) and reduced flight efficiency has been correlated

with an increased wing area in flies (Barnes and Laurie-Ahlberg, 1986;

Gilchrist andHuey, 2004). It would be interesting to investigate ifWIPs

are correlated with flight capacity, and one possible way is to check the

wing thickness. WIPs can also be indirectly translated to understand

wing thickness through the Newton colour series (Shevtsova et al.,

2011). The Newton colour series is a repeatable series of colour bands

known from thin film insect wings and ranges from 50 nm to 1500 nm

(Shevtsova and Hansson, 2011). The Newton colour series offers an
FIGURE 4

Representative wing images were selected on the basis of greenness (size corrected) median for altitudes (uppermost panel), thermal plasticity for D.
melanogaster (middle panel) and D. simulans (lowermost panel). Relative RGB colour variations have been mapped to the Newton colour series. Wings
appear to have a higher proportion of blue, magenta at both middle and high altitudes compared to the lowest altitude. The lowest altitude is
represented by cyan, yellow, and green colouration than magenta or blue. Similarly, wings of both sibling species D. melanogaster and D. simulans
grown at three different temperatures (18°C, 23°C, 28°C) differ in relative RGB values, with wings from lower temperatures in both species appearing
higher in blue, magenta and cyan colouration while yellow and green are more predominant at higher temperatures. Overall RGB colour patterns at
higher altitudes/higher temperatures mimic those observed at lower temperatures/lower altitudes respectively.
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approximate measure of membrane thickness in various wing regions,

relying on the observed sequence of colours in those specific areas.

The closer the WIP is to 1500 nm, the chitin of the wing is

considered to be thicker and opaque, and such wings appear neutral,

tan, or brown in colour (Conrow and Gelhaus, 2022). Table 3

represents wing thickness from a few insect orders. Wing thickness

could vary due to several factors e.g. venation, ridges, and other

structural morphologies on the wing surface (Li et al., 2023).

Drosophila species possess wings with vibrant WIPs and exhibit

thickness variation from 100 to 600 nm (Shevtsova and Hansson,

2011). On the other hand, thinner wings tend to have values closer to

50 nm in the Newton colour series, and are transparent, resulting in

thin film and producing vibrant colour patterns. Variations across D.

melanogaster populations from three different altitudes/reared at three
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different growth temperatures were observed as the flies from low

altitude/high temperature had comparatively higher relative indices

and vice-versa (Figures 2, 3). We report this as mere preliminary

observation and not a trend, as this needs further experimentation.

We observe variation among RGB colour channels consistent

across temperature changes and geographic origin. Thus, at both

the lowest altitude (Figure 2), and moderate (23°C) and high (28°C)

temperatures (Figure 3), the relative greenness and redness are

greater than the relative blueness. However, this difference is

reduced at the highest altitude and the lowest temperature (18°C).

Thus, at lower altitudes and higher temperatures, green and red

colour spectra appear more dominant (Figure 4), and hence we can

observe more of green or yellow colours in these conditions.

However, at higher altitudes and lower temperatures, we see

combinations of colours with the blue channel, that is, cyan and

magenta, compared to green and yellow observed at high

temperatures/low altitudes. If these colour changes correlate with

the wing thickness in a directed manner, there is a possibility of

presence of alternative selection pressures operating on such traits.

Our findings (Figures 2, 3) in this regard indicate brighter/paler

WIPs (Figures 4, 5) under certain conditions directing alternative

explanations i.e. local adaptations in wings.

Our results highlight similar WIPs formed in males of two sibling

species i.e., D. melanogaster and D. simulans. Both the species show a

parallel response to developmental temperatures. However, WIPs of

lower Newton series appear to be generally more prevalent in D.
TABLE 3 Wing thickness varies from species to species. Some of the
representative insect species’ wing thickness measurements are
listed here.

Thickness Species References

500-2000 nm Hover flies (Li et al., 2023)

270 nm Oomyzus sokolowskii (Hosseini et al., 2021)

100-600 nm Drosophila species (Shevtsova et al., 2011)

<500 nm Encarsia formosa (Wootton, 1992)
Wing thickness in insects exhibits variation spanning fold changes in nanometers.
FIGURE 5

The evaluation of wing thickness was conducted employing the computer generated Newtonian colour series as outlined by Hosseini et al. in 2020.
The uppermost bar as well as the side bars represent the Newton series colours from 0 nm to 1000 nm. The Newton series is a set of repeatable
colours with the most vibrant spectral outcomes in the 50-600 nm range and extends up to 1500 nm of indistinguishable non-spectral colours.
Among the three lower panels, the topmost panel represents wing thickness maps of representative wings from low, middle, and higher altitudes of
D. melanogaster. The lowermost panels represent the wing thickness of representative wings of D. melanogaster and D. simulans grown at three
different temperatures viz. 18°C, 23°C, 28°C. The gradient scale at the extreme right represents the wing thickness variation from 0 to 1000 nm.
Wing thickness varies across elevations and at different growth temperatures (also see histograms in the inset where X axis - thickness in nm and Y
axis - frequency). All images measured for wing thickness are selected based on the median of the greenness channel (size corrected).
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simulans compared to D. melanogaster (Figures 3–5). The relative

indices of all three colour channels is observed to be higher in D.

simulans thanD.melanogaster. However, the plastic response ofWIPs

in the two species showsimilarity in the directionality of increase in the

relative indices with the changing developmental temperature hinting

at a conserved evolutionary mechanism of WIPs. Further

comprehensive understanding of these variations would provide a

thorough examination of morphometrics and wing topography.
5 Conclusions

Quantitative analysis of WIPs offers valuable insights into the

evolutionary dynamics of structural colour pattern formation on the

wing surface. Variations in WIPs along altitudes and across

developmental temperatures indicate organism*environment

interactions. These variations may arise from changes in wing

morphology or could be driven by sexual selection events. In this

work, a notable correlation was observed between membrane

thickness and the displayed colour patterning on the wing surface,

suggesting a potential link between membrane thickness and

interference patterns under varying environmental conditions. These

patterns (i.e. WIPs) could be the product of other adaptive responses

like handling thin air (i.e., flight adaptations) at higher elevations and

under high-temperature conditions, which could be achieved through

changes towing thickness.To establish these causations furtherwork is

needed at relatively larger geographical scales.
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